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Abstract  35 

 Biogeographic barriers have long been implicated as drivers of biological 36 

diversification, but how these barriers influence co-occurring taxa can vary depending on 37 

factors intrinsic to the organism and in their relationships with other species. Due to the 38 

interdependence among taxa, ecological communities present a compelling opportunity to 39 

explore how interactions among species may lead to a shared response to historical 40 

events. Here we collect single nucleotide polymorphism (SNP) data from five commensal 41 

arthropods associated with the Sarracenia alata carnivorous pitcher plant, and test for co-42 

diversification across the Mississippi River, a major biogeographic barrier in the 43 

southeastern United States. Population genetic structure in three of the ecologically 44 

dependent arthropods mirrors that of the host pitcher plant, with divergence time 45 

estimates suggesting two of the species (the pitcher plant moth Exyra semicrocea and a 46 

flesh fly Sarcophaga sarraceniae) dispersed synchronously across this barrier along with 47 

the pitcher plant. Patterns in population size and genetic diversity suggest the plant and 48 

ecologically dependent arthropods dispersed from east to west across the Mississippi 49 

River. In contrast, species less dependent on the plant ecologically show discordant 50 

phylogeographic patterns. This study demonstrates that ecological relationships may be 51 

an important predictor of co-diversification, and supports recent suggestions that 52 

organismal trait data should be prominently featured in comparative phylogeographic 53 

investigations.  54 
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Introduction 55 

Comparative phylogeographic investigations can elucidate the historical processes 56 

that shape and structure biological diversity. A common approach is to infer population 57 

genetic structure and estimate parameters in a geographic context that devotes particular 58 

attention to biogeographic barriers. In such a context, similarities in the demographic 59 

histories across species are indicative of a shared response to landscape changes (Avise et 60 

al. 1987; Sullivan et al. 2000), while idiosyncratic patterns suggest an independent 61 

response. Although this framework is enticing in its simplicity, the details of how to 62 

compare demographic histories across species are key. Initial approaches for this 63 

comparison utilized gene trees, with similarity in pattern being suggestive of a common 64 

response to a historical event (Avise 2000; Arbogast & Kenagy 2001). While shared 65 

spatial patterns can indicate a similar history, temporal information is necessary to 66 

demonstrate a shared response in time (Edwards & Beerli 2000). Subsequent researchers 67 

have generally taken one of two approaches, either by estimating divergence times 68 

independently from each species for comparison (e.g., Carstens et al. 2005; Smith et al. 69 

2012) or by using probabilistic models to estimate the number of divergence episodes 70 

(e.g., Hickerson et al. 2006, 2007). In addition to methodological considerations such as 71 

these, the nature of the biogeographic barrier itself is an important consideration. 72 

 Hard biogeographic barriers contribute to the diversification of biota by blocking 73 

the movement of individuals, providing physical barriers to gene flow, and provide an 74 

opportunity to understand how communities responded to a shared historical event (e.g., 75 

Pyron & Burbrink 2010). One compelling example is the formation of the Isthmus of 76 

Panama, which occurred around 3 Ma (Coates et al. 2005; but see Bacon et al. 2015 for 77 
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an alternative interpretation). The formation of the isthmus drastically altered marine 78 

environments on the Pacific and Caribbean sides and represents a hard barrier for marine 79 

organisms (Leigh et al. 2014), with phylogeographic studies demonstrating that most 80 

germinate species diverged prior to the formation of the barrier (Cowman & Bellwood 81 

2013). The investigation also demonstrates that divergence was asynchronous, suggesting 82 

that intrinsic differences across species played a role in their response to this geological 83 

process (Knowlton & Weigt 1998; Lessios 2008). Another example of a hard barrier is in 84 

Baja California, where phylogeographic breaks are recovered in many taxa in the vicinity 85 

of the Vizcaino Desert 28–30° N latitude (e.g., Riddle et al. 2000; Garrick et al. 2009). 86 

Upton and Murphy (1997) proposed the presence of a mid-peninsular seaway 1 Ma to 87 

explain genetic patterns recovered in the side-blotched lizards (genus Uta), and although 88 

support is mixed for the presence of this seaway (e.g., Hafner & Riddle 2005; Crews & 89 

Hedin 2006; Leaché et al. 2007; Lindell et al. 2006), phylogeographic data from many 90 

taxa support a vicariant event in this region. Like the rise of the Isthmus of Panama, the 91 

formation of this putative seaway likely occurred after the ancestor of these species 92 

occupied Baja California.  93 

 Other biogeographic barriers are more porous. For example, Wallace (1852) 94 

observed discontinuities in the distributions of various monkey species in the Amazon 95 

basin, and proposed the riverine barrier hypothesis, where rivers act as barriers promoting 96 

genetic and taxonomic divergence. Although rivers are physical barriers for some taxa, 97 

the degree to which this is true is dependent on both intrinsic species’ characteristics and 98 

characteristics of the river such as flow rate and direction, either of which may fluctuate 99 

over time. Consequently, support for riverine barriers has been mixed, with some 100 
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investigations supporting major rivers as biogeographic barriers (e.g., Burbink et al. 101 

2000; Jackson & Austin 2010) and others demonstrating their permeability (e.g., da Silva 102 

& Patton 1998; Funk et al. 2007).   103 

 Major rivers dominate the landscape of the southeastern United States, including 104 

the largest river system in North America, the Mississippi River (Coleman 1988). The 105 

Mississippi River has its origins in the Mesozoic era, has been present (in some form) 106 

since the Jurassic (Mann & Thomas 1968), and more recently has been influenced by sea 107 

level fluctuations (Coleman 1988) and dramatic changes in the course of the river 108 

channel (Mann & Thomas 1968). While this ancient river has been identified as a 109 

biogeographic barrier in a variety of taxa (reviewed in Soltis et al. 2006), it is necessarily 110 

porous, as many species belonging to clades that have arisen since the Jurassic are 111 

distributed on both sides of the river. The inherent permeability of this barrier could be 112 

influenced by intrinsic factors, such as species-specific dispersal abilities, or extrinsic 113 

factors, such as oxbow lake formation that may have the effect of transferring land from 114 

one side of the river to the other (e.g., Gascon et al. 2000). Taken as a whole, the age and 115 

permeability of the Mississippi River necessitates that east–west divergence in terrestrial 116 

taxa would be due to dispersal and colonization, not vicariance (Pyron & Burbrink 2010). 117 

Since intrinsic species traits directly influence dispersal and colonization, riverine 118 

barriers provide an ideal setting for investigating how such traits influence biogeographic 119 

patterns.  120 

 Here we utilize the Sarracenia alata pitcher plant community to investigate 121 

whether intrinsic species traits dictate species response to porous biogeographic barriers. 122 

The carnivorous pitcher plant S. alata is restricted to bogs and fens in longleaf pine 123 
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savannahs along the Gulf Coast from eastern Texas to western Alabama, with a 124 

distribution bisected by the Mississippi River and Atchafalaya basin. Leaves of the plant 125 

are pitcher-shaped, an adaptation for the capture and digestion of prey (e.g., Darwin 126 

1875; Ellison & Gotelli 2001), and also provide habitat for non-prey species (inquilines) 127 

that interact ecologically with the plant (reviewed in Adlassnig et al. 2011; also see 128 

Folkerts 1999). Some inquilines rely upon the pitcher plant for their entire life cycle (e.g., 129 

moths, flesh flies) while others are opportunistic predators that intercept prey from the 130 

plant (e.g., spiders) but are not restricted to the unique habitat provided by S. alata. The 131 

varying degrees of dependence on the plant led Satler and Carstens (2016) to suggest that 132 

ecological relationships may predict the degree of phylogeographic congruence in this 133 

community. If true, then the demographic history of dependent inquilines should reflect 134 

that of the plant, while the demography of the opportunistic inquilines should reflect 135 

intrinsic species traits related to dispersal ability.  136 

 Investigations into S. alata have demonstrated that genetic diversity in the plant is 137 

structured largely due to the influence of multiple rivers that divide its range into several 138 

regions. Results from chloroplast DNA, microsatellites, and SNP data (Koopman & 139 

Carstens 2010; Zellmer et al. 2012) indicate that population genetic structure is largely 140 

promoted by major rivers, and estimates of the pattern of diversification demonstrate that 141 

the deepest divergence within S. alata occurs on either side of the Mississippi River, 142 

dates to the mid-Pleistocene (Zellmer et al. 2012), and may be indicative of independent 143 

evolutionary lineages (Carstens & Satler 2013). In addition, evidence suggests that the 144 

pitcher plant has a center of origin in the east, and dispersed across the Mississippi River 145 

in an east-to-west manner (Zellmer et al. 2012).  146 
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We sample five arthropod species: a moth, two flesh flies, and two spiders (Table 147 

1). Inquilines include the moth, which spends its entire life cycle in the pitcher plant 148 

leaves (Jones 1921; Stephens et al. 2011), and the flesh flies, which are also tightly 149 

associated with the plant leaves (Dahlem & Naczi 2006). Notably, both the moth and flies 150 

are poor flyers and dispersal limited (Folkerts 1999; Stephens & Folkerts 2012; 151 

Krawchuk & Taylor 2003; Rasic & Keyghobadi 2012). In contrast, the spider species 152 

sampled here are widespread and opportunistic predators, abundant in the habitat but 153 

evidently not dependent on S. alata, since either can be found in a variety of other 154 

microhabitat in the region. 155 

 156 

Community diversification hypotheses 157 

 Here we test the null hypothesis (H0) is that there is no correlation between 158 

ecological interaction and a shared evolutionary history. The null predicts that we should 159 

observe discordant phylogeographic patterns among the species, and would suggest that 160 

ecological associations are fluid in time and do not influence the evolutionary history of a 161 

particular species. Alternatively (H1), it may be that strong ecological interactions result 162 

in a shared evolutionary history, in which case the phylogeographic inferences in the 163 

obligate inquilines (moth and flies) should reflect that of the host plant, while the spiders 164 

would display discordant evolutionary patterns. This alternative hypothesis follows Smith 165 

et al. (2011), who proposed that evolutionary communities of species that are ecological 166 

interdependent may exist. A corollary of this hypothesis is that divergence time estimates 167 

from the obligate mutualists should postdate estimates from S. alata, reflecting the need 168 

for suitable habitat following dispersal across the Mississippi River. A third hypothesis 169 
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(H2) is that species-specific traits influence evolutionary patterns, such that similar 170 

species would be expected to share population genetic structure and demographic 171 

patterns (e.g., Papadopoulou & Knowles 2016). Here we would predict that similar 172 

patterns would be seen within taxonomic groups (e.g., flies, spiders), but would be 173 

dissimilar across the groups. These hypotheses can be tested using estimates of 174 

population genetic structure and demographic parameters. 175 

 176 

Material and Methods 177 

Taxon sampling 178 

 Five arthropod species were collected from 12 possible localities throughout the 179 

distribution of S. alata (Fig. 1; Table 1; see Table S1 for detailed sampling information). 180 

Arthropods included a moth (Exyra semicrocea), two flesh flies (Sarcophaga 181 

sarraceniae, Fletcherymia celarata), and two spiders (Misumenoides formosipes, 182 

Peucetia viridans). All individuals were captured in the vicinity of the plant, usually 183 

resting on or just under the lid of the pitcher. For the flesh flies, males were pinned in the 184 

field with their genitalia extracted to confirm proper identification. Of those specimens, 185 

three legs were removed and placed in 95% EtOH for DNA preservation. All other 186 

specimens were preserved directly in 95% EtOH for DNA preservation.  187 

 188 

DNA sampling preparation and processing 189 

 Genomic DNA was extracted from the specimens (either leg tissue or full body 190 

soakings) using a Qiagen DNeasy kit. Between 24 and 26 individuals were selected per 191 

species for sequencing, with samples that span the distribution of the species and roughly 192 
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equal numbers on either side of the Mississippi River (see Table S1). A double digest 193 

restriction-site associated DNA sequencing (ddRADseq) protocol (modified from 194 

Peterson et al. 2012) was used to generate genomic sequences. Specifically, genomes 195 

were digested with two restriction enzymes (SbfI and MspI) to reduce the number (but 196 

generate higher coverage) of the potential suite of homologous loci. Following restriction 197 

enzyme digest and ligation of internal barcodes, libraries were amplified through 198 

polymerase chain reaction. After confirming amplification of the sequence libraries via 199 

gel electrophoresis, size selection was conducted with a Blue Pippin (Sage Sciences) 200 

targeting fragments between 300 and 600 base pairs. Samples were quantified using a 201 

bioanalyzer and qPCR to confirm quality library prep, and sequenced using an Illumina 202 

HiSeq with single end 100 base pair reads.  203 

 Following demultiplexing, raw sequence reads were filtered with AlienTrimmer 204 

v0.4.0 (Criscuolo & Brisse 2013) to remove reads with adapter contamination. All 205 

retained reads were then trimmed to 80 base pairs with the FASTX-Toolkit v0.0.14 206 

(Gordon & Hannon 2010) to account for uneven barcode lengths and remove potentially 207 

low-quality base pairs towards the end of sequences. Next, sequence reads were analyzed 208 

with Pyrad v3.0.66 (Eaton 2014) using parameter settings that were consistent for all five 209 

species. Pyrad is an automated pipeline that takes as input raw sequence reads and 210 

outputs loci, alleles, and SNPs. Base calls with a Phred score below 20 were replaced 211 

with Ns; up to four Ns were allowed for a read to be retained. A clustering threshold of 212 

88% was used to assemble reads into loci. RAD sequencing is prone to missing data due 213 

to mutations in the restriction enzyme sites as well as allelic dropout, and this missing 214 

data can bias parameter estimates in downstream analyses (Arnold et al. 2013). However, 215 
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because retaining only those loci with 100% coverage can also bias parameter estimates 216 

(because such loci are likely to be evolving more slowly than genome-wide averages), we 217 

allowed for some missing data in our analysis and retained loci with a minimum of 75% 218 

coverage across individuals. 219 

 220 

Population genetic structure  221 

 To infer population genetic structure within the species, we used STRUCTURE 222 

v2.3.4 (Pritchard et al. 2000), which assigns individuals into clusters by maximizing 223 

linkage equilibrium within clusters and minimizing linkage disequilibrium between 224 

clusters. Our analyses were conducted at the K = 2 clustering level, reflecting our 225 

understanding that populations of S. alata east and west of the Mississippi River 226 

comprise two distinct lineages (Zellmer et al. 2012; Carstens & Satler 2013). Our 227 

prediction, particularly for obligate commensal species, is that genetic structure at this 228 

level will also reflect this east–west division of habitat. For each species, we converted 229 

allelic data into haplotypes at each locus, utilizing the information contained in linked 230 

SNPs when more than one SNP was present within a locus. If any allele contained one or 231 

more Ns, we adopted the conservative approach of treating this sequence as missing due 232 

to ambiguity in allelic assignment. Analyses were conducted using an admixture model 233 

with correlated allele frequencies, sampling location information for each species, a burn-234 

in of 1 X 10
5
 generations and subsequent sampling for 5 X 10

5
 generations. Each analysis 235 

was repeated 10 times, and results were processed and summarized with the pophelper 236 

package (Francis 2016) in R (R Core Team 2015). 237 

Page 10 of 48Molecular Ecology



For Review
 O

nly

 An Analysis of Molecular Variance (AMOVA; Excoffier et al. 1992) was 238 

conducted on each species to assess the level of genetic partitioning across the landscape. 239 

Specifically, we tested for genetic partitioning (i) within each locality, (ii) between 240 

localities on either side of the Mississippi River, and (iii) within each side of the river. 241 

STRUCTURE haplotype files were converted to Arlequin files using PGDspider v2.0.7.1 242 

(Lischer & Excoffier 2012). AMOVA analyses were conducted in Arlequin v3.5.1.2 243 

(Excoffier et al. 2005), with distance matrices calculated using the number of different 244 

alleles per locus and 10,000 permutations to assess significance. 245 

In addition, summary statistics were calculated from the data with the python 246 

library DendroPy v4.1.0 (Sukumaran & Holder 2010). These included number of 247 

segregating sites, nucleotide diversity (π), Watterson’s theta (Θw), and Tajima’s D. 248 

Samples were partitioned based on side of river (east or west), reflecting our 249 

understanding of the diversification of the host pitcher plant. 250 

 251 

Estimating population divergence, population size, and gene flow 252 

 Phylogeographic concordance factors suggest that multiple arthropods are 253 

concordant with S. alata (Satler & Carstens 2016). In order to explore this suggestion, 254 

parameters including population divergence (τ), population size (Ne), and gene flow 255 

(2Nm) were estimated from the SNP data in each species using allele frequency spectrum 256 

(AFS) methods (Gutenkunst et al. 2009; Excoffier et al. 2013). One recently developed 257 

method, fastsimcoal2 (FSC2; Excoffier et al. 2013), uses coalescent simulations to 258 

calculate the likelihood of the observed AFS given a demographic model using the 259 

likelihood calculation developed by Nielsen (2000). Simulations suggest that FSC2 is 260 
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computationally efficient and produces accurate parameter estimates (Excoffier et al. 261 

2013). As models are user-specified, the flexibility of FSC2 makes it appealing to apply 262 

to the analysis of data from non-model species where the correct model is unknown 263 

(Thomé & Carstens 2016). 264 

 Model selection has become an integral part of phylogeography in large part 265 

because the utility of parameter estimation to the inferences process relies on the 266 

appropriateness of the analytical models (e.g., Fagundes et al. 2007; Carstens et al. 267 

2013). Because populations of S. alata have been isolated on either side of the 268 

Mississippi River for a considerable amount of time (Zellmer et al. 2012; Carstens & 269 

Satler 2013), we assumed a two-population model, grouping samples on either side of the 270 

biogeographic barrier into populations, but consider several models containing different 271 

combinations of parameters (e.g., τ, Ne, 2Nm) in each species. FSC2 calculates a 272 

composite likelihood with the assumption SNPs are in linkage equilibrium, and thus any 273 

genetic linkage may bias this calculation and invalidate model comparisons. To satisfy 274 

this assumption, we randomly selected one SNP per locus to generate an unlinked AFS. 275 

We then conducted model-selection on seven variants of the isolation-with-migration 276 

(IM) model (Fig. 2) using Akaike information criterion (AIC; Akaike 1974) and model 277 

probabilities calculated following Burnham and Anderson (2002). Parameter estimates 278 

were subsequently generated via model-averaging (i.e., weighted by the probabilities for 279 

each of the models), allowing for estimates of a particular parameter to contribute to the 280 

overall parameter estimate in proportion to its model probability. Since we were 281 

concerned that reducing our data set to only unlinked SNPs might leave us with too few 282 

SNPs to accurately estimate parameters of interest, we also estimated parameters using 283 

Page 12 of 48Molecular Ecology



For Review
 O

nly

the traditional IM model (Fig. 2C) for each species incorporating all of the SNPs. 284 

Linkage among SNPs affects the calculation of the likelihood, not parameter estimation, 285 

so linked SNPs are not expected to bias parameter estimation when a single model is 286 

used.  287 

 Analyses were conducted with fastsimcoal v25221 (Excoffier et al. 2013). We 288 

constructed a folded allele frequency spectrum from minor allele counts as we did not 289 

have sequence data from outgroups. Fixed numbers of alleles for all populations are 290 

required for generating the observed AFS, however, only including SNPs with 100% 291 

coverage would drastically reduce (and likely bias) our sampling. To account for missing 292 

data while maximizing the number of SNPs, we required that 75% of alleles were present 293 

within each population (east and west) for the SNP to contribute to the AFS. Given these 294 

criteria, building of the observed AFS took place in three ways: (i) if either population 295 

had fewer alleles than the set threshold, that SNP was discarded, (ii) if either population 296 

had the same number of alleles as the threshold, the allele frequencies were calculated 297 

(for the total SNP) and the minor allele count was used in the AFS, (iii) if either 298 

population had a greater number of alleles than the threshold, the alleles were subsampled 299 

with replacement until the necessary number of alleles (matching the threshold) were 300 

sampled, and then the minor allele was counted. For the SNP that met either criterion ii or 301 

iii, the proper cell was populated in the AFS with the minor allele counts from each 302 

population. Although this down sampling procedure allowed us to include more SNPs in 303 

our analysis, it had the undesirable effect of subsampling some alleles such that they 304 

appeared monomorphic in a particular subsampling replicate. To account for variation in 305 

generating the observed AFS, we replicated the AFS building procedure 10 times. 306 
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Replication serves two purposes: (i) it accounts for variation in the subsampling process, 307 

and (ii) allows us to generate confidence intervals on parameter estimates for across 308 

species comparisons.  309 

 To convert parameter estimates to real values, we assumed a mutation rate of 8.4 310 

X 10
-9

 estimated from Drosophila flies (Haag-Liautard et al. 2007). Species-specific 311 

generation length estimates were gathered from the literature to scale parameters to real 312 

values. Specifically, we used two generations per year for the moth (Moon et al. 2008) 313 

and flies (Rango 1999; Rasic & Keyghobadi 2012), and one generation per year in the 314 

spiders (Foelix 1982); we discuss later implications of uncertainty in these estimates. We 315 

also counted the number of invariant sites in the sequence data to populate the 316 

monomorphic cell. All FSC2 analyses were run on the Oakley cluster at the Ohio 317 

Supercomputer Center (https://osc.edu). Each analysis (for each AFS replicate per model) 318 

was repeated 50 times, to take into account stochasticity in the simulated AFSs (as 319 

recommended by Excoffier et al. 2013). The run with the highest composite likelihood 320 

was then selected as the best run (among the 50), and parameter estimates from these runs 321 

were recorded. Custom python and bash scripts (available on Dryad; ####) were written 322 

to generate the observed AFS, prepare each analysis, and collate and summarize the 323 

results.  324 

 325 

 326 

Results 327 

DNA sequencing 328 
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 We sequenced either 24 (S. sarraceniae, F. celarata, M. formosipes) or 26 329 

(E. semicrocea, P. viridans) individuals of each species using two HiSeq lanes and a 330 

partial MiSeq lane resulting in ~310 million sequence reads. Following demultiplexing 331 

and quality control, we retained ~215 million reads for de novo assembly. Four 332 

individuals were poorly sequenced (one each from F. celerata and P. viridans, and two 333 

from M. formosipes), and they were removed from downstream analyses. Using an 88% 334 

within-species clustering threshold and requiring at least six reads before calling a 335 

cluster, an average of between 1617 and 4615 clusters were generated per species (Table 336 

2). Our final data sets—requiring at least 75% of individuals—contained between 383 337 

and 1037 loci, and between 617 and 2055 variable sites for analysis. SNP files and data 338 

sets are available on Dryad (####).    339 

 340 

Population genetic structure 341 

 STRUCTURE results vary by species, but consistently reflect the ecology of the 342 

species in question (Fig. 3). The moth (E. semicrocea) is partitioned into two groups on 343 

either side of the Mississippi River, with a similar pattern recovered in one of the flies 344 

(S. sarraceniae). Population structure in the other fly species (F. celarata) is minimal, as 345 

essentially no structure is seen at the K = 2 level. This result, however, appears to be an 346 

artifact of the uneven sampling on either side of the Mississippi River, as only five flies 347 

were sampled from west of the Mississippi River (Table S1; see Puechmaille 2016 for 348 

discussion of how such uneven sampling can bias STRUCTURE results). When we 349 

randomly subsampled individuals in the eastern locales to be similar in number to the 350 

sample sizes in the west, genetic partitions were geographically clustered, recovering the 351 
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east–west split (subsampling replicated 10 times, with STRUCTURE analyses run as 352 

outlined above; Fig. S1). In contrast to the insects, neither spider species exhibited 353 

appreciable genetic structure, with STRUCTURE plots discordant with geography. 354 

 Results from the AMOVA are consistent with those from STRUCTURE. In both 355 

E. semicrocea and S. sarraceniae, there is significant genetic structure at all three levels 356 

of the analysis, demonstrating strong population genetic structure in each species (Table 357 

3). Population structure in the other fly (F. celarata) suggests significant association 358 

among localities, although lack of permutations precludes us from testing for significance 359 

at the other hierarchical levels (see Fitzpatrick 2009). In the spiders, genetic data are not 360 

significantly structured at any of the hierarchical levels, consistent with results from 361 

STRUCTURE and our inference of a loose association between the spider species and the 362 

pitcher plant. Various summary statistics are consistent with these results. For the moth 363 

and flies, genetic diversity is consistently higher in the east than in the west (Table 4). 364 

This is in contrast to the spiders, where genetic diversity is higher in the west than the 365 

east (M. formosipes) or is similar on either side of the river (P. viridans). All species 366 

show negative Tajima’s D values, although the standard deviations encompass small 367 

positive values for all calculations.   368 

 369 

Estimating population divergence, population size, and gene flow 370 

Model selection 371 

 We specified seven models for analysis using the unlinked AFS, all variations of 372 

the traditional isolation-with-migration models (Fig. 2). Results were similar across 373 
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species in that isolation-only models had low model probabilities, and for each species, 374 

multiple models received appreciable support (Table 5).  375 

 376 

Divergence times 377 

 As most species had strong support for one of the IM models (Table 5), parameter 378 

estimates were relatively consistent across data sets regardless of whether they were 379 

generated via model-averaging (from unlinked AFS) or from the full IM model (using the 380 

linked AFS). In general, unlinked AFS with model-averaged parameters contained 381 

slightly younger divergence times than linked AFS with the IM model, not surprising 382 

given the contribution of models that did not include gene flow. For the remainder of this 383 

paper, we consider parameter estimates generated from the model-averaging approach 384 

with unlinked data sets, but note that results from the other analyses are similar (i.e., Figs. 385 

S2–S3; Table S2).   386 

 Divergence times were restricted to the Pleistocene in all species (Fig. 4), with the 387 

precision varying across taxa. Assuming two generations per year, the moth 388 

(E. semicrocea) is estimated to have diverged 230,745 years before present, with a 95% 389 

CI of 213,555–247,935 (Table 6). Divergence time estimates for the flies were shallower 390 

than the moth. Assuming two generations per year, divergence time in S. sarraceniae 391 

averaged 195,045 years before present (95% CI 145,995–244,096), while those in 392 

F. celarata averaged 90,598 years before present (95% CI 84,668–96,528; Table 6). For 393 

the spiders, assuming one generation per year, divergence time estimates were older than 394 

the rest of the community: M. formosipes ~475k years before present (95% CI 435,551–395 

511,349); P. viridans ~245k years before present (95% CI 235,180–253,086). 396 
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Collectively, divergence time estimates span from ~90k years before present to ~475k 397 

years before present (Fig. 4). 398 

 399 

Population sizes 400 

 As with the divergence time estimates, values are generally consistent within 401 

species regardless of whether estimates where model-averaged (with unlinked AFS; Fig. 402 

5) or from an IM model (with linked AFS; Fig. S3, Table S2). For the moth, population 403 

sizes in the east are roughly five times as large as those in the west (520,215 vs. 102,907; 404 

Table 6). This same pattern is evident in both flesh flies, where population sizes in the 405 

east are roughly two to five times as large as those in the west (S. sarraceniae: 693,356–406 

124,174; F. celarata: 314,109–168,863; Table 6). In contrast, population sizes in the 407 

spiders are similar on either side of the river (M. formosipes: 764,333 (E) – 556,845 (W); 408 

P. viridans: 394,613 (E) – 333,666 (W); Table 6). 409 

 410 

Gene flow 411 

 Migration rates (2Nm) are lowest among the ecologically dependent species 412 

(Table 6). In the moth, migration is below 0.75 in either direction, suggesting little to no 413 

migration within this species. Low levels of migration are seen with the flies, although 414 

values of 1.57 for S. sarraceniae from west to east and 3.72 for F. celarata from east to 415 

west suggest higher levels of migration (Table 6). Migration rates, however, are highest 416 

within the spiders. In M. formosipes, 2Nmwest to east = 5.61; in P. viridans, 2Nmeast to west = 417 

4.08, and 2Nmwest to east = 5.54 (Table 6).  418 

 419 
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Discussion 420 

Diversification patterns of the Sarracenia alata ecological community 421 

 Zellmer et al. (2012) demonstrated that divergence across the Mississippi River in 422 

S. alata occurred in the Pleistocene, roughly 120,000 years before present. Given findings 423 

in other studies of host plants and associated arthropods that share a phylogeographic 424 

history (e.g., Smith et al. 2011), we tested the prediction that obligate commensals of 425 

S. alata should exhibit concordant population genetic structure, as well as divergence 426 

time estimates similar to or more recent than the plant, reflecting the requirement of this 427 

specialized habitat to facilitate colonization following dispersal to the west side of the 428 

river for the arthropods.   429 

 We sampled arthropods from five divergent lineages, ranging in their association 430 

with the host pitcher plant from obligate inquiline commensals (moth and two flies) to 431 

opportunistic capture interrupters (two spiders). Both estimates of population genetic 432 

structure and parameters demonstrate that the three commensal arthropods (pitcher plant 433 

moth E. semicrocea, pitcher plant flies S. sarraceniae and F. celarata) exhibit an 434 

evolutionary history largely congruent with the host pitcher plant. Perhaps the most 435 

compelling result is that the pattern of genetic diversity and effective population sizes of 436 

these three species and S. alata are largely concordant on either side of the river, with 437 

high diversity in the east and low diversity in the west. These result support H1, and 438 

suggests the long-term association of the ecologically dependent arthropod species with 439 

the host pitcher plant. In addition, estimates of population divergence across the 440 

Mississippi River indicate that at least two of these three arthropods (pitcher plant moth 441 

E. semicrocea and pitcher plant fly S. sarraceniae) dispersed across the Mississippi River 442 
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largely in concert with S. alata, as their divergence time estimates are within 35k years of 443 

one another (230 kya and 195 kya), with confidence intervals that overlap with each other 444 

and those estimated from the pitcher plant. These results suggest the association between 445 

these arthropods and S. alata has been stable for nearly 200,000 years.  446 

 The pattern identified in the other flesh fly (F. celarata) is intriguing. Population 447 

divergence estimates from F. celarata are more recent (~90k years before present) than 448 

those from S. alata and the other dipteran (S. sarraceniae), suggesting this species 449 

dispersed across the Mississippi River after western populations of the plant and 450 

S. sarraceniae were already well established. In our extensive fieldwork, we were only 451 

able to collect five flies of F. celarata from the western locales (all from Cooter’s Bog; 452 

see Fig. 1); in contrast, we collected 73 S. sarraceniae individuals from the west. A series 453 

of F. celarata specimens is known from Warren, Texas (see Dahlem & Naczi 2006), but 454 

we were unable to locate any individuals of this species in any other western locale. 455 

These five samples are monophyletic in their mitochondrial DNA (Satler & Carstens 456 

2016), and population genetic parameters support their east-to-west dispersal and 457 

structure (following subsampling and replication in STRUCTURE; Fig. S1). Three 458 

factors could explain these results. For one, abiotic factors in the west may play a limiting 459 

role in F. celarata’s ability to disperse throughout the western landscape. Environmental 460 

niche models (see Zellmer et al. 2012) suggest an inland/coastal division (for S. alata), 461 

but given where F. celarata has been sampled, environmental differences between 462 

eastern and western locales may be contributing to the lack of presence of these flies in 463 

additional western bogs. Alternatively, the younger divergence time recovered in 464 

F. celarata could be an artifact caused by limited sampling. Although we were able to 465 
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sample up to 10 alleles per locus for the western individuals, limited geographic sampling 466 

combined with lower numbers of allele counts may have precluded us from generating 467 

accurate estimates of divergence times. Finally, the limited sampling and population 468 

genetic parameter estimates could reflect differing outcomes of interspecies competition. 469 

Pitcher plant flesh flies are ovolarviparous, with females depositing one larvae per 470 

pitcher. Larvae are aggressive and territorial, actively attacking other flesh fly larvae 471 

when present (Forsyth & Robertson 1975; Rango 1999; Dahlem & Naczi 2006). As the 472 

two flesh fly species fill the same ecological niche, it may be the case that F. celarata is 473 

less competitive in certain environments, resulting in higher numbers of S. sarraceniae in 474 

the west. Given our estimated divergence times, S. sarraceniae would have had 475 

substantially more time to become established (than F. celarata) at plant populations 476 

west of the Mississippi River, leading to their higher abundance in our sampling efforts. 477 

We note, however, that both species co-occur in the east, so the presence of one species 478 

does not preclude the presence of the other. Although we do not have sufficient data to 479 

conclusively determine the cause of the discordant pattern in sampling and divergence 480 

dating, all other population genetic parameters support an east-to-west dispersal in 481 

F. celarata, with population structure mirroring the pitcher plant highlighting the tight 482 

relationship between the flesh fly and host plant. 483 

Our findings are consistent with a growing biogeographic understanding of this 484 

system. Stephens et al. (2015) proposed a center of origin for Sarracenia in southeastern 485 

North America where the other Sarracenia species are distributed. In addition to being 486 

the only member of the genus found west of the Mississippi River, population genetic 487 

patterns in S. alata support this hypothesis, with colonization of the west from eastern 488 
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populations. Results from the insects are consistent with this scenario. This raises the 489 

question: how did the S. alata community disperse across the Mississippi River? 490 

Sarracenia seeds are tiny and lack modifications for long-range dispersal (Ellison 2001). 491 

Ellison and Parker (2002) recovered most seeds of Sarracenia purpurea within five cm 492 

of the parent plant, suggesting limited seed dispersal in these plants. We follow Zellmer 493 

et al. (2012) in suggesting that a likely scenario is the course of the river changed to 494 

effectively move some habitat from the east side to the west via the process of oxbow 495 

lake formation (e.g., Gascon et al. 2000). The lower Mississippi River is a dynamic 496 

system, with tremendous change in movement and flow during the Pleistocene (Mann & 497 

Thomas 1968; Coleman 1988). Such a process would provide the opportunity for mature 498 

plants and their commensal arthropods to move as a single unit across the river. 499 

  500 

Intrinsic species traits and porous biogeographic barriers 501 

Two spider species included here are markedly incongruent with the demographic 502 

patterns evident in S. alata and its commensal arthropods. In each species the rates of 503 

gene flow across the Mississippi River are high (Table 6), which leads to population sizes 504 

on either side of the river that differ from patterns in the S. alata community. We suspect 505 

that intrinsic species traits related to dispersal explain these differences, as both spiders 506 

can travel long distances via ballooning. Divergence time estimates in the crab spider 507 

(M. formosipes) are much older (~475k years before present) than the other species, 508 

while those in the green lynx spider (P. viridans) are older, but similar with those of other 509 

species analyzed here. As both spiders exploit the insect-attracting abilities of Sarracenia 510 

(Folkerts 1999) and are commonly found in association to the pitcher plant but not 511 
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limited to this specialized habitat, it seems clear that ongoing gene flow within the region 512 

have produced the discernable lack of population genetic structure in these species.    513 

 514 

Challenges with comparing divergence times across a biogeographic barrier 515 

 Investigating the timing of diversification across biogeographic barriers is of 516 

central importance to the discipline, as a clustering of divergence times suggests a shared 517 

response to a historical event (Bermingham & Moritz 1998). Accurately estimating 518 

divergence times is particularly challenging when the focal species are sampled from 519 

disparate taxonomic groups. Methods incorporating the coalescent model allow the 520 

timing of population divergence to be directly estimated, potentially leading to more 521 

precise inferences of community divergence (Hickerson et al. 2006), but rely on external 522 

information that may be unknown in non-model species. While phylogeography has 523 

assumed since Edwards and Beerli (2000) that more data would lead to more precise 524 

estimates of population divergence and thus facilitate comparative studies that span 525 

biogeographic barriers, comparative investigations require two types of information 526 

(mutation rate and generation length) to convert estimates to values that can be compared 527 

across species. Within the same taxonomic groups, these values are typically assumed to 528 

be the same across taxa (e.g., Smith et al. 2014; Papadopoulou & Knowles 2015), but in 529 

studies such as ours, a comparison of species that are only distantly related to one another 530 

is complicated by a lack of information about these values. Here, we utilized a direct 531 

estimate of the mutation rate from Drosophila flies (Haag-liutard et al. 2007) for lack of a 532 

better option, but note that its relevance to the distantly related dipterans, lepidopterans, 533 

and arachnids analyzed here is suspect because the three groups likely diverged before 534 
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the Cambrian (e.g., Rehm et al. 2011). Perhaps a larger concern is generation length. In 535 

this study, we investigated small arthropods where there is little existing information 536 

about life history traits. Previous works suggests that araneomorph spiders have one 537 

generation per year (Foelix 1982), but we are less certain about the remaining arthropods. 538 

The moth and the flies are reported to have multiple generations per year, but exact 539 

values are unknown (Folkerts 1999). Moon et al. (2008) suggested E. semicrocea has two 540 

generations per year, and this value is consistent with estimates from other moths in the 541 

Noctuidae family (e.g., Spitzer et al. 1984). For the flies, we based our estimate of two 542 

generations per year on research conducted in another pitcher plant flesh fly 543 

(Fletcherimyia fletcheri) that is associated with Sarracenia purpurae. 544 

Fletcherimyia fletcheri is estimated to have one generation per year at the higher latitudes 545 

in northeastern United States and Canada (Rango 1999; Rasic & Keyghobadi 2012), 546 

where pitcher leaves are active for ~4–8 weeks (Fish & Hall 1978). But in S. alata, where 547 

leaves appear to be active for at least four months, we believe it is reasonable to use a 548 

value of two generations per year. This is consistent with generation time estimates in 549 

other flesh flies (in the genus Sarcophaga) suggesting 2–3 generations per year in the 550 

temperate regions, with generation cycles taking up to 60 days (Denlinger 1978) 551 

depending on day length and temperature (Chen et al. 1987; Lee et al. 1987). 552 

Furthermore, seasonal and yearly fluctuations in climate and environment will influence 553 

the number of generations in groups such as dipterans, which may mean that there were 554 

fewer generations per year in the cooler Pleistocene Epoch. Regardless, these 555 

assumptions clearly influence estimates of divergence time (Fig. 6).  556 

 557 
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Conclusions 558 

 Our results suggest that S. alata and at least two of its commensal arthropods 559 

dispersed across the Mississippi River in a concerted manner, likely facilitated via oxbow 560 

lake formation (Koopman & Carstens 2010), and suggest that these species represent an 561 

evolutionary community sensu Smith et al. (2011). Given the similarities in population 562 

genetic structure and effective population sizes across the members of this community, it 563 

seems clear that the evolution of each species is influenced by the other members of the 564 

community, as predicted by Darwin’s tangled bank (Darwin 1859). While there are 565 

clearly methodological difficulties pertaining to the analysis of genetic data, our work 566 

demonstrates the importance of considering both the ecological relationships and the 567 

intrinsic species traits when conducting comparative phylogeographic investigations. 568 

  569 
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Data Accessibility 826 
SNP files, data sets, and scripts are available on Dryad (####).    827 

  828 
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Figure legends 829 
 830 

Figure 1. Distribution of Sarracena alata in the southeastern United States, with the 831 

Mississippi River represented on the map. Locales are as follows: Sundew (S), Pitcher 832 

(P), Bouton Lake (B), Red Dirt (R), Cooter’s Bog (C), Kisatchie (K), Lake Ramsey (L), 833 

Abita Springs (A), Talisheek (T), De Soto (D), Franklin Creek (F), and Tibbie (Tb). 834 

Arthropods vary in the number of locales in which they are represented (see Table 1); 835 

details on the sampling distribution of each species can be found in Table S1. 836 

 837 

 838 

Figure 2. Models used in FSC2 analyses, all variations of the isolation-with-migration 839 

model (panel C). Models varied in their included parameters, from divergence, to 840 

migration, to population size change. These models encompass several evolutionary 841 

scenarios for the species, and were selected to allow for model-selection tests prior to 842 

parameter estimation. This allows for model uncertainty to be taken into account, 843 

necessary for accurate parameter estimation in model-based inference. Models are as 844 

follows: A) Isolation only (ISO), B) Isolation with population size change in daughter 845 

populations (ISOc), C) IM model with symmetric migration (IM), D) IM model with 846 

symmetric migration and population size change in daughter populations (IMc), E) IM 847 

model with migration from west to east (IMWE), F) IM model with migration from east to 848 

west (IMEW), G) Island model (Island). 849 

 850 

 851 

Figure 3. STRUCTURE results showing clustering of individuals at the K = 2 level for 852 

each species. Each column represents an individual. Two-letter codes below plots 853 

correspond to sampling locality. 854 

 855 

 856 

Figure 4. Divergence time estimates from FSC2. Results show estimates of divergence 857 

times in years across the Mississippi River for each of the ten replicated data sets. Mean 858 

and 95% confidence intervals are presented from model-averaging with the unlinked AFS 859 

for each species. The host pitcher plant is estimated to have diverged at least 120,000 860 

years before present (Zellmer et al. 2012). 861 

 862 

 863 

Figure 5. Effective population size estimates from populations on either side of the 864 

Mississippi River from FSC2. Results are from the ten replicated data sets. Mean and 865 

95% confidence intervals are presented from model-averaging with the unlinked AFS for 866 

each species. 867 

 868 

 869 

Figure 6. Influence of generation length on divergence time estimates. Presented are 870 

estimated divergence time values (mean and 95% confidence intervals) for S. sarraceniae 871 

from model-averaging and unlinked AFS, scaled by number of generations per year. 872 

Between one and three generations per year would result in a divergence time similar to 873 

estimates in S. alata, suggesting co-diversification. This demonstrates that our inferences 874 
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are dependent on the values assumed, and highlights the difficulties inherent to 875 

conducting comparative phylogeographic investigations using parameter estimates, 876 

especially when species are from taxonomically disparate groups.  877 
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Supplemental Figure legends 878 

 879 
Figure S1. STRUCTURE results for F. celarata at the K = 2 level, after subsampling the 880 

eastern locales to match in sample size with the west. We subsampled two individuals 881 

from each of the three eastern locales, and repeated this process to get 10 subsampled 882 

data sets. Results show a strong east–west genetic clustering across nearly all of the data 883 

sets. 884 

 885 

 886 

Figure S2. Divergence time estimates from FSC2. Results show estimates of divergence 887 

times in years across the Mississippi River for each of the ten replicated data sets. Mean 888 

and 95% confidence intervals are presented from an isolation-with-migration model with 889 

the linked AFS for each species. The host pitcher plant is estimated to have diverged at 890 

least 120,000 years before present (Zellmer et al. 2012). 891 

 892 

 893 

 894 

Figure S3. Effective population size estimates from populations on either side of the 895 

Mississippi River from FSC2. Results are from the ten replicated data sets. Mean and 896 

95% confidence intervals are presented from an isolation-with-migration model with the 897 

linked AFS for each species. 898 

 899 
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Table 1. Sampled arthropod information. Five species were sampled from the community. 

Association with the plant, dispersal ability, and where they were sampled are presented here.  

Species Type Host Association
 

Dispersal Ability Sampled Locales 

E. semicrocea Moth Specialist Weak B,S,P,C,R – A,L,T,D,F,Tb 

S. sarraceniae Fly Specialist Weak B,P,C,K – L,T,D,Tb 

F. celarata Fly Specialist Weak C – T,D,Tb 

M. formosipes Spider Generalist Strong B,P,C,R,K – A,D 

P. viridans Spider Generalist Strong B,P,C,R,K – A,L,T,D,F,Tb 
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Table 2. Genomic sequencing data. Samples were processed through Pyrad. Loci were 

present in at least 75% of samples for all species.  

Species Samples (N) Reads
1 

Clusters
2
 at 88% Loci Variable Sites 

E. semicrocea 26 74161645 4480 (1602 – 10275) 715 1724 

S. sarraceniae 24 41434321 2291.5 (1336 – 6704) 383 962 

F. celarata 23 28878943 1617 (736 – 3884) 440 617 

M. formosipes 22 21859081 4615 (1049 – 13291) 579 1953 

P. viridans 25 30424227 4195 (1243 – 6835) 1037 2055 
1
Reads that passed quality filters. 

2
Clusters with at least six reads; median and range are 

reported.  
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Table 3. AMOVA results. Samples were partitioned by locality and within either side of 

the Mississippi River. Significance was assessed with 10,000 bootstrap replicates. * 

represents a p-value between 0.05 and 0.01; ** represents a p-value below 0.01. For 

F. celarata, significance was not assessed at levels other than φST due to small number of 

permutations (see Fitzpatrick 2009). 

Species 

Among 

locales φST 

Among locales 

within regions φSC 

Within 

regions φCT 

E. semicrocea 34.38 0.46** 11.99 0.18** 53.63 0.34** 

S. sarraceniae 16.53 0.27** 10.78 0.13** 72.70 0.17* 

F. celarata 14.64 0.19** 3.92 0.05 81.44 0.15 

M. formosipes -2.78 0.15 17.94 0.17 84.84 -0.03 

P. viridans 0.73 0.14 13.70 0.14 85.58 0.01 
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Table 4. Summary statistics, with samples partitioned west (W) and east (E) of the Mississippi River. Mean values and standard 

deviation for segregating sites (SS), nucleotide diversity (π), Watterson’s theta (Θw), and Tajima’s D.  

Species SS π Θw Tajima’s D 

W E W E W E W E 

E. semicrocea 1.17 (1.77) 2.36 (2.47) 0.0033 (0.0058) 0.0075 (0.0094) 0.3210 (0.4952) 0.6431 (0.6876) -0.26 (0.72) -0.26 (0.81) 

S. sarraceniae 1.62 (2.22) 2.23 (2.36) 0.0049 (0.0076) 0.0064 (0.0079) 0.4529 (0.6253) 0.6184 (0.6601) -0.28 (0.77) -0.44 (0.77) 

F. celarata 0.51 (1.01) 1.80 (1.94) 0.0025 (0.0052) 0.0045 (0.0054) 0.1856 (0.3734) 0.4490 (0.4896) -0.03 (0.51) -0.38 (0.62) 

M. formosipes 3.55 (3.02) 2.12 (2.34) 0.0107 (0.0099) 0.0083 (0.0099) 0.9597 (0.8163) 0.7065 (0.7828) -0.40 (0.71) -0.31 (0.77) 

P. viridans 1.76 (1.95) 1.96 (2.07) 0.0052 (0.0065) 0.0056 (0.0068) 0.4945 (0.5487) 0.5469 (0.5755) -0.36 (0.71) -0.42 (0.78) 
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Table 5. Results from model selection tests. Values represent model probabilities 

generated using AIC and information theory. Only models that include migration 

generate any substantial support. See Fig. 2 for model details. 

 Species 

Model E. semicrocea S. sarraceniae F. celarata M. formosipes P. viridans 

1 – ISO 0.00 0.00 0.00 0.00 0.00 

2 – ISOc 0.00 0.00 0.00 0.00 0.00 

3 – IM 0.83 0.41 0.30 0.39 0.70 

4 – IMc 0.00 0.00 0.00 0.00 0.00 

5 – IMWE 0.15 0.57 0.03 0.58 0.20 

6 – IMEW 0.01 0.00 0.60 0.03 0.10 

7 – Island 0.01 0.02 0.07 0.00 0.00 
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Table 6. Population genetic parameters estimates from FSC2 from model-averaging and unlinked AFS data sets. Divergence times (τ) 

are in years, scaled by number of generations per year, and migration rates are in 2Nm. Values were averaged across the ten replicated 

data sets within each species. 

Species τ Ne WEST Ne EAST MWE MEW 

 Mean 95% CI Mean 95% CI Mean 95% CI Mean 95% CI Mean 95% CI 

E. semicrocea 230,745 213,555 – 247,935 102,907 86,586 – 119,228 520,215 482,101 – 558,329 0.18 0.12 – 0.24 0.66 0.35 – 0.97 

S. sarraceniae 195,045 145,995 – 244,096 124,174 89,668 – 158,680 693,356 567,537 – 819,174 1.57 1.08 – 2.06 0.75 0.00 – 1.49 

F. celarata 90,598 84,668 – 96,528 168,863 114,681 – 223,046 314,109 259,511 – 368,708 0.19 0.00 – 0.38 3.72 2.94 – 4.51 

M. formosipes 473,450 435,551 – 511,349 556,845 441,555 – 672,135 764,333 539,372 – 989,295 5.61 4.36 – 6.86 0.86 0.41 – 1.31 

P. viridans 244,133 235,180 – 253,086 333,666 235,139 – 432,194 394,613 299,784 – 489,442 5.54 3.52 – 7.56 4.08 2.65 – 5.50 
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