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Summary 47 
 Understanding the nature of reproductive barriers separating species is a fundamental 48 
goal of evolutionary biology. Such barriers may be environmentally sensitive, and recent 49 
research has documented an increasing number of cases where anthropogenic environmental 50 
disturbance is associated with hybridization. However, few studies have been able to quantify 51 
and compare potential environmental mechanisms connecting anthropogenic disturbance to 52 
hybridization. Here, we combine genomic and environmental surveys to explore the loss of 53 
reproductive isolation between Xiphophorus malinche and X. birchmanni, fishes whose riverine 54 
habitat in montane Mexico is increasingly impacted by human-mediated disturbance. By 55 
inferring genome-wide ancestry in thousands of fish, we characterize the landscape of 56 
hybridization between these sister species in four drainages. Ancestry structure varies across 57 
streams from stable coexistence to clinal hybrid zones, hinting that hybridization dynamics in 58 
this system may be environmentally dependent. In one stream, sites upstream of an urbanized 59 
area host distinct sympatric ancestry clusters, while downstream sites collapse into a hybrid 60 
swarm. By sequencing mothers and embryos, we show that assortative mating is weakened 61 
downstream of this urbanized area. We hypothesize that the downstream hybrid swarm is driven 62 
by chemical disruption of olfaction that impacts mating preferences. Water chemistry 63 
measurements show significant changes across the urbanized area, including in parameters 64 
known to disrupt fish olfaction and mating. We identify alterations of the olfactory epithelium 65 
between sites upstream and downstream of the urbanized area consistent with differential effects 66 
of water quality. Taken together, our work illuminates potential mechanisms linking 67 
anthropogenic disturbance to the breakdown of reproductive isolation.   68 



Introduction 69 
To understand speciation, evolutionary biologists have long studied cases in which 70 

reproductive barriers between species are incomplete and hybridization can occur1,2. Such studies 71 
have sometimes found evidence that hybridization occurs in areas of environmental disturbance. 72 
Disturbance can bring together species that do not otherwise coexist, create novel environments 73 
where hybrids thrive, or alter the interactions between species that previously coexisted without 74 
interbreeding3–5. Empirical work has shown that premating barriers, such as a behavioral 75 
preference for mating with conspecifics (i.e. assortative mating), are highly context-dependent6–76 
10 and sensitive to environmental conditions11,12. They may therefore disappear in the face of 77 
disturbances that impact mechanisms of mate discrimination13–15. 78 

While natural changes to the environment may have been the major source of disturbance 79 
historically, human impacts (e.g. land use change, chemical pollution, resource extraction) may 80 
now be playing an analogous role14,16–18. Human modification of the environment can interfere 81 
with the mechanisms by which conspecifics identify each other, either by directly affecting 82 
signal production and transmission or by abolishing conspecific preferences14,19–21. In aquatic 83 
species, in particular, a variety of chemical pollutants have been shown to weaken conspecific 84 
mate preferences14,19,20,22–24. As human impacts on the environment become ubiquitous25, the 85 
reported rate of hybridization appears to be increasing across a range of taxa5. 86 
 If assortative mating is a major reproductive barrier between species, weakening this 87 
barrier can lead to a collapse of genetic and phenotypic differentiation26–30, often referred to as a 88 
“hybrid swarm”. Since mate discrimination is typically weaker in hybrids than in parental 89 
species13, this can lead to irreversible phenotypic and genetic homogenization through 90 
hybridization (i.e. “speciation reversal” or “genetic swamping”). Although hybridization may 91 
sometimes lead to adaptive introgression31,32 or the formation of new species33, the immediate 92 
consequence of the formation of hybrid swarms is more often the loss of genetic differentiation 93 
and functional biodiversity18,34. Moreover, early-generation hybrids often experience intrinsic 94 
hybrid incompatibilities35,36 and thus hybridization may also decrease fitness and overall 95 
population size. 96 
 Swordtails (Teleostei: genus Xiphophorus) provide a compelling system to study the 97 
breakdown of reproductive isolation following anthropogenic disturbance. As model systems for 98 
hybridization and mate choice, these stream fishes have been the subject of numerous studies 99 
showing that mating preferences can be altered by environmental and social context7,8,13,19. 100 
Swordtails are found along the eastern slopes of the Sierra Madre Oriental and Gulf Coastal 101 
Plain of Mexico, a region whose water quality and biodiversity37,38 have been impacted by 102 
growing human population density and agricultural land conversion since the 20th century39,40. 103 
The sister species X. malinche and X. birchmanni overlap in the montane streams of northern 104 
Hidalgo state, Mexico, where steep slopes create frequent migration barriers (waterfalls, 105 
cascades, and subterranean stream reaches) and coincide with dramatic ecological variation over 106 
short geographic distances. X. malinche occupy cool headwaters, while X. birchmanni are found 107 
in warmer lower-elevation streams, creating the potential for ecological selection against 108 
hybrids41,42. Genome-wide divergence between the species is moderate (DXY = 0.45%)43 and 109 
their early-generation hybrids suffer from severe genetic incompatibilities44–46. However, some 110 
hybrids are viable and fertile, and hybrid populations can be found in multiple independent 111 
stream reaches43,47. Researchers first reported hybridization between X. malinche and X. 112 
birchmanni in 1997, whereas hybrids were not detected when sampling the same stream reaches 113 
a decade earlier48,49. Meanwhile, the period of 1980–1995 saw a 37% increase in human 114 



population in the state of Hidalgo50. Genetic approaches have estimated that these hybrid zones 115 
are on the order of ~100 generations old51, consistent with hybridization beginning in the late 116 
1900s. This recent onset of hybridization raises the question of what triggered it, and whether it 117 
was tied to the concurrent socio-ecological transformation of the region.  118 

Though we lack data from these streams prior to the start of hybridization, we can still 119 
study the environmental factors which affect hybridization rates by observing spatial patterns in 120 
present-day populations. The genetic structure in most hybrid populations between X. malinche 121 
and X. birchmanni is best described as a hybrid swarm lacking population structure43. One 122 
exception is a population just upstream of the town of Calnali, Hidalgo. There, genetic studies 123 
have described two subpopulations composed of malinche-like and birchmanni-like admixed fish 124 
that exist in sympatry and co-occur at small spatial scales (Figure 1)52. The long-term history of 125 
hybridization between these populations is uncertain, but their observed coexistence and partial 126 
admixture is consistent with some level of past gene flow counteracted by selection against 127 
hybrids53. Sequencing over multiple years showed that this bimodal population structure was 128 
stable as early as 2003 and is driven by strong assortative mating between individuals of the 129 
same ancestry group52. However, recent sampling showed that population structure disappears 130 
just downstream of the town of Calnali44, raising the possibility that assortative mating breaks 131 
down after exposure to a point pollution source.  132 

Here, we synthesize biological, geographic, and water chemistry datasets to assess the 133 
relationship between environmental conditions and patterns of hybridization across multiple X. 134 
malinche × X. birchmanni hybrid zones in Hidalgo, Mexico (Figure 2). We use low-coverage 135 
whole-genome sequencing of 2620 fish to survey hybrid ancestry in four demographically 136 
independent streams and confirm the collapse of population structure around relatively urbanized 137 
areas within the Río Calnali, a pattern which is not replicated in other drainages. We then use 138 
mother-embryo sequencing in the Río Calnali to confirm that assortative mating by ancestry is 139 
weakened downstream of the urbanized area. Next, we document environmental changes which 140 
spatially coincide with the unique loss of reproductive isolation within the Río Calnali. Using 141 
land use classification of satellite imagery, we confirm that changes in population structure 142 
downstream on the Río Calnali are coupled with a high density of built infrastructure near the 143 
stream. We also find that population structure in the Río Calnali breaks down at the point where 144 
we identify unique shifts in the stream’s physical chemistry, organic and inorganic nutrient 145 
loading, and metal concentrations. We then test for similar shifts in metal concentrations in fish 146 
tissue. Finally, given the known importance of olfactory communication in swordtail mate 147 
choice, we assess olfactory epithelial damage as a potential mechanism linking environmental 148 
change to hybridization. We test for variation in olfactory rosette morphology along the Río 149 
Calnali, as well as evidence of histological changes after laboratory exposure to humic acid, 150 
copper, and ammonia. While we observe no effect of short-term laboratory chemical exposure on 151 
olfactory histology, we find evidence of greater histological damage in samples from polluted 152 
downstream sites compared to less disturbed upstream sites. This work thus explores potential 153 
links between environment, phenotype, and genomics in an anthropogenic hybrid zone, 154 
deepening our understanding of human impacts on biodiversity.  155 



Results 156 
Population structure across streams 157 
 Ancestry structure varied markedly among the four streams sampled in this study. One 158 
stream, the Pochula, showed a relatively smooth cline in ancestry from pure X. malinche at 159 
higher elevations to X. birchmanni-like hybrids at lower elevations. The other three streams 160 
varied in the degree of population structure, with sites in the Calnali and Conzintla showing 161 
significant departures from unimodality in the distribution of individual ancestry proportions 162 
(Figure 3; Hartigan’s D = 0.12–0.19, P < 0.0001). Examination of the variation in individual 163 
ancestry in these populations supported the presence of two subpopulations with distinct 164 
genome-wide ancestry. 165 

Though multiple streams showed sites with bimodal population structure, we found that 166 
the extent of this structure differed starkly across drainages. In the Río Conzintla, we observed 167 
sympatry between nearly-pure X. malinche and X. birchmanni at two sites separated by 3.7 168 

stream kilometers (mean ± standard deviation minor parent ancestry 5.6 ± 3.1% at Xochicoatlán, 169 

10.6 ± 4.5% at Mixtla), with no recent-generation hybrids detected. Downstream of these sites, 170 
the X. malinche cluster disappeared and left a single X. birchmanni ancestry cluster with a 171 
spatially stable ancestry fraction (Kolmogorov-Smirnov Test P > 0.05; Figure 3; Table S3). 172 
Combined with our observation of only 1 recent hybrid out of 239 individuals, this suggested 173 
that gene flow between ancestry groups in this stream is limited. In the Río Huazalingo, the 174 
presence of two subpopulations was only observed at sites directly downstream of a waterfall 175 
separating pure X. malinche from admixed X. birchmanni, and ancestry structure was not 176 
significant after Bonferroni correction (Table S3). X. malinche-like individuals were detected up 177 
to 0.91 km downstream of the waterfall, but this pattern varied between sampling seasons, 178 
hinting that the X. malinche individuals may not persist there (Figure S1A). 179 
 By contrast, in the Río Calnali, we observed a dramatic collapse in population structure 180 
centered on the town of Calnali (Figure 3). Three sites upstream of the town, spanning 3.15 181 
stream kilometers, had significantly multimodal ancestry distributions (Hartigan’s D = 0.12–182 
0.21, P < 0.00001; Table S3), with X. malinche-like and X. birchmanni-like subpopulations co-183 
existing in sympatry. Sites downstream of the town plaza showed evidence of a unimodal 184 
distribution (D = 0.01–0.07, P > 0.18 across all sites; Table S3), with intermediate ancestry and 185 
increased variance in individual ancestry proportion. Intriguingly, average X. malinche ancestry 186 
increased downstream of the town (Figure 3), in contrast to expectations given the elevational 187 
distribution of X. malinche populations in other streams. Sequencing of four tributaries 188 
connected to this reach of the Calnali showed that each hosted a single ancestry cluster, with 189 
three composed of X. malinche-like fish (Figure S1D). The shift towards X. malinche ancestry 190 
downstream of these tributaries may therefore be a result of propagule pressure. 191 
 192 
Strength of ancestry-assortative mating in the Calnali Low and Aguazarca hybrid populations 193 
 In the upstream Calnali Mid site on the Río Calnali, we previously documented bimodal 194 
ancestry structure and near-complete assortative mating by ancestry52. By contrast, the Calnali 195 
Low site does not have significantly bimodal ancestry structure, although variance in ancestry is 196 
high (Figure 3). We used paired mother-embryo sequencing to evaluate whether mating patterns 197 
differed from expectations under random mating with respect to ancestry. Despite the intervening 198 
breakdown in population structure, we found that mothers and offspring in both upstream and 199 
downstream populations were less different in ancestry than expected under simulated random 200 
mating (P < 0.001 by simulation; Figure 4A–B). However, the deviation from neutral 201 



expectations was greater at Calnali Mid than at Calnali Low (mean 0.0655 vs 0.0257, t-test P = 202 
0.0483). This suggested that assortative mating by ancestry is weaker at the Calnali Low site. 203 
 As such, we sought to quantify the strength of ancestry-assortative mating in the Calnali 204 
Low population and compare it to the upstream Calnali Mid population. We used an approximate 205 
Bayesian computation approach to ask what strength of ancestry-assortative mating was 206 
consistent with the average mother-offspring ancestry difference at each site (see Methods). 207 
Based on accepted simulations, we recovered a well-resolved posterior distribution of the 208 
strength of ancestry-assortative mating (Passortative), and a maximum a posteriori (MAP) estimate 209 
for Calnali Low of 0.68 (95% CI 0.20–0.82; Figure 4C), substantially weaker than the estimate 210 
from Calnali Mid (MAP = 0.97, 95% CI 0.79–0.99). A direct comparison of the accepted 211 
simulations confirmed that assortative mating was significantly stronger at Calnali Mid 212 
(Wilcoxon signed rank test P < 2.2e-16), with a MAP estimate for the difference in the strength 213 
of assortative mating of 0.27 (95% CI 0.08–0.72). Thus, our results suggested that weaker 214 
assortative mating contributes to the breakdown in population structure in the Calnali Low 215 
hybrid population. 216 
 217 
Land use across drainages 218 

Land use quantification showed that human impacts on the Río Calnali watershed were 219 
higher than other streams. The reaches where the stream passed through the town of Calnali had 220 
the highest proportion of developed land in the study area, with increased levels of urbanization 221 
centered on the location of population structure collapse (Figure 5). When calculating land use in 222 
the cumulative watershed of each site, the downstream sites on the Río Calnali had the highest 223 
proportions of developed land in the study area (Figure 5C), especially when considering land 224 
within a short distance of the stream (Figure 5E). Associations between cleared land (vegetation, 225 
with the exclusion of forest) and population structure within the Río Calnali were less clear 226 
(Figure S2), but the downstream section of the Río Calnali did show the highest cumulative 227 
cleared area close to the stream among all reaches surveyed (Figure S2F, S2H). Overall, our 228 
findings suggested that some degree of deforestation and development is ubiquitous throughout 229 
the Atlapexco drainage, but the level of built infrastructure was especially high in the Calnali 230 
subcatchment. 231 
 232 
Variation in water and tissue chemistry 233 
 Water chemistry varied starkly both between streams and between sites on the Río 234 
Calnali. Principal component analysis demonstrated that most variation in water quality could be 235 
summarized by two axes: one that largely separated the sites by stream (PC1), and another 236 
separating the sites upstream of the town of Calnali from the other streams and those 237 
downstream of Calnali (PC2; Figure 6). Conductivity, alkalinity, hardness, and pH varied across 238 
streams, with sites in the Río Conzintla having the highest values and sites in the Río Calnali 239 
having the lowest (Figures 6A, S3). Sites downstream of the town of Calnali were associated 240 
with increased dissolved organic matter, turbidity, ammonia, and nitrite, as well as reduced 241 
dissolved oxygen, all consistent with increased anthropogenic impacts (Figure 6A). Statistical 242 
tests identified significantly elevated levels of turbidity, DOM, nitrite, and ammonia in the sites 243 
downstream on the Río Calnali relative to the upstream sites and to other streams (Figure 6C–D, 244 
Table S5).  245 

Turning to ICP-MS measurements of metal ion concentrations, a principal component 246 
analysis showed that concentrations of many ions were highest in the Conzintla and lowest in the 247 



Calnali (Figures 6B, S3), potentially due to hydrological and geological variation (Figure S4)54. 248 
The transition from the sites upstream to downstream of the town of Calnali was also associated 249 
with a dramatic increase in the concentration of numerous ions, especially major industrial 250 
metals (e.g. iron, aluminum, copper, lead, manganese; Figure 6B). Multiple metals significantly 251 
increased in concentration downstream of the town of Calnali when individually tested, 252 
including copper, lead, cadmium, aluminum, and zinc (Kruskal Wallis P < 0.001; Figures 6E, 253 
S3). On the other hand, other ions with known effects on fish neurobiology or olfaction showed 254 
similar or higher concentration in the Conzintla than in the Calnali downstream sites, including 255 
manganese, arsenic, and calcium (Figure S3). We also observed some seasonal fluctuations in 256 
metal concentrations, though we lack sufficient sampling to formally analyze these effects 257 
(Figure S5). 258 

Ion concentrations were orders of magnitude higher in whole swordtail carcasses than in 259 
water (tissue:water ratio range 42–11289, median 430; Figure S6B), consistent with 260 
bioaccumulation of all metals measured. However, correlations between concentrations in water 261 
and tissue were not significant after controlling for the mean concentration of each metal across 262 

sites (r = -0.115, S = 58407, P = 0.3514). Moreover, PCA showed metal profiles varying 263 
upstream and downstream of the town of Calnali as in surface water, but loadings on the first two 264 
PCs showed discordant patterns for some ions (Figure S6C). Redundancy analysis found that 265 
site, month, and fish length had significant effects on fish’s ionic profiles (site P = 0.001, month 266 
P = 0.008, fish length P = 0.032, overall model P = 0.001, adjusted R2 = 0.302). More variance 267 
was associated with site (30.3% of total variance) than with month (4.1%) or fish length (3.2%). 268 
In comparison, redundancy analysis of water chemistry data also found a strong relationship 269 
between explanatory variables and ion profiles (site P = 0.001, month P = 0.001, overall model P 270 
= 0.001, adjusted R2 = .491). However, sampling month captured a much larger portion of the 271 
variance (23.3%) relative to site (36.9%). Metal bioaccumulation at the whole-organism scale 272 
thus seems at least partially decoupled from water chemistry. 273 
 274 
Olfactory disruption as a function of water chemistry 275 
 Our chemistry measurements showed that fish in downstream sites on the Río Calnali 276 
experienced elevated levels of a range of compounds that may impact olfactory function. Given 277 
limited evidence for gross bioaccumulation, we focused on potential effects of water chemistry 278 
on the sensory epithelial surface. Specifically, we evaluated evidence for histological changes in 279 
the olfactory rosettes of wild-caught fish from an upstream site, Aguazarca, and a downstream 280 
site, Calnali Low. H&E staining allowed us to observe the motile and sensory cilia which may be 281 
lost in the face of chemical exposure55–57. We found marginally lower proportions of ciliated 282 
surface area on the olfactory epithelium at Calnali Low (Mann-Whitney Test P = 0.08; Figure 283 
7C). Likewise, AB/PAS staining clearly distinguished goblet cells through the deep blue staining 284 
of the protective mucoproteins they produce, and revealed significantly higher densities of goblet 285 
cells at Calnali Low (Mann-Whitney Test P = 0.003; Figure 7A–B, 7D), consistent with a 286 
compensatory response to shield the olfactory epithelium from toxicants. In contrast to the 287 
differences observed in the wild, 96 hours of laboratory exposure to ecologically relevant levels 288 
of ammonia, copper, humic acid, or their combination yielded no such differences in ciliary 289 
surface (Kruskal-Wallis P = 0.166) or goblet cell density (Kruskal-Wallis P = 0.406) in X. 290 
birchmanni (Figure 7E–F). Both histological metrics were comparable across all laboratory 291 
treatments to the values observed in the upstream Aguazarca population (Figure 7C–F).  292 



Discussion 293 
With a fine-scale view of the genetic and environmental landscape of hybrid zones, we 294 

can move past a binary picture of hybridization’s occurrence to assess the specific changes and 295 
mechanisms driving anthropogenic hybridization. Here, we explore spatial covariation in 296 
population structure, assortative mating, and environment as a proxy for the changes that may 297 
have driven initial hybridization between X. birchmanni and X. malinche. We then use targeted 298 
analyses within the Río Calnali to test the plausibility of one hypothesized driver: the disruption 299 
of olfactory-based mate choice by chemical pollution from human development. Although our 300 
results are primarily based on correlations, they are consistent with this hypothesis, and lay the 301 
foundations for further manipulative studies. 302 

By surveying genome-wide ancestry distributions across dozens of sites, we documented 303 
the outcomes of the complex interactions of migration, ecological selection, and mate choice in 304 
structuring hybrid zones. Migration influenced ancestry structure in all drainages, with waterfalls 305 
and rapids isolating near-pure X. malinche populations upstream in the Ríos Pochula and 306 
Huazalingo, and ancestry distributions shifting on either side of subterranean stream reaches in 307 
the Ríos Calnali and Conzintla (Figures 1, 3). Though we found some degree of gene flow 308 
between X. birchmanni and X. malinche in all drainages, the amount and spatial distribution of 309 
admixture differed starkly between streams (Figure 3). At one extreme, the Río Conzintla 310 
showed two ancestry clusters with limited admixture across multiple sites. The functional 311 
consequences of this restricted admixture may be limited by genome-wide selection against 312 
introgression43, and populations with similar admixture rates have been identified as warranting 313 
conservation in other anthropogenic hybrid zones58. The stable Conzintla hybrid zone thus serves 314 
as a contrast to other streams, and environmental comparisons may illuminate the potential 315 
drivers of breakdowns in assortative mating. 316 

The Río Huazalingo and Río Pochula were both intermediate in water chemistry to the 317 
Río Conzintla and the Río Calnali, but showed divergent ancestry patterns. The Huazalingo, like 318 
the Conzintla, had a zone of sympatry between two distinct ancestry clusters, but in the 319 
Huazalingo this zone was temporally unstable (Figure S1A), lower in elevation (769 vs. 1020 m; 320 
Table S1), and limited to the area immediately downstream of a waterfall. This pattern could be 321 
explained by a combination of migration barriers and ecological selection, with X. birchmanni-322 
like individuals prevented from migrating upstream by the waterfall, and X. malinche-like 323 
individuals outcompeted when passing below it. In contrast, the Río Pochula hosted near-pure X. 324 
malinche at even lower elevations (522 m; Table S1), but no sites with bimodal ancestry 325 
structure. Rather, this stream appeared more similar to classic clinal hybrid zones, where 326 
ancestry patterns are shaped by the countervailing effects of gene flow and selection against 327 
hybrids59.  328 

Why might rivers with similar water chemistry differ in population structure? Potential 329 
explanations might hinge on differences in watershed area and thus stream volume (Figure S4A) 330 
at the point of interspecific contact. The attendant differences in swordtail habitat availability, 331 
population densities, and signaling environment might alter pre-mating isolation, as both 332 
demography7 and individual condition60 are known to affect hybridization rates. Alternatively, 333 
past anthropogenic impacts in the Pochula may have caused a collapse of population structure, 334 
which persisted beyond the disturbance due to a loss of ancestry-assortative mating in admixed 335 
individuals61–63. The diversity of population structures we observed across watersheds is 336 
unsurprising given the multitude of factors known to affect mate choice and hybrid fitness6–337 



11,13,24. That said, similar surveys of additional streams may provide the necessary contrasts to 338 
distinguish among some potential drivers. 339 

The dramatic changes in ancestry structure in the Río Calnali from upstream to 340 
downstream allowed us to ask more direct questions about the relationship between 341 
environmental factors and population structure. We observed strong bimodality in genome-wide 342 
ancestry at sites upstream of the town of Calnali, with individuals falling into an X. malinche-like 343 
ancestry cluster and an X. birchmanni-like cluster. These results align with prior work 344 
documenting the presence of strong assortative mating by ancestry within ancestry clusters at the 345 
Aguazarca site on the Río Calnali52. In the less than two kilometers where the stream traverses 346 
the town of Calnali, this bimodal population structure collapsed into a hybrid swarm, with 347 
admixture proportions spanning those of the upstream clusters (Figure 3).  348 

Likewise, mother-embryo sequencing and simulations demonstrated that assortative 349 
mating is substantially weakened, but not entirely absent, at downstream sites on the Río Calnali 350 
(Figure 4). Ongoing assortative mating could be driven by some combination of downstream 351 
migration of pregnant mothers, variable impacts of pollution on different sensory pathways (e.g. 352 
visual vs. olfactory cues)64,65, or fluctuations in sensory disruption as a result of variation in 353 
environmental conditions (Figure S5). Regardless of the precise drivers, our findings support 354 
theoretical predictions that even modest reductions in the strength of assortative mating can 355 
result in the emergence of hybrid swarms26. The Río Calnali thus provides an opportunity to 356 
study the environmental determinants of reproductive isolation through comparisons within and 357 
between streams. 358 

We next confirmed that anthropogenic impacts vary over space within our study area. As 359 
expected, the Calnali drainage was unique both in the scale of built infrastructure relative to 360 
catchment area, as well as the proximity of development to the stream (Figure 5). Runoff from 361 
agricultural lands could also contribute to the chemical and biological variation we observed, but 362 
may be a less likely explanation given the relatively small differences in agricultural land area 363 
within and between drainages (Figure S2). We then identified stream-specific water chemistry 364 
signatures, which we speculate may be driven by geology and mining impacts in the Conzintla 365 
drainage (Figure S4B), as well as orthogonal chemical changes between sites on the Río Calnali 366 
above and below the town of Calnali (Figure 6). Both agricultural and urban development have 367 
been linked to some of the changes in water chemistry that we observe in the downstream Río 368 
Calnali66–70. In particular, many metals whose concentrations change along the course of the Río 369 
Calnali are associated with both domestic wastewater and runoff from roads68. 370 

Among the compounds that varied spatially, a substantial number have been previously 371 
shown to affect fish olfaction19,71,72 or neurobiology73–75. Many of these parameters were 372 
especially elevated in the areas downstream of the town of Calnali, and thus are potential 373 
candidates for the drivers of ancestry structure breakdown in this stream. Turbidity also increased 374 
in downstream Calnali sites, and though interspecific mate discrimination in these species is 375 
thought to be primarily olfactory76,77, a disruption of visual preference could nonetheless 376 
contribute to hybridization78. In contrast, some ions with documented olfactory or neurological 377 
effects were most concentrated in the Conzintla (Figure S3)23,79–81. This highlights the need both 378 
for ecotoxicological studies in Xiphophorus to establish species-specific sensitivity (i.e. EC50 379 
values), and for careful consideration of how the total chemical environment may modify the 380 
effects of individual compounds. For example, variation in pH may generate interaction effects, 381 
as low pH increases metal bioavailability and toxicity (Figure S3)71. 382 



We next tested for metal accumulation in whole swordtail bodies, and found mixed evidence. 383 
Bioaccumulation was present but modest compared to levels previously reported after intentional 384 
ecotoxicological exposure82, and varied less over time than concentrations in the surrounding 385 
water (Figures S5–S6). The lack of correlation between relative concentrations of ions in water 386 
and in aggregate tissue implies that any bioaccumulation was not mediated by direct absorption 387 
from water (i.e. bioconcentration) alone. This decoupling may be driven by site-wise differences 388 
in fish morphology and tissue allometry (Figure S6A), differential exposure from diet83 or 389 
differential sequestration in varying habitat substrates84. Regardless, our results did not support 390 
gross metal toxicity as a trigger for hybridization in the Río Calnali. Anthropogenically 391 
introduced metals might still affect reproductive isolation through tissue- and ion-specific 392 
accumulation (e.g. in gonads, brain, sensory organs) or through direct effects on extracellular 393 
interactions between sensory epithelia and signaling molecules. Given prior work on sensory 394 
alterations by humic acid22,85 and metals84, we identified the latter mechanism as a promising 395 
candidate for targeted observations. 396 

Having established differences in both the degree of population structure and in chemical 397 
environment between sites in the Río Calnali, we explored the loss of olfaction-based assortative 398 
mate preferences as a mechanism which might connect the two. Our histological analysis of 399 
fishes in the upstream and downstream Calnali showed changes in morphology downstream 400 
consistent with olfactory damage (Figure 7A–D). The loss of epithelial cilia has previously been 401 
observed after exposure to metals and anthropogenic hydrocarbons86,87, and could directly reduce 402 
olfactory sensitivity by disrupting water flow through the nares88,89 or the function of olfactory 403 
sensory neurons90. Likewise, increased goblet cell densities have been linked to nasal irritation in 404 
other systems, and may protect epithelia from noxious chemical exposure91–93. By showing 405 
changes in olfactory structure in situ, this work complements prior ex situ experiments showing 406 
that water chemistry manipulations can alter assortative olfactory preferences in X. 407 
birchmanni19,23.  408 

However, our short-term laboratory exposures of X. birchmanni to ecologically relevant 409 
levels of ammonia, copper, humic acid, or their combination did not recreate the histological 410 
differences seen in situ (Figure 7E–F). The effects seen in wild-collected fish may thus be 411 
dependent on the cumulative and interactive effects of numerous chemicals, exposure for longer 412 
periods, or exposure at a more sensitive developmental stage94–96. Definitively linking the 413 
observed histological differences to the chemical environment, rather than a covarying biotic 414 
factor (e.g. pathogen exposure)97, will require additional evidence from inter-stream comparisons 415 
and experiments. Likewise, whether these histological changes themselves weaken assortative 416 
mating, or are correlated with other causative changes (e.g. neural accumulation of toxicants98, 417 
water chemistry effects on signal transduction22, individual condition60,99, or conspecific 418 
encounter rates7) is an exciting direction for future work. 419 

Taken as a whole, our study presents an integrative window into the environmental and 420 
organismal drivers of hybridization between X. birchmanni and X. malinche. By showing that 421 
water chemistry differences coincided with changes in population structure, we support the 422 
relevance of prior behavioral work demonstrating the disruption of assortative mating in these 423 
species following water chemistry changes19,23. It remains to be seen whether reproductive 424 
isolation might be re-established between these species through a combination of habitat 425 
restoration, immigration, and natural selection against hybrids, as has been observed in other 426 
cases of anthropogenic hybridization100. Though many studies have documented a broad 427 
connection between environmental conditions and hybridization in freshwater fishes5,24, our 428 



analyses of assortative mating and olfactory histology provide a deeper understanding of 429 
proximal mechanisms by which water chemistry changes might disrupt reproductive isolation on 430 
small spatiotemporal scales. Further characterizing the drivers of hybridization will both expand 431 
our understanding of the processes which generate biodiversity, and enable improved 432 
management of unintended anthropogenic impacts. 433 

 434 
Resource Availability 435 
Lead contact 436 
Further information and requests for resources and reagents should be directed to and will be 437 
fulfilled by the lead contact, Molly Schumer (schumer@stanford.edu). 438 
 439 
Materials availability 440 
This study did not generate new unique reagents. 441 
 442 
Data and code availability 443 

• Raw sequencing reads used in this project are available under NCBI SRA Bioprojects 444 

PRJNA1346846, PRJNA1305547, PRJNA744894, PRJNA930165, and PRJNA610049. 445 

•  All other datasets necessary to recreate the results of this publication are available on 446 

Dryad (https://doi.org/10.5061/dryad.nvx0k6f5h).  447 

• All original code used to generate results are available as of the date of publication on 448 

Zenodo at https://doi.org/10.5281/zenodo.19637379 and GitHub at 449 

https://github.com/Schumerlab/Lab_shared_scripts. 450 

• Any additional information required to reanalyze the data reported in this paper is 451 

available from the lead contact upon request. 452 
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Figures 478 
Figure 1. Study area and sampling sites. A) Overview of Río Atlapexco basin, highlighted in 479 
orange within the inset Mexican state map, whose area is indicated in yellow on the national 480 
silhouette. Streams are shown as blue lines, seasonally dry subterranean reaches are dashed, the 481 
four major streams studied are labelled, fish collection sites are yellow circles, and water 482 
chemistry measurement sites are orange diamonds. The black box encloses the area displayed in 483 
panel B. B) Sites sampled on the Río Calnali. Gray lines show paved roads, and black lines show 484 
streets in the town of Calnali. Images show representative male Xiphophorus fishes with X. 485 
malinche-like (top left), X. birchmanni-like (bottom left) and admixed (right) phenotypes as 486 
observed in three populations on the Río Calnali (AGZC = Aguazarca, CALM = Calnali Mid, 487 
CALL = Calnali Low). See also Table S1. 488 
 489 
Figure 2. Overview of hypothesized mechanisms connecting human development to 490 
swordtail hybridization. Orange boxes represent aspects observed in this study, with double 491 
boxes measured across all streams, and single boxes measured only within the Río Calnali. A) 492 
Levels of anthropogenic development differ across space in the Río Atlapexco drainage, leading 493 
to differential runoff which creates B) novel variation in chemical environment within and 494 
between rivers. C) Environmental change affects sensory biology and communication, D) 495 
attenuating preferences for mates of similar ancestry, and leading to E) decreased assortative 496 
mating by ancestry and F) the collapse of subpopulations into hybrid swarms. Created in 497 
BioRender. Schumer, M. (2026) https://BioRender.com/zgh0wna.  498 
 499 
Figure 3. Ancestry distributions of X. malinche × X. birchmanni hybrids along four streams. 500 
Sites are arranged along the X-axis with upstream sites on the left and downstream sites on the 501 
right. Y-axis corresponds to the proportion of genome-wide ancestry derived from X. malinche (1 502 
= pure X. malinche, 0 = pure X. birchmanni), and the width of bars indicates the count of 503 
individuals in that ancestry bin in that population (sample sizes per population in Table S3). X-504 
axis text shows site numbers as in Figure 1, with bolding and asterisks indicating sites with 505 
significant deviations from a unimodal ancestry distribution (Table S3). Orange segment on the 506 
Río Calnali transect denotes the sites located within the town of Calnali. X-axis ticks denote 507 
likely migration barriers between sites (blue = dams, waterfalls, and rapids; brown = 508 
subterranean stream reaches). See also Figures S1, S8 and Tables S2, S3–S4. 509 
 510 
Figure 4. Mating patterns in fish upstream and downstream of the town of Calnali. A) 511 
Mother-embryo ancestry from upstream (Calnali Mid) and downstream (Calnali Low) of the 512 
town of Calnali. X-axis shows the proportion of each mother’s genome derived from X. 513 
malinche, and Y-axis shows the difference in genome-wide ancestry between each mother and 514 
embryo. Black points are observed values, blue point are a simulated sample set under random 515 
mating. B) Observed mother-embryo ancestry differences diverge from random mating 516 
expectations at both sites. Color denotes sampling site, density curves show the distribution of 517 
average mother-embryo ancestry difference across 1000 simulations of random mating, and 518 
dashed lines show the observed average mother-embryo ancestry difference. Mean ancestry 519 
difference was significantly lower than expected under random mating for both sites, consistent 520 
with assortative mating by ancestry (P < 0.001). C) Inferred strength of assortative mating from 521 
observed maternal-offspring ancestry distributions. Density curves depict the simulated 522 
probability of assortative mating (Passortative) in accepted simulations for each population, with 0 523 



representing random mating. Dashed line denotes MAP estimates (Calnali Low = 0.68, Calnali 524 
Mid = 0.97). 525 
 526 
Figure 5. Land use classification analysis in the Río Atlapexco basin. A) Map of 527 
classifications from 2020–2023 hyperspectral imagery. 10 m2 pixels were classified as developed 528 
(buildings, mines, and roads), cleared land (grassland, pasture, or cultivated crops) forest 529 
(continuous tree cover, excluding plantations), or water by an SVM algorithm, with training 530 
polygons identified from 3 m2-resolution 2022 imagery from Planet Labs101. Stream polygons 531 
are shown as blue lines over classified pixels. B–E) Percent of land classified as developed 532 
within different drainages of the Río Atlapexco basin. Points show the proportion of developed 533 
pixels in each site’s subcatchment. Left column (B and D) uses the subcatchment of the section 534 
of stream between a site and the closest upstream site. Right column (C and E) uses the 535 
cumulative subcatchment of all sections of the stream upstream of a given site. Top row (B and 536 
C) shows calculations that include pixels of any distance from a stream, while bottom row (D 537 
and E) shows calculations limited to pixels within 50 m of a stream. Color denotes drainage, and 538 
lines connect sites in the same stream based on their order. The line corresponding to the Río 539 
Calnali branches because multiple headwater tributaries were sampled. See also Figure S2. 540 
 541 
Figure 6. Water chemistry data from four streams in the Río Atlapexco drainage. A–B) 542 
Principal component analysis (PCA) biplots for A) parameters measured using the sonde, 543 
turbidimeter, colorimeter, and B) parameters measured using ICP-MS. Points represent sampling 544 
events, and color and shape denote drainage, with sites on the Río Calnali upstream and 545 
downstream of the town of Calnali labelled separately. Labelled arrows represent variable 546 
loadings onto the first two principal components. C–E) Observations of water chemistry 547 
parameters elevated in sites downstream of the town of Calnali, including C) fluorescent 548 
dissolved organic matter, D) ammonia, and E) total copper. Grey shaded area denotes the sites 549 
located within the town of Calnali on the Río Calnali transect. X-axis indicates distance 550 
downstream from the first site sampled on a stream, points indicate individual measurements, 551 
and lines show a LOESS-spline fit of change over the stream course. Note that the Y-axis for 552 
ammonia (D) is log-scaled. Translucent points below the gray dashed line in E) represent 553 
measured values below the detection limit of the ICP-MS assay, which are plotted at arbitrary Y-554 
values and only represent sample counts. See also Figures S3–S6, Table S5, and Data S1. 555 
 556 
Figure 7. Histological phenotypes in wild-caught and laboratory-exposed fishes. A–B) 557 
Representative AB/PAS stains of olfactory rosettes of X. malinche × birchmanni hybrids from 558 
sites A) upstream (Aguazarca), and B) downstream (Calnali Low) of the town of Calnali. 559 
Mucoproteins are stained blue by AB/PAS, eosin counterstain appears as pink. Arrowheads 560 
indicate locations of goblet cells, with the pictured individuals exhibiting the median count for 561 
each site. C–D) Olfactory histological measurements. Thick lines denote group medians, boxes 562 

show interquartile ranges (IQR), and whiskers and points show samples inside and outside 1.5 ´ 563 
IQR, respectively. C) Proportion of each fish’s sensory epithelium with visible cilia, visualized 564 
with H&E staining (upstream n = 27, downstream n = 29). D) Number of mucus-producing 565 
goblet cells per µm of olfactory rosette surface area, visualized with AB/PAS staining (n = 9 566 
individuals each). P-values indicate results of Mann-Whitney U Test for difference between 567 
sites. E–F) Results from laboratory chemical exposure experiment (n = 10 individuals each). 568 
Adult X. birchmanni were exposed to elevated dissolved organic matter, ammonia, or copper 569 



(delivered as humic acid, NH4Cl, and CuCl2, respectively) or all the above for 96 hours, and 570 
compared to control fish with no exposure. E) Ciliated surface and F) goblet cell density were 571 
measured as in C–D. Note difference in Y-axis scale from C–D. See Figure S7. 572 
 573 
STAR Methods 574 
 575 
Key Resources Table 576 
 577 
REAGENT or RESOURCE SOURCE IDENTIFIER 
Chemicals, peptides, and recombinant proteins 
Ammonium Chloride (NH4Cl) VWR Cat#BDH9208 
Copper chloride (CuCl2) Sigma Aldrich Cat#307483 
Humic Acid Sigma Aldrich Cat#53680 
Critical commercial assays 
DNAdvance Extraction Kit Beckman Coulter Cat#A48705 
TDE1 Enzyme and Buffer Kit Illumina Cat#20034197 
OneTaq® Hot Start Quick-Load® 2X Master Mix with 
Standard Buffer 

New England Biolabs Cat#M0488 

Qubit 1X dsDNA High Sensitivity Assay Kit Thermofisher Scientific Cat#Q33231 
D1000 Screentape Agilent Cat#5067-5582 
9300 photometer kit – pH YSI YAP130 
9300 photometer kit – total alkalinity YSI YAP188 
9300 photometer kit – total hardness YSI YAP254 
9300 photometer kit – calcium hardness YSI YAP252 
9300 photometer kit – sulfate YSI YAP154 
9300 photometer kit – sulfite YSI YAP266 
9300 photometer kit – sulfide YSI YAP168 
9300 photometer kit – phosphate low range YSI YAP177 
9300 photometer kit – ammonia  YSI YAP152 
9300 photometer kit – nitrate  YSI YAP163 
9300 photometer kit – nitrite YSI YAP109 
Deposited data 
NCBI Sequence Read Archive: new short-read WGS 
data from wild X. malinche × X. birchmanni 

This paper PRJNA1346846 

NCBI Sequence Read Archive: Río Pochula short-read 
WGS data 

Robles et al. 2025 102 PRJNA1305547 

NCBI Sequence Read Archive: Calnali Low short-read 
WGS data 

Moran et al. 2024 45 PRJNA744894 

NCBI Sequence Read Archive: Tlalica short-read WGS 
data 

Banerjee et al. 2023 
103 

PRJNA930165 

NCBI Sequence Read Archive: Chahuaco Falls short-
read WGS data 

Powell et al. 2020 44 PRJNA610049 

Dryad: Geospatial and organismal datasets This paper https://doi.org/10.50
61/dryad.nvx0k6f5h  

GitHub: code used for paper-specific analyses This paper https://doi.org/10.52
81/zenodo.1963737
9 

GitHub: general ancestry file processing scripts This paper https://github.com/Sc
humerlab/Lab_share
d_scripts  



Experimental models: Organisms/strains 
Xiphophorus malinche × X. birchmanni wild-caught 
samples 

This paper N/A 

Xiphophorus birchmanni laboratory-raised fish 
(Coacuilco population of origin) 

This paper N/A 

Software and algorithms 
ancestryinfer commit ae89066 Schumer et al. 104 https://github.com/Sc

humerlab/ancestryinf
er  

R v4.4.1 R Core Team 105 https://www.R-
project.org/  

ArcGIS v3.3.1 ESRI https://www.esri.com
/en-
us/arcgis/products/ar
cgis-pro  

ImageJ v1.52q Schneider et al. 106 https://mvnrepository
.com/artifact/net.ima
gej/ij/1.52q  

 578 
 579 
Experimental model and study participant details 580 

Xiphophorus fishes were collected at 48 sites across four stream basins, which together 581 
compose the Río Atlapexco drainage of Hidalgo, Mexico (see Table S1 for full list with GPS 582 
coordinates, and Table S2 for sample size by year), with permission from the Mexican 583 
government (Permiso de Pesca de Fomento no. PPF/DGOPA-064/20) and Stanford University 584 
animal welfare protocols (Stanford APLAC protocol #33071). Fish were collected using baited 585 
minnow traps and anesthetized in a buffered solution of 100 mg/mL MS-222 dissolved in stream 586 
water. Fin clips were taken and stored in 95% ethanol for low-coverage whole-genome 587 
sequencing, after which fish were allowed to recover then returned to the pool from which they 588 
had been sampled. A subset of female fish from the Calnali Mid (n = 22) and Calnali Low (n = 589 
74) sites (Figure 1) were euthanized and stored in 95% ethanol for later dissection of embryos 590 
and analysis of assortative mating (see below). In addition, 30 fish each from the Aguazarca and 591 
Calnali Low sites were decapitated following euthanasia in May and September 2022, with 592 
whole heads preserved in 10% neutral buffered formalin for olfactory histology (see below). 593 
Finally, six fish each were collected for whole-body ICP-MS from CAPASC Fuente de Agua, 594 
Aguazarca, Calnali Low, and Tlalica in November 2021 and February 2022 (total n = 12 595 
individuals per site), with the length and weight of each fish measured before euthanasia and 596 

storage at -80°C. X. birchmanni used in laboratory chemical trials were born and raised in the 597 
Stanford fish facility (source population Río Coacuilco, 21°5'51.16"N 98°35'20.10"W). Fish 598 
were late juveniles or adults (>4 months old) before the beginning of experimentation in July and 599 
August 2023. Experimental trial groups were balanced by sex, with 2 females and 3 males per 600 
treatment in July, and 3 females and 2 males per treatment in August. Fish were housed in groups 601 
of 5 in 10-gallon tanks on a 12/12 light dark cycle at 22°C and fed twice daily. All individuals 602 
were healthy and had not been involved in previous procedures. 603 
 604 
Method Details 605 
Low-coverage whole-genome sequencing 606 
 DNA was extracted from preserved fin clips using the Agilent DNAdvance extraction kit 607 
(Beckman Coulter, Brea, California). The protocol followed the manufacturer’s instructions for 608 



tissue extraction except that we used halved volumes in all reactions. Extracted DNA was 609 
quantified on a BioTek Cytation5 (Agilent, Santa Clara, CA) microplate reader and diluted to 2.5 610 
ng/µl for library preparation. We used a previously described tagmentation-based protocol to 611 
prepare DNA libraries for low-coverage sequencing41. We prepared a tagmentation master mix to 612 
enzymatically shear diluted DNA using 0.25 µl of TDE1 Tagment DNA enzyme (Illumina no. 613 
20034197), 1.375 µl of TD1 buffer (Illumina no. 20034197), and 1.375 µl of Tris-HCl 614 
MgCl2 buffer (20 mM Tris-HCl, 10 mM MgCl2) per sample. We added 3 µl of tagmentation 615 
master mix to 2 µl of diluted DNA and incubated at 55°C for 5 min. We prepared a PCR master 616 
mix with per-sample volumes of 8.9 µl of OneTaq Hot Start Quick-Load 2X Master Mix (NEB 617 
no. M0488) 3.5 µl of nuclease-free water, and 1.2 µl of 10 µM i5 index. We combined 5 µl of 618 
tagmented DNA, 1.5 µl of 10 µM i7 index, and 13.5 µl of the PCR master mix per sample and 619 
amplified the PCR reaction for 12 cycles. We used custom i7 indexes. PCR products were pooled 620 
and purified using 18% SPRI beads. Libraries were quantified on a Qubit fluorometer (Thermo 621 
Scientific, Wilmington, DE), and library size distribution was visualized on an Agilent 4200 622 
Tapestation (Agilent, Santa Clara, CA). Sequencing was carried out at Weill Cornell Medical 623 
College, Harvard Bauer Core, and Admera Health Services (South Plainfield, NJ) on an Illumina 624 
HiSeq 2500 (n = 526), HiSeq 4000 (n = 1289), NovaSeq X (n = 221), and NovaSeq X Plus (n = 625 
709). Library formats included 150 bp paired-end reads (n = 660), 75 bp paired-end (n = 691), 626 
100 bp single-read (n = 182), and 100 bp paired-end (n = 276). The average nominal coverage 627 
(base pairs sequenced / X. birchmanni genome size) of individuals included post-filtering was 628 
0.65X. Individual-specific information is available in the metadata of the relevant NCBI 629 
BioProjects (see Data Availability statement).  630 
 631 
Water chemistry surveys 632 
 We chose to focus water quality sampling on a subset of 32 sampling sites that captured 633 
the full range of variation in ancestry structure present in each stream and collected 634 
measurements from these sites between February 2022 and September 2024 (Figure 1). Prior 635 
work has shown that reproduction in Xiphophorus is seasonal, with pregnancy rates peaking in 636 
early summer in both X. birchmanni and X. malinche, and reproduction nearly nonexistent in 637 
high-elevation populations during the fall and winter99,107. We therefore focused our studies of 638 
water quality on the region’s dry season (February through early June), under the hypothesis that 639 
water chemistry in the period coinciding with reproduction would have the most direct effect on 640 
mate choice and species barriers. However, we also conducted limited sampling in September 641 
during the rainy season (July through November) to understand how water chemistry might vary 642 
throughout the year, and how this might affect our conclusions about the link between water 643 
chemistry and population structure. 644 

Due to changes in equipment availability over time, sample sizes for individual water 645 
quality measurements varied between 0 and 13 per location and measure; for details on all 646 
measures collected and sample sizes per location, see Data S1A–B. All water chemistry 647 
measurements were taken from streambanks or exposed rocks to minimize disturbance of bottom 648 
sediments, and samples were collected 2–10 cm below the stream surface with laboratory-grade 649 
plastic bottles, 50 mL Falcon tubes and 50 mL sterile syringes. We measured temperature, 650 
conductivity, dissolved oxygen, and fluorescent dissolved organic matter (fDOM) using YSI 651 
EXO 2 and EXO 1s multiparameter sondes (Xylem Inc.) held 2–10 cm below the stream surface. 652 
Turbidity was measured in nephelometric turbidity units (NTUs) with an Orion AQ4500 653 
Turbidity Meter (Thermo Fisher). Using a YSI 9500 photometer, we applied colorimetric assays 654 



to measure pH, total alkalinity, total hardness, calcium hardness, and concentrations of sulfate, 655 
sulfite, sulfide, phosphate, ammonia, nitrite, and nitrate. Turbidity measurements and colorimetry 656 
tests were performed at the site of sampling to ensure the accurate measurement of unstable 657 
chemicals, while further measurements were performed on collected water samples. For 658 
measurements of dissolved organic carbon (DOC) and total nitrogen, we stored samples in glass 659 

vials capped with PTFE/silicone septa, which were combusted at 500°C for 1 hour and rinsed ten 660 
times with ultrapure water (Milli-Q® Merck) prior to sample collection. Water samples were 661 

processed on-site by syringe-filtering through a 0.45 µm polyethersulfone (PES) membrane, 662 
acidifying to pH 2–3 using concentrated hydrochloric acid, and capping with no air bubbles 663 
remaining in the vial. DOC and N measurements were carried out on a Shimadzu TOC-L 664 
analyzer using the TC/IC and TN protocols, respectively, at the Environmental Engineering 665 
Laboratory of the National Autonomous University of Mexico (UNAM) and the Environmental 666 
Measurements Facility at Stanford University. Total and dissolved metals were measured from 667 
samples collected in 50 mL Falcon tubes triple-rinsed with sample water, with samples for 668 

dissolved metals filtered through 0.45 µm PES and all samples acidified to a pH of ~2 using 669 
trace metal grade nitric acid. Inductively coupled plasma mass spectrometry (ICP-MS) detection 670 
of 39 ions was carried out following a modified version of the APHA3030B/6020A methods by 671 
ALS Environmental (Waterloo, ON; see Data S1 for full list of ions, sample sizes, and quality 672 
control). Given that many metals in the filtered samples were below the lower detection limits of 673 
ICP-MS, we used ICP-MS measurements of total concentration from unfiltered samples in all 674 
downstream statistical analyses. 675 
 676 
ICP-MS analysis of fish tissue in the Río Calnali 677 

To understand how changes in concentration of metals in rivers might lead to differential 678 
bioaccumulation in swordtails, we measured ion concentrations in whole fish at a subset of our 679 
sampling sites on the Río Calnali. In November 2021 and February 2022, six fish from CAPASC 680 
Fuente de Agua (CAPAC; #15 in Figure 1 and Table S1), Aguazarca (AGZC), Calnali Low 681 
(CALL), and Tlalica (CAPS; #25 in Figure 1 and Table S1) were measured for length and weight 682 

before euthanasia, storage at -80°C, and submission to ALS Environmental Services for ICP-MS 683 
analysis. At ALS, whole fish were homogenized, subsampled, and microwave digested (EPA 684 
Method 3052) before collision-reaction cell ICP-MS (EPA Method 6020B). Where sufficient 685 
tissue mass was present, moisture content was also estimated for each sample as the proportional 686 

weight loss of a sample after drying at 105°C. Given that many samples were below the weight 687 
necessary for moisture analysis, all downstream analyses were performed on a wet-weight basis. 688 
 689 
Histology in wild-caught and laboratory fish 690 

Like their relatives108, X. malinche ´ birchmanni hybrids have plate-like olfactory 691 
rosettes with beds of sensory epithelia surrounded by ridges of nonsensory tissue (Figure S7A). 692 
Sensory epithelial beds contain a combination of ciliated and microvillous olfactory neurons, 693 
which collect and transmit chemical information to the olfactory bulb, and ciliated sustentacular 694 
cells, which increase flow over the beds to heighten olfactory sensitivity86,109. The intervening 695 
nonsensory ridges are composed largely of connective tissue and goblet cells, the latter of which 696 
are responsible for producing the glycoprotein-based mucus which physically shields the 697 
epithelium from irritants91,108. Based on reports from the literature55–57,91,92, we quantified the loss 698 
of cilia from the sensory epithelial surface and the proliferation of goblet cells in the nonsensory 699 
epithelium and treated these two measures as a proxy for olfactory disruption.  700 



To understand whether polluted water was directly impacting the sensory periphery of 701 

fish in X. malinche ´ birchmanni populations, we collected a total of 30 fish each from the 702 
Aguazarca and Calnali Low populations in May (n = 10 per site) and September (n = 20) 2022. 703 
Fishes were euthanized by MS-222 overdose and decapitation, after which heads were fixed in 704 
10% buffered formalin for at least 48 hours. Fixed crania were dissected to remove the gills and 705 
lower jaw, decalcified for 8 hours in 1X PBS with 10% formic acid, then dehydrated for 20 706 
minutes each in 30%, 50%, and 70% ethanol before long-term storage in 70% ethanol. Samples 707 
were submitted to Histo-Tec Laboratories (Hayward, CA) for xylene clearing, paraffin 708 

embedding, sectioning, and staining. Horizontal sections were taken at 5 µm intervals with a 709 

rotary microtome after removing 75–150 µm of tissue from the dorsal surface, with deeper 710 
sectioning needed to reach the olfactory epithelia in larger individuals. One slide per individual 711 
was prepared with hematoxylin and eosin (H&E) staining to observe gross morphological 712 
changes (i.e. presence/absence of ciliary on olfactory epithelium). Samples from one collection 713 
(May 2022) were also subject to Alcian Blue / Periodic Acid-Schiff stain for mucoproteins to 714 
identify mucus-producing goblet cells, with eosin as a counterstain. Individuals for whom 715 
olfactory rosettes were not present in the Histo-Tec slides were excluded from further analysis 716 
(final cilia n = 27 for Aguazarca, n = 29 for Calnali Low; final goblet cell n = 9 individuals for 717 
both populations). Slides were scored by a single blinded observer at 1000X magnification using 718 
oil immersion. Using H&E slides, we defined the bounds of each sensory epithelial bed, and 719 
estimated the proportion of the surface area of each bed on which cilia were visible to the nearest 720 
10%. From AB/PAS slides, we counted all cells positive for AB/PAS staining on the surface of 721 
each rosette. We also scanned and imaged each slide at 40x magnification via a Biotek Cytation5 722 
microplate reader, utilizing the in-place ruler on the image to calculate the length of each bed and 723 
rosette in ImageJ. 724 

Finally, we designed an experiment to test if laboratory exposure to ammonia, copper, 725 
and dissolved organic matter, alone or in combination, could replicate histological changes 726 
observed in the wild. We chose these three compounds as known neurological and olfactory 727 
toxicants in fishes19,71,110 which were elevated in the site of population structure collapse 728 
downstream of the town of Calnali (Figure 6). In each round of testing, adult X. birchmanni were 729 

exposed to either 0.25 mg/L total ammonia (delivered as NH4Cl, VWR BDH9208), 2 µg/L 730 
copper (delivered as CuCl2, Sigma Aldrich 307483), 20 mg/L humic acid (Sigma Aldrich 53680), 731 
all three treatments combined, or a no-treatment control. These concentrations were chosen to 732 
match those observed in polluted sites downstream of the town of Calnali (ammonia and copper) 733 
or to match prior studies showing effects on Xiphophorus mate choice (humic acid)19. 734 
Concentrations were maintained by daily 50% water changes, and water samples were taken 735 
before and after water changes to ground-truth concentrations in the tanks. After 96 hours of 736 
exposure, fish were euthanized by lethal MS-222 overdose and decapitation, after which heads 737 
were fixed in 10% buffered formalin for at least 48 hours. The experiment was run in two 738 
batches, in July and August 2023, for a total of 10 fish per treatment. Horizontal cranial sections 739 
were prepared, H&E and AB/PAS staining were performed, and ciliary coverage and goblet cell 740 
densities were quantified as described for wild-caught fish. Ground-truth water samples were 741 
tested for the concentration of ammonium, dissolved organic carbon, and total copper on a 742 
Westco SmartChem 200 Discrete Analyzer, a Shimadzu TOC/TN Analyzer (TOC-L), and a 743 
Thermo Scientific iCAP RQ ICP-MS, respectively. These tests confirmed that we achieved the 744 
desired change in ammonia and copper concentrations to mirror those seen between natural sites, 745 



though the change in dissolved organic carbon with our treatment of humic acid was lower than 746 
the range of natural variation (Figures S3D, S7C). 747 
 748 
Quantification and Statistical Analysis 749 
 750 
Local ancestry inference 751 
 Hybrids between X. birchmanni and X. malinche harbor ancestry from both species that 752 
varies locally along the genome and globally between individuals and populations. We used an 753 
approach developed by our group for accurate local ancestry inference in X. malinche × X. 754 
birchmanni hybrids that relies on a hidden Markov model and known ancestry informative sites 755 
that distinguish X. birchmanni and X. malinche to infer local ancestry (ancestryinfer)104. Both 756 
simulation studies104 and analyses of populations of known ancestry have indicated that this 757 
approach has a low error rate (~0.1% per ancestry informative site)45,103. Likewise, inference of 758 
local ancestry is robust to a number of technical challenges, including parameter 759 
misspecification104.  760 
 We inferred local ancestry using ancestryinfer from whole genome sequence data for all 761 
individuals for which we collected more than 300,000 reads from the sequencing approach 762 
described above, with a maximum of 2,000,000 reads aligned per individual for computational 763 
efficiency. This initial coverage cutoff was based on previous simulation studies104 and resulted 764 
in 12 to 702 individuals per site post-filtering (median 32; Table S3). ancestryinfer outputs 765 
posterior probabilities of ancestry for all informative sites along the genome. In the case of X. 766 
malinche × X. birchmanni hybrids, this results in estimates of ancestry at 729,167 ancestry 767 
informative sites across 24 chromosomes. Since we were primarily interested in accurately 768 
estimating global admixture proportion for individuals along a spatial cline, we converted 769 
posterior probabilities to ‘hard calls’ using a threshold of 0.9. For example, if an individual had a 770 
posterior probability greater than or equal to 0.9 for X. malinche ancestry at a given marker, we 771 
converted that marker to the X. malinche state. If both ancestries had a summed probability ≤0.1, 772 

the site was called as heterozygous, and if a site did not have a posterior probability ³0.9 for any 773 
ancestry state, we converted the site to missing data (average missing data across all individuals 774 
= 13.1%). 775 
 776 
Estimation of genome-wide ancestry proportion 777 

We used ancestry hard calls to estimate the proportion of the genome derived from each 778 
parental species. We tested two approaches to estimate this proportion. First, we divide the 779 
number of alleles called for the X. malinche state at a posterior probability threshold of 0.9 780 
divided by the total number of alleles called, with heterozygous sites counted as 1 allele for each 781 
parental species. Second, we calculated ancestry taking the distance between sites into account. 782 
To do so, we identified tracts of each individual’s genome called with high confidence as X. 783 
malinche, heterozygous, or X. birchmanni ancestry, then took the mean ancestry across all tracts 784 
weighted by tract length. Both methods were carried out with custom scripts in Linux bash, Perl, 785 
and R. These two methods of ancestry estimation are expected to produce the same result if the 786 
distance between AIMs is not correlated with genome-wide ancestry. To test this, we applied 787 
both methods to 73 hybrid individuals collected at the Plaza site (#22 in Figure 1 and Table S1) 788 
in the Río Calnali. We observed that the allele count estimates were on average slightly less 789 
variable between individuals than the ancestry tract method (Figure S8A). However, the absolute 790 
deviation was small in all cases, with a maximum difference between the two methods of 3.99% 791 



and a mean difference of 2.51%. We therefore used the allele count method to estimate ancestry 792 
fractions of all individuals in our genetic dataset. 793 

Given the wide range of coverage of individual genomes in our dataset (300,000–794 
2,000,000 reads aligned in ancestryinfer), we also sought to test how genome-wide ancestry 795 
estimates varied as a function of read counts and library type. To do so, we chose five individuals 796 
of varying genome-wide ancestry from our 150bp paired-end libraries, and five individuals from 797 
our 100bp single-end libraries, to represent the highest and lowest effective coverage we would 798 
expect with our 300,000 read cutoff. We then drew from each individual’s fastq files with seqtk 799 

sample to create files with between 25,000 and 2,000,000 reads (or all reads in the individual’s 800 
entire fastq file, if < 2,000,000). ancestryinfer was run in two batches, one for all paired-end data 801 
and one for all single-read data. We then calculated hybrid indices for each output file as in the 802 
main text, and visualized hybrid index as a function of read count for each individual. 803 
Our downsampling analysis showed that decreasing read depths consistently decreased the 804 
amount of minor parent ancestry detected (Figure S8B). However, changes in inferred ancestry 805 
in paired-end libraries were slight among read sets that surpassed our minimum coverage cutoff 806 
of 300,000 reads, with a maximum shift in ancestry between 300,000 reads and maximum 807 
coverage of 2.6%. As expected given the decreased overall coverage, we found that single-read 808 
libraries may be more sensitive to the impacts of low read count than paired-end libraries (Figure 809 
S8B). However, the single-end read sets that passed the read count threshold showed similarly 810 
low variation in genome-wide ancestry (1.2%) between 300,000 reads and maximum coverage. 811 
We thus concluded that variation in read depth is unlikely to affect the conclusions of our study. 812 
 813 
Survey of ancestry distributions across populations 814 

With these results in hand, we calculated and visualized the distribution of admixture 815 
proportions in populations along the Río Calnali, Río Pochula, Río Huazalingo, and Río 816 
Conzintla (Figure 3). As previous results had indicated the presence of bimodal ancestry 817 
structure in upstream populations of the Río Calnali, we also calculated Hartigan’s dip 818 
statistic111, which quantifies departures from a unimodal distribution, on samples from each 819 
collection site. Since we used this test across many collection sites, we applied a Bonferroni 820 
correction for the number of tests. We also tested for spatial stability of ancestry fractions in the 821 
downstream Rio Conzintla by applying a Kolmogorov-Smirnov test to all possible pairs of sites 822 
between the end of the zone of sympatry and the point at which the stream temporarily passed 823 
underground (sites 45–49 in Table S1). 824 

We recognized that variation in sample sizes across sites (Table S3) might complicate our 825 
interpretation of these results, and so we tested the effects of sample size on our ability to detect 826 
significant ancestry structure (Table S4). Since our primary concern was that low sample sizes 827 
might reduce our power to detect significant departures from a unimodal ancestry distribution, 828 
we performed a down-sampling analysis and tested its effects on our inference of population 829 
structure. Specifically, we chose to match the sample size at Pezmatlán (n = 22), the smallest 830 
sample size in the Río Calnali, which was below the median sample size across sites (n = 32.5). 831 
For each of 12 sites with sample sizes ranging from 22 to the maximum of our study (Table S4), 832 
we drew a sample size of 22 individuals without replacement from the pool of all individuals. We 833 
then calculated Hartigan’s dip statistic (D) for each subsampled population, and recorded the P-834 
value of Hartigan’s dip test for unimodality. For each population, we calculated the mean D 835 
across 1,000 replicate subsamples, as well as the proportion of the time that we identified 836 
significant deviations from unimodality. 837 



 This analysis showed that down-sampling reduced the variance in D measurements 838 

between different sites included in our dataset (s2 = 0.005 for full-sample size D, 0.003 for mean 839 
down-sampled D). Our down-sampling analysis also suggested that our power to detect ancestry 840 
structure even at low sample sizes was dependent on the specific ancestry distribution of the 841 
population. While we could reject unimodality the overwhelming majority of the time in 842 
populations with equal frequencies of X. birchmanni-like and X. malinche-like hybrids 843 
(significance frequency = 0.976 for Aguazarca, 0.908 for Xochicoatlán), down-sampling had 844 
much greater effects in sites with greater within-cluster variance in ancestry and in sites with 845 
unequal representation of ancestry clusters (0.845 for Calnali Mid, 0.429 for Piloncillo, 0.285 for 846 
Mixtla). In contrast, we rarely or never detected a non-unimodal ancestry distribution when 847 
sampling from a population inferred to be unimodal based on our full dataset (minimum 0.0, 848 
maximum 0.001). 849 

As an additional approach, we performed a simple Pearson’s correlation between the 850 
sample size of a site and the D statistic inferred from our full genetic dataset. We found that the 851 

relationship between this metrics was negative but not significant (r = -0.252, t = -1.71, P = 852 
0.095), implying that any effect of sample size variation might be to inflate signals of 853 
multimodality at sites with low sample sizes. Given that the majority of the sites where we 854 
detected significant departures from unimodality had larger sample sizes (minimum 29, all others 855 
> 51) we took this as evidence that our results reflected true positives, rather than false positives 856 
from under-sampling a distribution of high variation. 857 

Given the broad period over which genetic samples were collected (between 2006 and 858 
2024, with the highest sampling density between 2014 and 2022; Table S2) and the uneven 859 
spatial distribution of sampling in some years, we also sought to ensure that any spatial 860 
differences in ancestry structure we observed were not due to changing ancestry over time. In 861 
particular, we wished to exclude the possibility that a hybrid population could appear as two 862 
structured ancestry clusters in one sampling event, and as a unimodal hybrid swarm in another. 863 
We separated the ancestry data we had collected at each site by collection year, excluding 864 
sampling locations and years with sample sizes  < 10, conducted a Kolmogorov-Smirnov test 865 
between pairs of sampling years with a Bonferroni correction for multiple testing, and plotted the 866 
ancestry distributions over time for sites that showed a significant change (Figure S1A-C). Of the 867 
15 populations where fish were sampled across more than one year, we saw a significant change 868 
in the ancestry distribution in three of the populations (Kolmogorov-Smirnov P < 0.003; Figure 869 
S1). All these sites show a shift in the frequency of parental clusters over time, rather than an 870 
appearance or disappearance of admixed individuals, and so we concluded that the spatial 871 
variation we observed was not explicable by uneven sampling across time.  872 

 873 
Analysis of ancestry-assortative mating 874 
 Previous work has shown that the distinct ancestry clusters in the Río Calnali upstream of 875 
the town of Calnali are maintained by strong ancestry-assortative mating52. Note that in this prior 876 
work, samples from the nearby sites Aguazarca and Calnali Mid were pooled for analysis, but we 877 
analyzed them separately here (Figure 1B). In the current study, we identified the Calnali Low 878 
population as one of the first sampling sites where this genetic structure breaks down along the 879 
Río Calnali. As a result, we were interested in evaluating the strength of ancestry-assortative 880 
mating in this population and making comparisons to upstream populations.  881 
 To do so, we analyzed mother-embryo samples from the Calnali Low population, 882 
including previously published samples collected in 202045, as well as newly sequenced samples 883 



from a 2017 collection, and compared them to mother-embryo pairs collected from populations 884 
upstream of the town of Calnali between 2008 and 2018. Because swordtails are livebearing fish 885 
that exhibit multiple paternity, when we collected pregnant X. malinche × X. birchmanni females 886 
we also collected ~10 offspring from 2–3 fathers112. Although we cannot directly assay the 887 
paternal genotypes, we can use the ancestry of the offspring to infer the ancestry of the male that 888 
sired each embryo, since offspring will inherit approximately 50% of their genome from each 889 
parent. Thus, the difference between the mother’s genome-wide ancestry and the genome-wide 890 
ancestry of her offspring is a useful proxy for paternal ancestry. 891 
 We have previously used this approach to quantify ancestry-assortative mating in 892 
upstream sites on the Río Calnali52, and repeated this approach here. Specifically, we asked about 893 
the observed difference between maternal and offspring ancestry genome-wide in each site, 894 
compared to expectations under a scenario where females mate at random with respect to male 895 
ancestry. To generate a distribution of offspring ancestry expected under no assortative mating, 896 
we performed simulations in R (version 4.4.1). For each focal female in our dataset (n = 74 for 897 
Calnali Low, n = 22 for Calnali Mid), we randomly sampled a mate from our full dataset of 898 
adults from that site (n = 702 for Calnali Low, n = 79 for Calnali Mid). Next, we drew the 899 
ancestry for a single offspring from a normal distribution centered on the average of the maternal 900 
and paternal ancestry, and with variance drawn from that observed among siblings in our real 901 
dataset. Specifically, we calculated the variance in ancestry across 1,000 randomly drawn pairs 902 
of siblings from each site; to be conservative in our inference of lost assortative mating, we used 903 
the 0.05 quantile of this variance (4 × 10-6) for our simulations, which was the same across both 904 
sites. We repeated this procedure until we had simulated offspring for all the focal females. We 905 
generated 1,000 replicate simulations and compared the observed and simulated differences in 906 
mother-offspring admixture proportions in each site. Finally, we compared the mean of the 907 
difference in mother-offspring admixture proportions between the two populations using a two-908 
sample t-test. 909 
 910 
Inferring the strength of assortative mating 911 
 We found evidence that the observed mother-offspring ancestry patterns in the Calnali 912 
Low site differed subtly from patterns expected if mating were truly random with respect to 913 
ancestry (Figure 4A–B). However, this difference from random mating was much weaker than 914 
that inferred in the population upstream of the town of Calnali (Figure 4A–B). To quantitatively 915 
compare the strength of ancestry-assortative mating consistent with the observed data, we used 916 
the same approach previously used to quantify the strength of ancestry-assortative mating at 917 
upstream sites52.  918 
 Briefly, we used an approximate Bayesian computation approach in R (version 4.4.1) to 919 
evaluate what levels of ancestry-assortative mating were consistent with our observed data. For 920 
each simulation, we drew a strength of assortative mating Passortative ranging from 0 (random 921 
mating) to 1 (perfect assortative mating) from a random uniform distribution. For each female, 922 
we then randomly drew a mate from the population ancestry distribution. If the mate’s ancestry 923 
proportion differed from hers by less than 5%, the mate was accepted. If it did not, we used a 924 
Bernoulli trial with success probability 1 – Passortative to determine if the mate was accepted. If the 925 
mate was rejected, we repeated the mate-drawing procedure until the female was matched with a 926 
mate, then simulated offspring as described above. This was repeated until all females were 927 
matched with a mate. We repeated this simulation procedure for a total of 3,000,000 simulations.  928 



We used a simple rejection sampling approach to select simulations that closely matched 929 
the empirical data. For each simulation, we calculated the mean and variance of the difference in 930 
ancestry between mothers and their offspring. If both summary statistics fell within 5% of the 931 
observed value for the site (Calnali Low mean 6.6%, variance 0.46%; Calnali Mid mean 2.5%, 932 
variance 0.26%), we accepted the simulation. This allowed us to estimate the range of values of 933 
assortative mating consistent with our data. We plotted the posterior distribution of accepted 934 
assortative mating strengths and identified the maximum a posteriori (MAP) estimate. To test for 935 
a difference in the strength of assortative mating between populations, we first evaluated whether 936 
the inferred strength of assortative mating in one site fell within the 95% credible interval of the 937 
other site, and vice versa.  To investigate whether the distributions were significantly different, 938 
we randomly matched each of the 1073 accepted simulations from Calnali Mid with one of the 939 
5720 accepted simulations from Calnali Low, sampled without replacement. We then calculated 940 
the difference in mating proportion between each pair, and tested whether the median difference 941 
was significantly different from 0 using a Wilcoxon signed rank test. The inferred biological 942 
effect size was quantified by the MAP and 95% CI of the difference in mating proportion. 943 
 944 
Geospatial analyses 945 
 To complement our measurements of water chemistry, we measured land use in each 946 
stream catchment as a proxy for anthropogenic disturbance. Briefly, we used Google Earth 947 
Engine to access Sentinel-2 multispectral imagery from the month of May in the years 2020–948 
2023 113, removed images with > 20% cloud cover, masked pixels flagged as clouds, then took 949 
the median intensity for each band and pixel to construct a composite image with bands 11 (1610 950 
nm, short-wave infrared, 20 m2 resolution), 8 (842 nm, near-infrared, 10 m2), and 2 (490 nm, 951 
blue, 10 m2). This spectral combination provides better contrast between built infrastructure, 952 
herbaceous, and woody vegetation than the visible spectrum114. All further analyses were 953 
performed in ArcGIS Pro (version 3.3.1) with the Spatial Analyst and Image Analyst extensions. 954 
We segmented the three-band raster file using the Segmentation tool, with a spectral detail of 18, 955 
a spatial detail of 19, and a minimum size per object of 20 pixels. Next, we selected four land use 956 
types for classification: water, forest (continuous tree cover, excluding plantation-style 957 
agriculture), non-forest vegetation (grassland, pasture, or cultivated crops, including plantation-958 
style orchard), and developed land (buildings, mines, and roads). We included water surfaces 959 
(primarily to prevent their misclassification as other land use types), forest as the primary 960 
undisturbed land cover in the area, and non-forest vegetation as an additional form of human 961 
disturbance beyond hardened infrastructure. Using 3 m2-resolution imagery of the study area in 962 
March 2022 downloaded from Planet Labs 101, we identified 60 polygons of each land class to 963 
serve as training samples. Given the short time frame between the capture of our Sentinel and 964 
Planet Labs image sets, we assumed that there would be negligible change in the proportion of 965 
land classes. We then used the Classification tool to perform object-based land use classification 966 
using a support vector machine algorithm with maximum 500 samples per class. We visually 967 
inspected the resulting classification for pixels misclassified as developed land, and removed 968 
these pixels from the dataset prior to further analyses (0.8% of all pixels). 969 
 To delineate catchments for each sampling site, we downloaded a digital elevation model 970 
(DEM) of the state of Hidalgo with 15 m2 resolution from the Mexican National Institute for 971 
Statistics and Geography115. Starting with this DEM, we calculated flow direction and flow 972 
accumulation, snapped each site to the nearest pour point pixel, and calculated the land area 973 
which drained into the stream upstream of a given site (Figure S4A), using the Flow Direction, 974 



Flow Accumulation, Snap Pour Points, and Watershed tools, respectively. To identify the land 975 
area with greatest potential for runoff into waterways (i.e. greatest influence on water chemistry), 976 
we used the Raster Calculator tool. We converted all cells which received flow from at least 3000 977 
uphill cells into a polyline object representing the relevant waterways in our study area (Figure 978 
S4A). We then used the Buffer tool to identify the land area within 500 m, 100 m, and 50 m of 979 
these waterways, and used the Clip Raster tool to identify the subset of classified land use pixels 980 
within each of these buffers. Using the Zonal Histogram tool, we summed the pixel counts of 981 
each land use category in each site’s subcatchment, then calculated the proportion of the total 982 
pixels per subcatchment composed of each land use type. Finally, we calculated cumulative land 983 
use within a site’s watershed by summing the land use categories within its own site-specific 984 
subcatchment and within the subcatchments of all upstream sites. 985 
 986 
Water chemistry surveys 987 
 Unless otherwise noted, all further statistical analyses were performed in R (version 988 
4.4.1) with RStudio116. We first explored overall differences in water chemistry between sites and 989 
drainages using Principal Component Analysis (PCA). Given differing sample sizes of ICP-MS 990 
measurement relative to other measures, we conducted two separate PCAs, one for ICP-MS 991 
metals measurement (n = 66 measurements) and one for all other data (n = 58). For water 992 
chemistry parameters other than metals, we included only measurements that were consistently 993 
collected throughout the length of the field study, including dissolved oxygen (mg/L), fDOM 994 

(quinine sulfate units), conductivity (µS/cm), total hardness (mg/L CaCO3 equivalent), total 995 
alkalinity (mg/L CaCO3 equivalent), pH, nitrite (mg/L N), ammonia (mg/L N), phosphate (mg/L 996 
PO4), sulfate (mg/L SO4), and turbidity (NTU). Of the 39 ions measured in the metal 997 
measurements, we retained 30 that had more than one measurement above the lower detection 998 
limits of ICP-MS. For the purposes of this analysis, metals measurements below the detection 999 
limit were set to halfway between zero and the lower detection limit. For example, for cadmium, 1000 
the detection limit was 5 ng/L, and we set values below the detection limit to 2.5 ng/L. While 1001 
this approach has some limitations117,118 compared to alternative approaches using imputation119, 1002 
we could not apply imputation approaches to our data given the possibility of systematic 1003 
differences in concentrations of many of the metals between streams. However, we explored the 1004 
potential impacts of this analysis choice on our conclusions by repeating PCAs with the 1005 
measurements below the detection limit set to the detection limit or zero, and found our results 1006 
were qualitatively unchanged. 1007 

We also used the PCA analysis to qualitatively compare patterns within and across 1008 
streams and identify chemicals of interest for further statistical analysis. Specifically, we chose 1009 
chemicals that had negative loadings on both PC1 and PC2 in either the non-metal or metal PCA 1010 
because we found that this approach clearly separated sites downstream on the Río Calnali from 1011 
the others (Figure 6). From this set of parameters, we next identified those which had evidence 1012 
for affecting fish neurobiology, olfaction, or mate choice in the literature. These parameters 1013 
included DOM19, turbidity120, nitrite121, ammonia73,110, copper55,122, lead123, cadmium74,124, 1014 
zinc125, and aluminum126. In the analysis of ICP-MS metals data, where the effects of samples 1015 
below the detection limit prevented the use of parametric tests, we used Kruskal-Wallis tests to 1016 
identify differences in concentration within and between drainages. For all other variables, we 1017 
used ANOVA and Tukey’s HSD tests to confirm differences between the downstream Calnali 1018 
sites and the other groups, testing for differences in the natural log-transformed response 1019 
variables as a function of drainage, sampling month, and their interaction.  1020 



Finally, we used the same approach to explore differences in water chemistry over 1021 
different seasons across the sampling period. We constructed PCAs using data from all seasons 1022 
for non-metal and metal parameters as in the main analysis, but excluding sulfate measurements 1023 
from non-metal analysis due to missing measurements in September (Figure S5). We also 1024 
observed the change in individual parameters with river distance in the Río Calnali drainage 1025 
(Figure S5), which was the only area in which we collected more than one sample per site in 1026 
September (1–3 measurements per site for non-metal parameters, 1–2 for ICP-MS metals). We 1027 
treat this analysis as preliminary, as we are unable to fully disentangle the effects of space and 1028 
time without intensive sampling across watersheds under a variety of weather conditions. 1029 
 1030 
Fish tissue ICP-MS analysis 1031 

To identify gross morphological differences that might influence bioaccumulation, we 1032 
used a Type II ANOVA and Tukey’s HSD to test for differences in total length and condition 1033 
factor (weight / total length) as a function of site, month, and their interaction. We also calculated 1034 
site-wise mean concentrations of each ion and tested the correlation between the concentrations 1035 
in surface water and tissue after controlling for differences in mean metal abundance across all 1036 
sites. Specifically, we constructed two linear models, one model for measurements in water, and 1037 
one for measurements from whole fish, each with the ion measured as the explanatory variable 1038 
and the log-scaled site-wise mean concentration as the response variable. We then took the 1039 
Spearman’s rank correlation of the residuals from the two models. We applied principal 1040 
component analysis to visualize the tissue concentrations of ions that were consistently measured 1041 
above the detection limit across all sites (Ag, Al, As, Ca, Cd, Co, Cr, Cu, Fe, K, Mg, Mn, Mo, 1042 
Na, Pb, Se, Zn). Finally, we tested for differences in tissue metal profiles between groups using 1043 
redundancy analysis (RDA), with a response matrix composed of all tissue ion concentrations 1044 
included in PCA, and site, month, and fish length as explanatory variables. For direct comparison 1045 
between tissue and water data, we conducted an RDA with a response matrix composed of the 1046 
same ions measured in water at the same four sites, with site and month as explanatory variables. 1047 
 1048 
Histological data 1049 

We weighted ciliated proportions by bed length to calculate the total proportion of the 1050 
sensory epithelium with visible cilia in each individual, then used a Mann-Whitney U test to test 1051 
for differences in ciliated surface proportion between fish from Aguazarca and Calnali Low. 1052 
Likewise, we tested for a significant difference between sites in the number of goblet cells, 1053 
corrected for rosette length, using Mann-Whitney U tests. Kolmogorov-Smirnov tests indicated 1054 
that the ciliated surface proportions were not significantly different between the two sampling 1055 
months (P = 0.481), and that there was no significant difference between the two populations or 1056 
sampling months in the number of sensory beds (population P = 0.7951, month P = 0.5238), 1057 
individual bed length (population P = 0.08173, month P = 0.3268), or total bed length 1058 
(population P = 0.6684, month P = 0.2415). For laboratory chemical exposure trial data, we 1059 
tested for significant differences between treatments in the rates of ciliary loss and goblet cell 1060 
densities using non-parametric Kruskal-Wallis tests. 1061 
  1062 



Supplemental Information 1063 
 1064 
Document S1. Figures S1–S8 and Tables S1–S5. 1065 
 1066 
Data S1. Metadata for water chemistry measurements. Related to Figure 6. A–B) Sample 1067 
sizes of each water chemistry parameter at each site, A) excluding measurements from 1068 
September as in main text analysis, and B) including measurements from September as in Figure 1069 
S5. Site codes match those in Table S1. C) Key matching ALS sample codes from subsequent 1070 
panels to the site, date, and sample type (dissolved or total concentration) of the sample. D–JJ) 1071 
Complete records from ICP-MS water chemistry analysis. Panels represent data from D–H) 1072 
February 2022, I–M) May 2022, N–S) September 2022, T–Y) May 2023, Z–DD) February 1073 
2024, and EE–JJ) September 2024. D, I, N, T, Z, EE) Detailed per-sample analysis results. E, J, 1074 
O, U, AA, FF) Technical duplicate results. F, K, P, V, BB, GG) analysis of quality control 1075 
samples of known concentration. G, L, Q, W, CC, W) Details of employed methodology, 1076 
including lab location and method reference number. H, M, S, Y, DD, JJ) Ion-specific detection 1077 
limits. R, X, II) record of recommended hold time exceedance. (Provided as Excel file)  1078 
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