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ABSTRACT

Freshwater ecosystems are globally threatened by habitat loss, pollution, and invasive species, all of which are particularly
acute in urban areas. To assess the impacts of urbanization on freshwater biodiversity—specifically the effects of alien species
on native primary aquatic vertebrates—we investigated the World Heritage Site, Lake Xochimilco in Mexico City. Focusing on
fishes and amphibians, we applied environmental DNA metabarcoding using primer pairs targeting mitochondrial 12S and 16S
across the remnant lake and collected 14 aquatic environmental variables for sampled sites. Our survey recovered ca. 60% of Lake
Xochimilco's historically recorded fish and amphibian species, including rare species and novel taxa not detected by past tradi-
tional surveys. However, our findings imply a severely degraded wetland, with alpha diversity indices indicating a low-diversity
ecosystem dominated by alien fishes. Beta diversity analysis revealed a heterogeneous ecosystem that may be driven partially
by the presence of alien fish, particularly cyprinids. Environmental variables linked to pollution predicted the presence of non-
native fish families. We also found evidence that some species prefer to occupy different water bodies within the lake remnant.
Despite the ongoing degradation of this ecosystem, native and endemic fauna are persisting, although detections were typically
rare. We found no evidence of the Critically Endangered axolotl salamanders (Ambystoma sp.) from wild sites; however, we de-
tected their presence in one wildlife refuge, highlighting the potential of refuges to prevent complete extinction in the wild. We
also found evidence of cryptic taxonomic diversity in Lithobates frogs and evidence of endemic genera, including the threatened
mexclapique fish (Girardinicthys viviparus). These fishes are considered extirpated, suggesting remnant populations persist un-
detected by traditional surveys. Despite clear evidence of an ecosystem under extreme decline compared to historical biological
records, our study demonstrates the potential for restoration, given the presence of native freshwater species and the success of
wildlife refuges.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,
provided the original work is properly cited.

© 2025 The Author(s). Environmental DNA published by John Wiley & Sons Ltd.
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1 | Introduction

Freshwater environments contain some of the most al-
tered ecosystems on the planet (Carpenter et al. 2011; Reid
et al. 2019). At a global scale, freshwater habitats are esti-
mated to have lost 64% of their total area in the last 30years
(Costanza et al. 2014), with a combination of environmental
factors presenting a substantial threat to their biodiversity
(Collen et al. 2014; Tickner et al. 2020). Land conversion as-
sociated with the growth of urban areas has been shown to
have the most severe impacts on freshwater biodiversity (e.g.,
Petsch et al. 2021; Yang et al. 2024) and urban freshwaters
typically suffer from increased pollution load, silting, and
homogenization of habitat structure (Dudgeon et al. 2006).
These disturbances have led to dramatic negative biotic re-
sponses, including simplified animal communities, with gen-
eralist tolerant species dominating (Faeth et al. 2011), and
the increased invasive potential of alien species (Marques
et al. 2020). Notably, alien species have become a strong driver
of the decline in native fish and amphibian populations by
means of predation (Strayer 2010), competition for resources
(Falaschi et al. 2020; Kats and Ferrer 2003), and as vectors of
diseases (Forero Rodriguez et al. 2024; Kiesecker et al. 2001).
Moreover, deliberately introduced alien species, such as cich-
lids (e.g., Oreochromis sp.) and carps (e.g., Cyprinus carpio,
Carassius auratus), are difficult to control due to their adapt-
ability and resilience to new environments (Hartel et al. 2007;
Nunes et al. 2019). Even species translocations of native spe-
cies within the same region can severely affect the ecology
of ecosystems (Kats and Ferrer 2003). Additionally, climate
change and harmful algal blooms have been identified as driv-
ers of the freshwater biodiversity decline (Reid et al. 2019).

To assess the impacts of urbanization on biodiversity, efficient
and rapid monitoring is needed. Environmental DNA (eDNA)
methods are increasingly being used across different environ-
ments, due to their noninvasive ease of implementation and
ability to detect biota at any life stage (e.g., Garlapati et al. 2019;
Ruppert et al. 2019). This molecular tool has also been critical
to the detection of elusive, cryptic, rare, or threatened species
that are difficult to survey using traditional means (e.g., Andres
et al. 2023; Bessey et al. 2020; Cilleros et al. 2019; Dufresnes
et al. 2019; Saenz-Agudelo et al. 2022). There is considerable evi-
dence that eDNA datasets and traditional surveys are often con-
gruent (e.g., Keck et al. 2022 and refs therein), and in some cases
eDNA outperforms traditional methods for both fishes (e.g.,
Fediajevaite et al. 2021; Hallam et al. 2021; Valentini et al. 2016)
and amphibians (e.g., Lopes et al. 2017; Smart et al. 2015).
Inferences made using eDNA can be coupled with management
actions (Reid et al. 2019) making it a key tool in the conserva-
tion of freshwater ecosystems (Turak et al. 2017). Despite public
genetic sequence databases generally being considered reliable,
(Leray et al. 2019), there are still gaps in species representation,
particularly from tropical and subtropical ecosystems (e.g.,
Doble et al. 2020; Jerde et al. 2021; Marques et al. 2021) and
some data may be poorly curated.

Here, to assess the degree to which urbanization impacts sub-
tropical freshwater biodiversity, we studied Lake Xochimilco,
Mexico. This central Mexican wetland is one of the few remnants
of the endorheic Basin of the Valley of Mexico (Alcocer-Durand

and Escobar-Briones 1992) historically containing 20 fish
and three amphibian species, several of which are endemic to
this lake (Alcocer-Durand and Escobar-Briones 1992; Garcia-
Véazquez et al. 2016; Huidobro-Campos et al. 2016; Montero-
Rosado et al. 2022). Despite its status as a UNESCO World
Heritage Site, Ramsar Wetland of International Importance, and
as a Natural Protected Area by the Government of Mexico City
(Montero-Rosado et al. 2022), Lake Xochimilco is situated in one
of the largest metropolitan areas on the planet. Unsurprisingly,
given its location, Lake Xochimilco has been severely impacted
by the growth of Greater Mexico City (~22.5 million inhabitants,
UN World Urbanization Prospects 2024), and is now a highly
modified aquascape of narrow canals, six small lakes, and two
flood plains (Mazari-Hiriart et al. 2019; Zambrano et al., 2007)
(Figure 1).

This severe modification of Lake Xochimilco has reduced the
sensitivity of traditional survey methods by decreasing pop-
ulation sizes of native fauna and making some heavily urban-
ized areas inaccessible for surveys (Zambrano et al. 2009). Like
many freshwater ecosystems in central Mexico (Gesundheit and
Garcia 2018), the pressures on Lake Xochimilco's ecosystem
have worsened since the 2000s due to accelerated urbaniza-
tion, land use change, water pollution, and aquifer exploitation
(Jiménez et al. 2020; Mazari-Hiriart et al. 2019). Several species
have been introduced for aquaculture programs (Espinosa-
Pérez 2014; Espinosa-Pérez and Ramirez 2015; Huidobro-
Campos et al. 2016; Miller et al. 2009) such as old-world carps
(Carassius aureus and Cyprinus carpio) and African cichlids
(Oreochromis aureus and O. niloticus). Ornamental fish species
translocated from other Mexican basins for mosquito biocon-
trol programs (Espinosa-Pérez and Ramirez 2015; Mendoza
et al. 2015; Miller et al. 2009) have also been reported to be thriv-
ing in Lake Xochimilco. These species include Goodea atripin-
nis, Xiphophorus sp., and Pseudoxiphophorus sp.; however, there
is a lack of consensus on whether any are established in the sys-
tem (Huidobro-Campos et al. 2016).

Due to these biological and environmental pressures, Lake
Xochimilco has experienced significant biodiversity losses in the
last 100years leaving local native biodiversity critically threat-
ened. The endemic cyprinid fish genus Evarra that included
only three species has been considered extinct for decades
(Alcocer-Durand and Escobar-Briones 1992; Huidobro-Campos
et al. 2016). The culturally significant axolotl (Ambystoma mexi-
canum), and Tlaloc's leopard frog (Lithobates tlaloci) are species
both at risk of extinction in the wild and considered Critically
Endangered (IUCN SSC Amphibian Specialist Group 2020a,
2020b). The status and distribution of many remaining native
freshwater animals, as well as alien and translocated fish spe-
cies is uncertain. Of critical concern is the low population den-
sity for native fish and amphibians. Based on traditional survey
methods (weighted nets “atarrayas” that are thrown by hand),
axolotl population densities were last estimated to be <35 indi-
viduals per km? in 2015 (Voss et al. 2015). The current status of
axolotl populations in the Lake is unknown.

Given the ongoing degradation of Lake Xochimilco and
the urgent need to determine the presence of Critically
Endangered (possibly Extinct) endemics, we used eDNA me-
tabarcoding to assess diversity levels among aquatic vertebrate
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FIGURE 1 | Top: Study site of Lake Xochimilco and its location within Mexico (blue square). Lake Xochimilco, (19°17 6" N, 99°6" 2" W,
2200m.a.s.l.) covers an area of 26.72km? and average shallow depth of <2m (Montero-Rosado et al. 2022; Zambrano et al. 2010b). Sampling locali-
ties across Lake Xochimilco are indicated by red circles, with numbers indicating their Site ID. Sites 8 and 9 are on-site wildlife refuges. Made with

packages ggplot2 and ggmaps, with Stamen Terrain layers from StadiaMaps.

communities—specifically fishes and amphibians. Based on
comprehensive sampling across the Lake Xochimilco system
and the application of two mitochondrial DNA markers (12S and
16S) our aims were to obtain a contemporary understanding of
biodiversity via the presence/absence of species and estimate rel-
ative species abundances from eDNA read counts. From these
aims, we addressed the following questions: (1) To what extent
have alien species colonized the Lake Xochimilco ecosystem,
and what impacts have they had on native fish families? (2) How
widely do native fishes and amphibians persist across the rem-
nant lake? (3) Are species composition and relative abundances
of fishes and amphibians associated with different water bodies?
(4) How do anthropogenic environmental stressors influence the
presence/absence of native and non-native fish families? and (5)
How effective are the selected eDNA metabarcoding primers at
detecting fish and amphibian species in this system?

2 | Methods
2.1 | Sampling Design

Field sampling was conducted from November 2020 to April
2021 at 43 wild sites along canals and lagoons of Lake Xochimilco
to account for the site heterogeneity reported by Zambrano
et al. (2009). Two wildlife refuges for the axolotl were also sam-
pled, for a total of 45 sampling sites (Figure 1). Highly urbanized
areas in the lake's southern portion were not included (for per-
sonal safety) and some canals on previous maps no longer exist.

Water bodies were classified here based on physical character-
istics: artificial (the Virgilio Uribe rowing pond); large canals
(canals large enough for motorized boats); small canals (nar-
row canals that can only be traversed by compact rowing boats
(called coyucos)); lagoons (zones that function as water reser-
voirs connecting canals); and wildlife refuges — two constructed
water bodies in the chinampas that are delimited by physical
(volcanic rocks) and biological (aquatic plants that function as
biofilters) barriers from exterior water currents to function as
protected areas for native freshwater wildlife.

2.2 | eDNA And Environmental Sampling

Water was sampled three times at each site without disturbing
sediments using three different 2L Nalgene containers and fil-
tered for 20min or until the filters were clogged entirely (fol-
lowing Hallam et al. 2021). Field negative controls (17 samples,
11 sequenced) were also taken using distilled water. Total water
volume filtered for biological samples was not statistically sig-
nificant (see Supporting Information, for further details of water
sampling, and filtered water volume). Filtration was conducted
off-site using a portable GeoPump series II (Geotech) and sil-
icone Masterflex Platinum L/S 15 tubing (Masterflex-Avantor)
using 0.45 um pore PVDF Sterivex filters (Millipore-Merck).

Water environmental characteristics, including pH, tempera-
ture, total dissolved solids (TDS), and electroconductivity
(EC), were measured with a portable Combo meter (Hanna
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Instruments). Organic (ammonia, chlorine, nitrates, nitrites,
phosphates, sulfates, and sulfides) and metallic (aluminum,
copper, iron) pollutant concentrations were measured using an
eXact Micro20 portable photometer (Industrial Test Systems).

2.3 | eDNA Extraction, PCR Amplification,
and Mock Community

Filters were extracted following Hallam et al. (2021) and ref-
erences therein, but here we used the DNeasy PowerWater Kit
(QIAGEN) for DNA extraction following manufacturer's pro-
tocol for small water filters with minor modifications. An ex-
traction blank was included in each extraction round (12 in total,
4 sequenced). Extracted DNA was quantified using a Qubit 2.0
fluorometer and the dSDNA Broad Range Assay Kit (Invitrogen-
Thermo Fisher) and stored at —80°C.

Two primer pairs were selected, targeting the 12S and 16S
rRNA mitochondrial genes based on primer pair performance
(Mitani et al. 2009, Vences et al. 2012, Yang et al. 2014).
The 12S-V5 primer pair (F: TAGAACAGGCTCCTCTAG,
R: TTAGATACCCCACTATGC) (Riaz et al. 2011) tar-
gets a small region of ~110bp in the 12S rRNA gene
and targets vertebrates. The hypervariable region of
~250bp in the 16S rRNA gene amplified by the Metal6S
primer pair (F: ACGAGAAGACCCTATGGARCT, R:
TCCTGATCCAACATCGAGGTC) is based on the Vert-16S-
eDNA primer pair (Vences et al. 2016) and was modified for
this study to target amphibians. Library building and metabar-
coding were conducted at the Natural Environment Research
Council Environmental Omics Facility (NEOF), University of
Sheffield, UK.

Sequencing of 160 samples (135 eDNA samples, 11 field nega-
tive controls, 4, extraction blanks, 4 PCR negatives, and 4 pos-
itive controls by triplicate =480 total samples) was conducted
at the NEOF Environmental Omics Facility, the University of
Liverpool, U.K. on the MiSeq system (Illumina, United States).
The Metal6S and 12S-V5 libraries were sequenced using
2% 250bp and 2x150bp paired-end reads chemistries, respec-
tively, on separate MiSeq runs. Samples were then demulti-
plexed for downstream analysis.

2.4 | Reference Databases

A biological inventory for the federal entity of Mexico City,
which contains Lake Xochimilco in the southern portion of the
city and River Magdalena on the western side of Sierra de Las
Cruces, was created from a literature survey. Tissue samples
from amphibians and fish specimens from this inventory that
were not available as sequences on GenBank were obtained
and sequenced (Table S2, Supporting Information). Sampling
was conducted under permit SPARN/DGVS/08010/24
from Secretaria de Medio Ambiente y Recursos Naturales
(SEMARNAT).

The final reference database (comprising GenBank and our
new sequence data) contained 12S and 16S sequences for 81.6%
of the total fish and herpetofauna species (76 species) recorded

for Mexico City. While three amphibian species (Ambystoma
altamirani, Anaxyrus compactilis, Pseudoeurycea tlilicxitl) had
missing records, we instead included sequences belonging to
species from the same genera. Only three fish species (Evarra
bustamantei, E. eigenmanni, and E. tlahuacensis) had no records
in the reference database. See Supporting Information for fur-
ther details on reference database construction.

2.5 | Sequencing Data Analysis

Demultiplexed files were analyzed using RStudio
v2023.06.0 + 421 (Posit Software, 2023) with primer removal
using the Python package cutadapt v3.7 (Martin 2011) as
implemented in R (R Core Team 2024) with a low minimum
length of 10 bases with an adapter removal setting of 2 for
Metal6S and 3 for 12S-V5. Subsequent steps used the R pack-
age dada2 v1.22.0 (Callahan et al. 2016). Read quality was
assessed using the quality plots function to determine the pa-
rameters of the second filtering step. The filtering parameters
for the Metal6S sequences were a truncated length of 205 with
read truncation at the first instance of a quality score of 2, and
a maximum number of expected errors was set at 8. We used
the default option (pooled) for the ASV inference step as the
computationally intensive pseudo-pooled option did not affect
results despite being more sensitive to rare ASVs (Callahan
et al. 2016). For the 12S-V5 sequences, the filtering parameters
were a truncated length of 105. The subsequent merging step
was set at a maximum mismatch of 0 bases and a minimum
overlap of 12 bases. Chimaera removal was conducted using
the “consensus” method. The final ASV list file was exported
to FASTA format.

The corrected taxonomy assignment table was merged with
the ASV counts and sample metadata tables using the package
phyloseq v1.46.0 (McMurdie and Holmes 2013). A filtering step
to remove unassigned ASVs and analyze sequences from the
positive and negative control samples was conducted. Detection
of contaminant sequences was conducted using the R package
decontam v1.0 (Davis et al. 2018) while cross-contamination
events were analyzed using tables created by R package metag-
Misc v0.5.0 (Mikryukov 2022). All downstream analyses were
carried out using the Metal6S dataset due to the superior per-
formance of this primer regarding taxa detection and taxonomic
resolution over 12S-V5.

2.6 | Statistical and Ecological Analyses

Community analyses were conducted using vegan v2.6.4
(Oksanen et al. 2019). Alpha diversity analyses (to obtain ob-
served richness, Shannon, and Simpson indexes) were con-
ducted on nontransformed data. Beta diversity analyses were
conducted using a Hellinger-transformed dataset. Pairwise
PERMANOVA analysis was performed using pairwiseAdonis
v0.4.1 (Martinez-Arbizu 2017). A differential abundance anal-
ysis was conducted to assess if the focal taxa were more abun-
dant at specific water body types using DESeq2 v.1.44.0 (Love
et al. 2014). Partial correlations to investigate the interactions
of native and non-native fish families were performed using
the R package ppcor v1.1 (Kim 2015). Correlation analysis and
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matrixes were built using corrplot v0.92 (Wei and Simko 2024)
and psych v2.3.9 (Revelle 2024).

2.7 | Multivariate Model Analysis

Multivariate model analyses of eDNA count data, water pa-
rameters, and contaminant readings were conducted using
mvabund v4.2.1 (Wang et al. 2012). Several water parameters
and contaminant data differed significantly from a normal
distribution according to the Shapiro-Wilk test (p <0.05).
Therefore, the correlation matrix was built using Spearman's
rank test with Bonferroni correction. Additionally, Variance
Inflation Factor values (VIFs, a multicollinearity measure-
ment) were analyzed, and those variables with values of 5.0
and above were considered for removal from the analysis.
Based on this criterion, electroconductivity (EC), nitrites, and
sulfur were not included in the multivariate model. Given the
large differences between the eDNA counts of the five dif-
ferent fish families, these values were normalized using log
transformation. After correcting for multiple tests, the diag-
nostics (residuals, normal g-q, and scale-location) of the mul-
tivariate model indicated that the total dissolved solids (TDS)
variable was an outlier and was therefore removed from the
model. Following the diagnostics and AIC values, the best
model was the following:

Fish families eDNA counts (log transformed) ~ pH + water tem-
perature + dissolved oxygen + nitrates + ammonia + phosphate
+ sulphate + chlorine (log transformed)

The model was subjected to both multivariate and univariate
tests. To check water parameters and contaminant correlation,
corrplot was used, while collinearity between variables was
checked using car v3.1.2 (Fox and Weisberg 2019).

3 | Results
3.1 | Sequencing Data

The Metal6S and 12S-V5 metabarcoding library sequencing
runs obtained 8,828,887 and 12,321,416 raw reads, respectively.
After raw reads were processed through filtration, denoising,
and merging steps, final sets of 7,142,851 and 10,316,654 reads
were retained, respectively. From the 12S-V5 pipeline, a total
of 657 ASVs were inferred, while from the Metal6S pipeline, a
total of 1590 ASVs were inferred (Table S3). For further infor-
mation on sequencing data (taxonomic assignment, mock com-
munity, contamination, and sequencing depth) see Supporting
Information.

3.2 | Fish and Amphibian Species Inventory
Detected by eDNA

In total, 31 primary aquatic vertebrate taxa (identified to spe-
cies or generic level) were detected for 28 fishes and three am-
phibians across both sequencing libraries (Table S4). Of these
taxa, the 12S-V5 primer pair detected 23 taxa (22 fishes and 1
amphibian), and the Metal6S primer pair detected 21 taxa (18

Historical* Meta16S

12S-V5

FIGURE 2 | Venn diagram representing the number of amphibi-
an and fish species detected by the two eDNA metabarcoding primer
pairs—12S-V5 and Metal6S. The historical* (traditional survey data)
was taken from published data from Huidobro-Campos et al. (2016). In
combination, the metabarcoding approach detected more species than
traditional survey methods (Huidobro-Campos et al. 2016; Vizquez-
Silva et al. 2017) at Lake Xochimilco.

fishes and 3 amphibians). Although the primers showed reason-
able overlap with each other, and the historical data (Figure 2),
there were taxa uniquely identified by each primer, as well as by
method (i.e., traditional vs. eEDNA surveys). The Metal6S primer
pair typically showed better taxonomic resolution than the 12S-
V5 primer pair, with the latter not able to distinguish fish taxa
such as Cichlidae, Cyprinidae, and Atherinopsidae beyond the
family level.

The 28 fish taxa identified by eDNA belong to six different
families of which five (Atherinopsidae, Cichlidae, Cyprinidae,
Goodeidae, and Poeciliidae) have been previously recorded.
One family, Sisoridae (Asian catfishes), is a first record for Lake
Xochimilco. Along with detecting ca. 60% of the previously re-
corded species for Lake Xochimilco, the primers detected fish
species that had not been reported using traditional surveying
methods for the area (Table S4). Most of these newly recorded
taxa were translocated species (defined here as native to other
Mexican basins). All three native fish species (Chirostoma
jordani, Chirostoma humboldtianum, and Girardinichthys vi-
viparus) previously recorded through traditional surveys were
identified, although only the 12S-V5 marker detected C. hum-
boldtianum. While Chirostoma species were found to be widely
distributed, G. viviparus (Chapultepec splitfin) was only de-
tected at site 35 (Figure 1). Alien species belonging to Carassius,
Cyprinus (carps), and Oreochromis (cichlids) were detected by
Metal6S, while only Cyprinus could be clearly identified by
12S-V5.

However, some reported native species from the most recent
inventories based on traditional surveying (Huidobro-Campos
et al. 2016; Vazquez-Silva et al. 2017) such as Algansea tincella
and Agztecula sallaei could not be detected by either marker.
In addition, some alien (Ctenopharyngodon idella) and trans-
located species (Lepomis macrochirus, Micropterus salmoides)
were not identified either. Although the genus Lepomis was
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identified amphibian and fish families by total eDNA read counts across the total number of samples of the metabarcoding library.

identified, this was from a different species (L. cyanellus) to
the one recorded from historical records (L. macrochirus).
Moreover, there was no detected sequence that could be as-
sociated or partially associated with the native genus Evarra
(Cyprinidae).

The three amphibian taxa detected by the markers belong
to two families (Ambystomatidae and Ranidae) (Table S4),
which have been previously recorded. Both markers detected
the salamander Ambystoma sp., but only in one of the two
sampled wildlife refuges (Site 8, Figure 1), where it was re-
corded in one of the three biological replicates. The frog genus
Lithobates was detected only by the Metal6S marker that re-
covered three ASVs (1927, 69, 8 reads, respectively), where it
was identified from three wild site samples (Sites 32, 44, and
45, Figure 1). None of the ASVs matched the endemic Lake
Xochimilco L. tlaloci, and although two of the ASVs (1 and
3) matched the sequence we generated of a specimen listed
as L. montezumae (UNAM-CNAR A5-47A4, Table S2) with
high similarity (>99%), the match was much lower (~94%) to
the sequence of this taxon on Genbank (collected at Lagunas
de Zempoala, ~50km south of Mexico City, Hillis and Wilcox
2005; Chambers et al. 2025). However, these ASVs also
matched with a high similarity GenBank sequences recorded
as an undescribed species (99%, AY779224, collected 375km
to the northwest, Hillis and Wilcox 2005) and unpublished
sequences (> 99%, MT372907.1, MT372908.1, MT372909.1,

sampled from Queretaro ~150km also to the northwest,
Garcia- Solis et al. unpub.). The Lithobates ASV2 did not
match the aforementioned sequences with high similarity and
had a lower similarity score (~95%) with other Lithobates spe-
cies on Genbank.

3.3 | Relative Abundances From eDNA Reads
and Interactions of Native and Alien Fishes

Relative abundances (Figure 3A) indicated that eDNA reads from
the two alien fish families, Cichlidae and Cyprinidae, are by far
the most abundant across Lake Xochimilco (~20% and ~45% by av-
erage proportional abundance, respectively). In contrast, the most
abundant native fish family, Atherinopsidae (<10% average pro-
portional abundance), was significantly lower than the alien fish
families (Figure 3A). The only other fish family containing native
species, Goodeidae (< 5% by average proportional abundance), is
the least abundant. Read counts of translocated species from the
Poeciliidae family (< 5% by average proportional abundance) were
also scarce. The widespread presence of the alien families is fur-
ther supported by their detection across the metabarcoding library
(Figure 3B). ASVs from Cichlidae and Cyprinidae were found in
over 60% of total samples. In contrast, ASVs from Atherinopsidae
and Goodeidae were significantly less common, detected in fewer
than 40% and 30% of samples, respectively (Figure 3A). ASVs from
Poeciliidae also showed limited presence, appearing in less than
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30% of samples. Amphibian reads were the scarcest overall, de-
tected in less than 5% of total samples (Figure 3B).

To explore possible associations between fish families, propor-
tional data from the total number of reads per site were used to
test the partial correlation between eDNA detections of native and
alien fish families (Figure S3). Spearman’s rank partial correlation
analysis revealed significant negative associations between eDNA
from the alien species, Carassius sp. and Cyprinus sp. (Cyprinidae)
and that of native fish families Atherinopsidae and Goodeidae, as
well as with the alien Oreochromis sp. (Cichlidae). A significant
negative association was also observed between Cichlidae and the
native Atherinopsidae. The only significant positive association
detected was between eDNA from Cichlidae and Poecillidae. All
the other relationships were nonsignificant.

3.4 | Spatial Distributions and Community
Diversity Across Water Bodies Based on eDNA

The distributions of the previously recorded five fish fami-
lies (Atherinopsidae, Cichlidae, Cyprinidae, Goodeidae, and
Poeciliidae) known to occur at Lake Xochimilco presented some
differences based on their eDNA count abundances (Figure 4).
Both alien fish families (Cichlidae and Cyprinidae) were more

abundant in quadrants located in areas dedicated to tourism or
with high levels of human activity and development (such as the
eastern part of the lake, Figure 4A,B). The artificial pond (lo-
cated in the northeastern part of the area, separated from the
lake) is an exception; the eDNA samples from this area indicated
high eDNA abundance of native fish families. Additionally, both
native fish families, Atherinopsidae and Goodeidae, were more
abundant in quadrants located to the center and west of Lake
Xochimilco (Figure 4D,E), belonging to the core zone of the
Natural Protected Area where human activity is scarce or of low
impact, such as traditional family agriculture.

The differential abundance analysis (base expression level =2.900)
showed that some taxa also showed a significant preference for
water body type (Figure S2). Oreochromis cichlids showed the
largest abundance in the large canal category (8.032, p adjusted
<0.005), while Cyprinus carps showed the largest abundance in
the small canal category (8.196, p adjusted <0.005). In contrast,
Carassius carps showed very similar abundances for both small
(5.969) and large canals (5.806). Native charal (Chirostoma jordani)
abundance was the highest (7.913, p adjusted <0.005) in the ar-
tificial body (rowing pond). The rest of the taxa (including alien,
translocated, and native categories) showed significantly lower
levels of differential abundances across the different water body
types. Overall, the large canal water body type was the category
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TABLE 1 | Alpha diversity indexes (using number of observed taxa) from the different water body types found at Lake Xochimilco using data
from Metal6S metabarcoding library. Values show the median (25%,75%), while comparisons were done using the nonparametric Kruskal-Wallis

rank sum test.

a-Diversity index  Artificial body Lagoon Large canal Refuge Small canal P
N=36 N=90 N=144 N=18 N=117

Observed 4.00 (3.75, 5.00) 2.00(1.00,4.75)  5.00(3.00,7.25)  0.00 (0.00, 1.00) 3.00(1.00,5.00) < 0.001

Shannon 0.76 (0.67,1.09)  0.17(0.00,0.86)  0.89(0.49,1.14)  0.00(0.00,0.00)  0.38(0.00,0.81) < 0.001

Simpson 0.44 (0.38,0.64)  0.37(0.02,0.63)  0.45(0.31,0.59)  1.00(0.00,1.00)  0.46 (0.13,0.71) 0.3

SITE_TYPE [¢! Artificial Body [¢| Lagoon [¢] Large Canal [¢] Refuge [¢/ Small Canal
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FIGURE 5 | PCoA of Bray-Curtis distances comparing the effect of
water body type on the amphibian and fish communities (using num-
ber of species). The first three axes of beta diversity analysis explain
40.4% of the total variation. While visually, the differentiation between
the different water body types is not obvious, the PERMANOVA analy-
sis indicates a significant degree of species community differentiation.
Ellipses made with a 95% confidence interval.

with the largest abundance values across all analyzed taxa, al-
though this was driven by alien cichlid and carp taxa.

Large canals seem to be the most taxonomically diverse water
body in the wetland (based on the observed number of identi-
fied species) compared to lagoons, small canals, and the arti-
ficial body. Nevertheless, both Shannon and Simpson indices
revealed an overall low species diversity ecosystem, with an
important degree of commonality (Table 1). Such effects may
be driven by the abundant and constant presence of alien fish
species (Carassius, Cyprinus, and Oreochromis) as seen in the
abundance estimates (Figure 2).

Analysis of beta diversity using the PCoA method with Bray-
Curtis distances indicated that the community composition of
fish and amphibian diversity also differed depending on the water
body type (Figure 5). Results of a PERMANOVA analysis indi-
cated a significant difference between the centroids (using the
Bray distance method) of the different clusters according to water
body type (p<0.001). Additional pairwise PERMANOVA analysis
found that all comparisons between water body types had signifi-
cant differences (p <0.01). PCR variability from samples and repli-
cates showed no significant effect on the model (p>0.05).

3.5 | Effects of Environmental Stressors on eDNA
Detection of Native and Alien Fishes

According to the multivariate analysis, only water tempera-
ture (Wald =4.302, p=0.016), dissolved oxygen (Wald =4.349,
p=0.016), and nitrates (Wald =6.323, p=0.002) had significant
effects on overall eDNA counts. Univariate tests showed that the
variables of significant effect varied by fish family.

For alien families, nitrate levels had a positive effect on the presence
of Cichlidae (Coef=0.03, Wald =3.609, p=0.006) and Cyprinidae
(Coef=0.041, Wald=3.841, p=0.003) eDNA counts. Dissolved
oxygen had a positive effect only on Cyprinidae eDNA counts
(Coef=0.041, Wald=3.754, p=0.001), but showed no significant
effect on other families. Among native Mexican families, pH had
a positive significant effect on the presence of eDNA counts from
Atherinopsidae (Coef=0.40, Wald =2.667, p=0.029), while water
temperature registered a significant negative effect on the eDNA
counts from Poeciliidae (Coef=-0.14, Wald=2.746, p=0.037).
Only the Goodeidae eDNA counts were not significantly influ-
enced by any of the analyzed environmental variables.

Analysis of the R? values indicated that the most influential
variables were nitrate (model fit 1, R2=0.1714), pH (model fit 2,
R?=0.2256), and water temperature (model fit 3, R>=0.2770).
The sum of the R? values of all the variables included in model
fit 1 resulted in a global R? value of 0.4027.

4 | Discussion

Freshwater ecosystems are severely threatened world-
wide (Dudgeon et al. 2006; Reid et al. 2019; Strayer and
Dudgeon 2010), and their primary freshwater vertebrates, am-
phibians, and fishes, are among the most threatened animal
groups on the planet (Hughes et al. 2021; World Wildlife Fund
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(WWF) 2022; Luedtke et al. 2023). The situation of Mexican
ecosystems is no different, particularly in central Mexico,
where anthropogenic pressures stemming from urban cen-
ters have greatly impacted freshwaters (Contreras-MacBeath,
Brito-Rodriguez, et al. 2014; Dominguez-Dominguez
etal. 2007; Lira-Noriega et al. 2015; Lyons et al. 2000; Metcalfe
et al. 1989; O'Hara et al. 1994). Lake Xochimilco illustrates the
severe pressures urban ecosystems face from land use change,
alien species, pollution, and climate change (e.g., Alcocer-
Durand and Escobar-Briones 1992; Pérez-Belmont et al. 2019;
Zambrano et al. 2010a). The anthropogenic impact observed
at our study site is not unique, and Lake Xochimilco's eco-
logical condition mirrors that of other wetlands that have
been engulfed by expanding metropolitan areas world-
wide (Brinkmann et al. 2020; Burgin et al. 2016; Pauchard
et al. 2006; Rojas et al. 2022; Yang et al. 2024).

We showed that environmental DNA metabarcoding detected
greater overall fish and amphibian diversity compared to his-
torical data from traditional net-based surveys. However, our
findings in combination with water parameter records indicate
a severely degraded wetland. Alpha diversity metrics revealed a
low-diversity ecosystem dominated by alien fish species. Despite
the degraded condition of Lake Xochimilco, native and endemic
fauna persist, and we found some evidence of potential cryptic
amphibian diversity. Additionally, our results support the effec-
tiveness of on-site wildlife refuges in conserving species such as
the Critically Endangered axolotl.

4.1 | Domination of Alien Fish Species in Lake
Xochimilco

It is now accepted that the introduction of species into new
habitats is a phenomenon occurring globally, with minimal
signs of successful control or regulation (Seebens et al. 2017).
Malpractices in global trade, lack of monitoring and climate
change are becoming important drivers behind biological inva-
sions (Meyerson and Mooney 2007; PySek et al. 2020; Walther
et al. 2009). Our data confirmed the continued presence of alien
fish species at Lake Xochimilco, with the most abundant and
commonly found eDNA reads assigned to the Old-World cypr-
inids Cyprinus and Carassius. Additionally, African cichlids
(Oreochromis sp.) were detected consistently across the wet-
land area. The presence of these fish species (which are typi-
cally used in aquaculture and commercial trade) has been an
ongoing occurrence in Lake Xochimilco since the last decades
of the 20th century (Voss et al. 2015), where they have been
noted to have detrimental effects, such as predation and com-
petition with native species, and speeding up the eutrophication
process (Alcocer-Durand and Escobar-Briones 1992; Contreras
et al. 2009; Huidobro-Campos et al. 2016; Zambrano et al. 2007;
Zambrano et al. 2010a).

The distribution of alien fish families in Lake Xochimilco
(Figure 4) supports previous studies showing how urbanization
and alteration of aquatic habitats may enhance their coloniza-
tion while negatively affecting the diversity and abundance of
native aquatic animals (Hermoso et al. 2011; Larentis et al. 2022;
Marques et al. 2020; Riley et al. 2005; Stranko et al. 2010).
Additionally, species distribution models have shown that

abundance of native fish species is a significant variable to de-
termine the abundance of alien fish species, as in the case of the
topmouth gudgeon (Pseudorasbora parva) in Belgium (Verhelst
et al. 2016). Therefore, the high abundance of eDNA from
Cichlidae and Cyprinidae (taken as a proxy for biomass) may be
an indicator of a low abundance of native fish family biomass.
Moreover, the models developed by Verhelst et al. (2016) indi-
cated that predator abundance also has a strong effect on alien
species. In the case of Lake Xochimilco, the axolotl was consid-
ered the aquatic apex predator, due to the smaller size of native
fish from the genera Chirostoma, Evarra, and Girardinichthys
(Alcaraz et al. 2015; Alcocer-Durand and Escobar-Briones 1992;
Griffiths et al. 2003; Smith 1989; Zambrano et al. 2006;
Zambrano et al. 2010a). Therefore, with axolotl populations
either reduced or absent, it is unlikely that native fish species
could predate the eggs and fry of alien cichlids and cyprinids
(Zambrano et al. 2010a).

Our findings from Lake Xochimilco reflect the global ecological
trend of alien species colonisations (Toussaint et al. 2016) and
the homogenization of fish species assemblages within central
Mexico's (Gesundheit and Garcia 2018) freshwater ecosystems.
The commonality and abundance of alien species indicate a
colonized ecosystem, following the results from predicted es-
tablishment models for Oreochromis and Cyprinus species in
North American freshwater ecosystems (Zambrano et al. 2001;
Zambrano et al. 2006; Zambrano et al. 2010a). The impacts on
ecosystem services are one of the critical consequences of alien
species invasions (Charles and Dukes 2007), with species such
as Cyprinus carpio shown to have a large impact on community
composition and ecosystem processes (Matsuzaki et al. 2009).

Biological processes of alien fish species, including bioturbation,
excretions, and consumption, have likely led to rapid ecosystem
collapse to a turbid state while delaying ecosystem recovery
(Reynolds and Aldridge 2021). Our findings showed a negative
correlation between alien species and native species (although
we cannot infer the direction of the interactions (Blanchet
et al. 2020)) and may indicate a similar scenario for the current
ecological state of Lake Xochimilco.

Translocated fish species identified in Lake Xochimilco are
native to the broader biogeographical zone but are not native
to the lake (Matsuzaki et al. 2013). Species that fit this de-
scription were detected at several sampling sites and include
Goodeidae and Poeciliidae, both common in the aquarium
trade. Several studies have suggested the lack of controls,
monitoring, and human-mediated release as the origin of
Lake Xochimilco populations (Contreras-Balderas et al. 2008;
Contreras-MacBeath, Gaspar-Dillanes, et al. 2014; Huidobro-
Campos et al. 2016; Zambrano et al. 2010a). Although there
have been fewer studies on the effects of translocated species
on new habitats compared to alien species, translocated spe-
cies are increasing worldwide (Arthington 1991; Gesundheit
and Garcia 2018; Lenhardt et al. 2011; Xiang et al. 2021).
Several studies have found translocated fish to be detri-
mental to native fish diversity and richness (Maceda-Veiga
et al. 2022; Matsuzaki et al. 2013). In contrast, our results
indicated that translocated Poeciliidae may not be abundant
in the Lake Xochimilco ecosystem. Partial correlation re-
sults also showed no significant relationship with the native
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families Atherinopsidae or Goodeidae, suggesting that these
taxa likely have a limited effect on each other, which is in
marked contrast to the alien fish families (Figure S3). The
difference between translocated versus alien species may
reside in the ecological characteristics of the identified poe-
ciliid genera (Xiphophorus, Pseudoxiphophorus, Peociliopsis,
and Poecilia) as Neotropical species from southern Mexico
(Miller et al. 2009). Therefore, our results support previous
studies that found translocated species to only have a signif-
icant impact on native fish assemblages when they originate
from ecosystems with similar environmental characteristics
(McKinney 2005; Toussaint et al. 2016). Nevertheless, despite
alien fish species having a stronger impact on native fishes,
the effects of translocated species should not be understated
as they may disrupt the ecosystem by being disease vectors
(Salgado-Maldonado and Pineda-Lopez 2003; Vazquez-
Silva et al. 2017), or by hybridizing with native species (e.g.,
Gesundheit and Garcia 2018; Shechonge et al. 2019).

In addition to previously reported species in both past sur-
veys and the latest inventory of the area (Huidobro-Campos
et al. 2016), we detected novel introduced species for the
area (e.g., the Mexican cichlid Thorichthys aureus from the
aquarium trade) that may indicate recent introductions that
could lead to further invasions (Strayer 2010). Particular at-
tention should be given to our detection of Glyptothorax, a
catfish from Asia, as it has not been reported previously as
occurring in the Valley of Mexico or even central Mexico
(Contreras-MacBeath, Gaspar-Dillanes, et al. 2014; Huidobro-
Campos et al. 2016). eDNA is a particularly sensitive tool to
detect these events with spatial precision when applying dis-
tribution models (Itakura et al. 2019; Jo et al. 2020; Tillotson
et al. 2018; Wood et al. 2021). However, care should be taken
with the interpretation of these types of findings regarding
their short-, mid-, and long-term prospects. While detections
from a single eDNA study may act as a warning for potential
problems, it does not provide data on the species invasiveness/
colonization potential which may be subject to environmental
abiotic characteristics (Dejean et al. 2012; Hunter et al. 2015).
Confirmation of the species presence in the ecosystem should
be analyzed through multiple eDNA analyses using species-
specific approaches (Chucholl et al. 2021; Ruppert et al. 2019;
Xia et al. 2018). However, to ensure detections are not false
positives from wastewater (e.g., food fish and/or aquarium
species), other data sources are needed to validate detections.

4.2 | Detected, but Scarce: Native Fish
and Amphibian Diversity Across Lake Xochimilco

Although native fish and amphibian species were detected from
eDNA metabarcoding at Lake Xochimilco, detections were
typically rare. Of particular importance is the detection of the
rare endemic fish species Chapultepec splitfin (Giradinicthys
viviparus), known locally as mexclapique (Alcocer-Durand
and Escobar-Briones 1992) considered extirpated in the wild
by recent surveys (Huidobro-Campos et al. 2016) and listed as
Endangered by the IUCN Red List (Koeck 2019). While most
ASVs from the Neotropical Silversides (Atherinopsidae) were
identified as the native species Chirostoma jordani, only one was
identified as the endemic species C. humboldtianum, currently

listed as Vulnerable in the ITUCN Red List (Soto-Galera 2019).
However, we failed to detect the cyprinid genus Evarra (endemic
to the Valley of Mexico) supporting the consensus that all three
species (E. bustamantei, E. eigenmanni, and E. tlahualensis)
are now extinct (Alcocer-Durand and Escobar-Briones 1992;
Huidobro-Campos et al. 2016).

Environmental DNA metabarcoding also detected native am-
phibian ASVs in Lake Xochimilco (Ambystoma and Lithobates),
although specific species could not be reliably identified.
However, these detections were incredibly rare, representing
only a single refuge site for Ambystoma, and three wild sites
in the case of Lithobates. The Ambystoma eDNA was detected
in only one of the two on-site wildlife refuges, with no further
detection from any of the 43 wild sampling points. A severe de-
cline in Ambystoma mexicanum population densities has been
recorded since the late 1990s (Griffiths et al. 2004) and has con-
tinued in recent years (Ayala et al. 2019; Contreras et al. 2009;
Valiente et al. 2010; Zambrano et al. 2010a), with the last estima-
tion as low as 35 individuals km? (Voss et al. 2015). As valida-
tion of Ambystoma eDNA amplification was conducted through
three different stages (in silico, in vitro and in situ sampling),
our results suggest that the population decline has continued
since the 2015 estimate, presenting two potential scenarios: (1)
the wild population density is extremely low (few eDNA mol-
ecules being resuspended in the water column to allow me-
tabarcoding detections) or (2) the wild population is now extinct
(Zambrano pers. obs.). The refuge where our single detection
was made is a pilot for an on-site conservation program. These
refuges likely contain wild-type Ambystoma mexicanum, as op-
posed to captive-bred ones, as no individuals were introduced to
these sites (Zambrano pers. obs).

Our study also identified three ASVs assigned to the anuran
genus Lithobates from nonrefuge sampling sites. Although the
sequences successfully passed the bioinformatic filtering steps,
the read count was exceptionally low. This may be due to the low
population density of these frogs and/or lower binding affinity
of the primer. These ASVs could not be assigned to the Critically
Endangered Tlaloc's leopard frog (L. tlaloci) or reliably to the
co-occurring common Moctezuma's leopard frog (L. montezu-
mae). It is likely that there is undescribed diversity of leopard
frogs in the region (Ochoa-Vazquez et al. 2019), although fur-
ther taxonomic work is required. While our findings may indi-
cate possible cryptic diversity in Lithobates at Lake Xochimilco,
these should be interpreted with caution. Although data recov-
ered by eDNA metabarcoding must be integrated into a mul-
tidisciplinary framework to be used to describe a species new
to science, it can be an important aid in discovering previously
unknown genetic diversity from severely impacted ecosystems,
such as Lake Xochimilco (Ayala et al. 2019; Chaparro-Herrera
et al. 2013; Contreras et al. 2009; Griffiths et al. 2004; Merlin-
Uribe et al. 2013; Pérez-Belmont et al. 2019; Voss et al. 2015;
Zambrano et al. 2009; Zambrano et al. 2010a; Zambrano
et al. 2020), and act as an early warning sign to focus taxonomic
attention.

As monitoring of the two Critically Endangered amphib-
ian species was mixed, we suggest temporal surveys should
be a priority to ensure sampling across breeding seasons
when we might expect more eDNA to be shed. Although our
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sampling coincided with one of the axolotl breeding seasons
(January-February, the other being August-September), the
breeding season of Tlaloc's leopard frog is unknown to the
best of our knowledge. The notable absence of this species
warrants further investigation. Processing a greater volume of
water to collect more eDNA may help in this regard, as has
been shown with rare and endangered populations (Peixoto
et al. 2021; Schabacker et al. 2020; Sepulveda et al. 2019), as
they are likely contributing less eDNA to the water column. In
our study, filtering volumes varied greatly due to suspended
particle matter in the water column, as Lake Xochimilco has
significant turbidity levels (Gayosso-Morales et al. 2017). A
potential future workaround for filter clogging would be using
high-capacity filters that have been proven to successfully
collect eDNA while processing considerable filtered volumes
(> 5L) of muddy water (Peixoto et al. 2021).

4.3 | Different Water Bodies Across Lake
Xochimilco Influence Relative Abundances
of eDNA Reads and Community Diversity

Alpha diversity metrics varied between sites, suggesting that
waterbody type (small canals, larger canals, and lagoons) is an
ecological characteristic playing a significant role in the dif-
ferentiation of species community composition. Beta diversity
analysis also suggests a heterogenous ecosystem, potentially
driven by the presence of alien fish species—particularly cy-
prinids—with evidence that some species prefer to occupy
different water bodies within the remaining remnant lake.
The findings support previous studies (Zambrano et al. 2009;
Zambrano et al. 2010b) demonstrating Lake Xochimilco as a
highly heterogenous wetland due to severe habitat fragmenta-
tion and waterway layout.

While alien fish families such as Cyprinidae and Cichlidae
were detected throughout the system (see Section 4.1), they
were more abundant in areas with high levels of human ac-
tivity and development. Variation in their eDNA read abun-
dances suggests that some water bodies may also be more
prone to colonization or proliferation, although this varied
across these taxa, and could potentially be due to water chem-
istry and/or habitat structure.

We suggest that future conservation management should focus
efforts on managing water bodies within the remnant lake that
revealed higher eDNA abundances of native fish families, such
as the artificial pond, and areas belonging to the core zone of
the Natural Protected Area (Figure 1). In addition to the on-site
refuges, these areas may serve as functional refugia (see Chester
and Robson 2013; Deacon et al. 2018; Zamora-Marin et al. 2021)
and are therefore potentially less affected by the ecological
impacts of alien fish dominance, such as bioturbation and nu-
trient cycling, which can lead to ecosystem homogenization
and collapse (see Lougheed et al. 2008; Petsch 2016; Stendera
et al. 2012).

Inferring direct biomass or species abundance from eDNA
read counts has been considered a potential outcome from
eDNA methods (Lodge et al. 2012) but is currently disputed
with studies showing supporting (e.g., Bylemans et al. 2019;

Doi et al. 2017; Li et al. 2021; Muri et al. 2020; Skelton
et al. 2023) or contradictory results (e.g., Carvalho et al. 2022;
Fonseca 2018; Nakagawa et al. 2022). Therefore, while we
treat our results based on read abundance with caution, they
are consistent with reported populations from traditional sur-
veys (Zambrano pers. obs.) and present a reasonable sugges-
tion on the state of the ecosystem.

4.4 | Anthropogenic Environmental Stressors
Showed Varied Effects on Native and Alien Fish
Families

Multivariate analysis indicated that eDNA read counts from
the fish families are influenced by physical (water tempera-
ture) and chemical characteristics (pH and nitrates), but the
effect varied by fish family. Assuming this reflects some indi-
cator of biomass or abundance, this may reflect the evolution-
ary history of the fish family. For the Neotropical silversides
(Atherinopsidae) eDNA counts had a positive coefficient (0.40)
with pH, which may reflect their adaptation to the alkaline
water of the Basin of the Valley of Mexico (Alcocer-Durand
and Escobar-Briones 1992). Both fish families represented
by alien genera, Cichlidae (Oreochromis) and Cyprinidae
(Carassius, Cyprinus) had a positive coefficient with nitrates.
These alien genera are used in aquaculture due to their re-
silience and adaptability to thrive in altered freshwater eco-
systems (Zambrano et al. 2007; Zambrano et al. 2010a), and
alien carp species have been found to alter the water chem-
istry as a by-product of their feeding activities (Weber and
Brown 2009; Zambrano et al. 2001; Zambrano et al. 2006).
There is a contrasting result in the case of Poeciliidae, as
their eDNA read counts had a negative coefficient with water
temperature, which is not surprising, given these species can
thrive at warmer temperatures (20°C-25°C) (Fishbase, 30
October 2024).

Water at Lake Xochimilco has shown milder temperatures
between 11°C and 22°C through the year during surveys con-
ducted in 2000-2001 (Zambrano et al. 2009) and in 2002-2003
(Nandini et al. 2005) due to the lake's high altitude. In the present
study, temperatures ranged from 15°C to 25.4°C across sampling
(November to April), similar to more recent records of 19.5°C
to 22°C (Nandini et al. 2016), 19°C to 26°C (Gayosso-Morales
et al. 2017) and 16°C to 22.5°C (Pérez-Belmont et al. 2019)
through different parts of the lake. While it has been established
that Lake Xochimilco is a highly heterogeneous system with
yearly aquatic temperature variations (Zambrano et al. 2007,
2010b), the new records may indicate the water temperature
range is shifting upwards and thus may present an additional
factor of change in the fish species assemblages.

In future, we suggest additional factors should be investigated;
for example, water turbidity and water current may influence
these values and it is important to consider that PCR variability
and competition of targets with different initial sequence counts
during multiplex reactions could have an impact on the overall
trends and effects analyzed. Furthermore, the multivariate anal-
ysis could be better fitted to eDNA single-species approaches as
the primer set would not be competing over different targets
(Ruppert et al. 2019) due to the optimization of the reaction.
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4.5 | Performance of eDNA Metabarcoding
Primers

Inclusion of multiple primer pairs in metabarcoding studies
can be critical (e.g., Doble et al. 2020) for maximizing taxo-
nomic recovery through differential binding affinity. Here,
our primers both amplified significant species diversity across
the vertebrate groups and though the coverage was not com-
pletely overlapping, this provided greater taxonomic coverage
(Garlapati et al. 2019; Ruppert et al. 2019). The 12S-V5 gener-
ated the highest number of reads in the library (> 12 million
reads vs. ~8 million reads by the Metal6S) but lacked taxonomic
resolution for some taxa such as Cichlidae and Cyprinidae com-
pared to the Metal6S (Table S5). Despite some limitations in
taxonomic assignment, the 12S-V5 detected rare species, such
as Girardinichthys viviparus, in higher read numbers. This may
be due to the shorter amplicon size (~110bp), which is more
suitable for amplifying potentially degraded eDNA molecules
in the water column (Barnes et al. 2014; Harrison et al. 2019).
This highlights the potential for using short universal markers
(such as the 12S-V5) as complementary markers to longer, more
informative ones.

Although both eDNA markers did amplify human and domestic
animals (~5% for 12S-V5 and ~ 2% for Metal6S), they also ampli-
fied rare species in the lake, such as the leopard frogs (Lithobates
sp.) and the mexclapique fish (G. viviparus) at least to genus.
Nevertheless, recently evolved species (such as those belonging
to Ambystoma, Oreochromis, Cyprinus, and Carassius) proved
to be difficult to differentiate at the species level (Table S5),
and may require more specific markers (e.g., Doble et al. 2020;
Vences et al. 2016), and detection for anurans seemed to depend
on the eDNA marker selection. Care should therefore be taken to
ensure that the specific markers are optimized to obtain reliable
species information (Xia et al. 2021), particularly for Critically
Endangered species such as the axolotl.

5 | Conclusions

Here, we report on the ecology of the high-altitude subtropical
Lake Xochimilco, an urban wetland that is highly fragmented
with a high degree of eutrophication caused by anthropogenic
pressures. Based on eDNA metabarcoding and the recording of
water parameters and pollutant readings, our findings indicate
that Lake Xochimilco is a collapsed ecosystem dominated by
alien fish species. Yet, despite the degraded environment and
the prevalence of alien taxa, some native fish species (such
as G. viviparus and Chirostoma sp.) were detected along with
Ambystoma salamanders, and Lithobates frogs that could rep-
resent a new cryptic species. This highlights that even severely
impacted aquatic ecosystems may harbor hidden diversity,
including species of conservation concern. The detection of
native rare species, which may be undetectable by traditional
methods due to their low population densities, indicates their
resilience to survive in degraded ecosystems and the impor-
tance of limiting further declines and mitigating past damage.
As our findings support the value of on-site wildlife refuges for
the culturally and ecologically important axolotl, we recom-
mend establishing managed refuges to safeguard this and other
native species.
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