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Introduction: The United States Endangered Species Act celebrated its 50th
anniversary in 2023. As a hallmark piece of environmental legislation, the Act has
successfully prevented the extinction of hundreds of species. During these last
50 years, we have observed the decline of many species of invertebrates,
resulting in the listing of 356 species.

Methods: Here, we summarize the state of endangered invertebrates using text
mining to review all listing documents, including listing decisions, species status
assessments, critical habitat designations, and status reviews. In our review, we
evaluate the most prevalent threats for aquatic and terrestrial invertebrates.

Results: We found that invertebrates have been assessed and listed consistently
in the past 50 years, and the last eight years have seen an uptick in status reviews.
Further, we find that pollution, natural system modifications (such as dams), and
intrinsic factors (such as small population sizes or number of populations) are the
major contributing threats to aquatic invertebrates. On the other hand,
problematic biotic factors (such as invasive species), climate change,
residential and commercial development, and pollution are the major threats
to terrestrial invertebrates.

Discussion: Overall, our study reviews the current threats to invertebrates and
provides a baseline for the next 50 years in the face of a shifting threat and
conservation arena.
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1 Introduction

Invertebrate conservation biology is an evolving discipline
influenced by rapidly shifting scientific consensus, increased
knowledge of threats faced by invertebrates, and economic and
societal factors (New, 2012). As the most biodiverse group of
animals on the planet, invertebrate conservation is further
challenged due to a lack of structured monitoring data, lack of
baseline knowledge of distributions, natural histories, and responses
to global change, as well as a generally unfavorable view of so-called
“creepy-crawlies” by the public (Cardoso et al., 2011; Didham et al.,
2020; Mammola et al., 2020; Salvador et al, 2021). For many
invertebrates, we lack even basic knowledge about their biology
and ecological interactions, making it challenging to understand
their specific conservation needs (Strayer, 2006; Cardoso et al,
2011). Even for more charismatic groups like dragon- and
damselflies (Odonata), deficits in structured monitoring data and
species-specific responses to climate change are apparent (Oliveira-
Junior et al., 2022; Bried et al., 2020). Given the variety of threats
faced by invertebrates and current records of their potential decline
(Graves et al., 2020; Forister et al., 2021), evaluating the effectiveness
of the tools we have available to protect species is of utmost
importance, particularly as compared to the protection of
more charismatic vertebrates. In the United States, the
Endangered Species Act (ESA) is one tool that may facilitate
invertebrate conservation.

The ESA has been a very successful piece of legislation, partly
due to the strong protections it provides species and the constant
review of species status. Ratified in 1973, the ESA garnered strong
bipartisan support for protecting at-risk species in the United States
(Williams, 1973). Now just over 50-years old, more than 1,300
species have been formally listed as threatened or endangered, and
these listings have potentially protected the vast majority of species
from the threat of extinction, according to a recent overview of the
Act (Greenwald et al, 2019). Part of the success of preventing
extinctions may come from the fact that the Act provides notable
protections to species, including prohibitions on “take,” which is
broadly defined as causing harm to listed organisms. Additionally,
under the ESA, species recovery plans are produced, which outline
the knowledge and actions required to conserve a species. These
recovery plans detail population targets or goals as well as
anticipated costs (Tear et al., 1993). The reality of these recovery
plans has been the subject of much conversation in the literature,
particularly surrounding the number of species that meet the
median abundances set by these plans (Neel et al., 2012); how
monitoring, restoration, and adaptive management are integrated
into the recovery process (Bried et al., 2014); and overall allocation
of budgetary resources to enacting recovery plans (Gerber, 2016).
The express desire to enact post-delisting plans for continued
management under the recovery framework has also been
proposed (Scott et al., 2005).

In addition to recovery plans, reviews of species’ status are
prescribed to occur every five years after initial listing in so-called
five-year reviews; and additionally, introduced in 2016, species
status assessments (SSAs) summarize all available knowledge
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regarding the focal species. These assessments aim to “deliver
foundational science for informing all ESA decisions” (U.S. Fish
& Wildlife Service, 2016; Smith et al., 2018). Previously, many
assessments focused on the magnitude and immediacy of threats to
a given species. However, they lacked numerical thresholds and
criteria, did not explicitly analyze or predict a species’ response to
those threats, and, as a result, had low transparency (Andelman
et al,, 2004). The current SSA is species-focused rather than threat-
focused and uses all fundamental ecological information gathered
about a species to make informed predictions about its current and
future response to identified threats (Smith et al.,, 2018).

Invertebrates are the most diverse animal group, with
approximately over 200,000 recorded species estimated to occur
in North America (Global Biodiversity Information Facility, 2024b).
However, it is unclear to what extent the Endangered Species Act
has effectively conserved invertebrates compared to their more
charismatic counterparts, such as vertebrates. The first
invertebrate species listed in the Act’s early years included 21
species of clams and seven butterflies. Four of these initially listed
clams have gone extinct, whereas all the initially listed butterflies are
still considered endangered. Many of these species have seen their
conservation outlooks improve, even if statuses have remained
unchanged. For example, one of the main threats to the Karner
Blue butterfly (Lycaeides melissa samuelis) at the time of its listing
was habitat loss due wildfire and grazing suppression; without
regular disturbance, succession inevitably causes the open habitats
that its host plant (wild blue lupine, Lupinus perennis) requires to
disappear (Haack, 1993). As a result of detailed statewide Habitat
Conservation Plans (Hess and Hess, 2015) and local conservation
efforts, including habitat restoration, replanting lupine and captive
breeding, populations in some states such as Wisconsin and New
Hampshire, have stabilized or are increasing (Swengel and Swengel,
2018; Lyons, 2022; Wheatley, 2022; New Hampshire Fish and Game
Department, 2024). In other states, however, populations have
continued to decline (Monfils et al., 2021), and climate change
looms as an increasingly important threat. Already, this species has
been potentially extirpated in Indiana after an unusually warm and
dry summer (Patterson et al., 2020).

In total, 98 species of insects, 98 species of clams, 54 species of
snails, 25 species of corals, 32 species of crustaceans, and 16 species
of arachnids have been listed under the ESA, with many additional
species currently petitioned or reviewed for potential listing (United
States Fish and Wildlife Service, 2024a). Further, given the large
corpus of documentation produced by the United States Fish and
Wildlife Service (USFWS) as well as advances in text processing, we
can now summarize these documents to better understand the
threats to invertebrates listed under the ESA. In this review, we
provide much-needed context for invertebrate conservation in the
United States and beyond to address taxonomic and geographic
areas of particular conservation concern.

On the 50th anniversary of the U.S. Endangered Species Act, we
aimed to profile how the Act has worked for invertebrates and the
most frequently identified threats to invertebrate populations across
the country. We used text-mining approaches to summarize all
available USFWS documentation. Specifically, we aimed to
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synthesize trends in documentation and identify threats to
invertebrates over the last half-century using ChatGPT to “distill”
ESA-relevant documentation. In doing so, we provide a first-ever
comprehensive summary of USFWS documentation and threat
indicators for aquatic and terrestrial invertebrates protected by
the Act.

2 Methodology

To rapidly and accurately collect information on invertebrates
listed under the ESA, we developed a web scraping pipeline to mine
the USFWS Environmental Conservation Online System (ECOS)
website and associated PDF files. We wrote a custom web scraper
using the Python (v3.11.6) libraries selenium (Muthukadan, 2024)
and BeautifulSoup (Richardson, 2007) to extract tables of species’
listing data, documentation, and relevant dates of document
publication. Following this initial scraping, we used the Integrated
Taxonomic Information System (ITIS; https://www.itis.gov)
through the R package taxizedb (Chamberlain et al., 2023) to
obtain higher taxonomic classifications through the kingdom level
for all documents obtained through our scraping process (n =
9,379). We manually resolved higher taxonomy for cases where we
received no results from our ITIS query and focused only on
animals. Next, we split our dataset using this higher taxonomy
into documents about species actively listed under the ESA for
vertebrate (n = 1,340) and invertebrate (n = 915) groups. For each
listed species, we classified the documents based on the document
type, such as status assessments or other official documentation.

We scraped the URLs to all available documentation
concerning each species. We completed this task using the above
Python libraries and pdfplumber (Singer-Vine, 2024). Using a
custom script that interfaced with the ChatGPT4-Turbo API
(OpenAl, 2024), we provided the text from the URL link to the
PDF files to obtain data on threats. We specifically issued the
following prompt to ChatGPT4-Turbo for all PDF files in our
corpus: “Given the text below, what are the identified threats to the
species [Scientific Name]?”. We specified the scientific name for each
document, as many documents simultaneously provided
information for many species.

ChatGPT provided a paragraph from this prompt listing the
threats identified in the document. To standardize these threats, we
used the International Union for the Conservation of Nature’s
(IUCN) Unified Threats Classification Scheme (Salafsky et al,
2008). The IUCN Unified Threats Classification Scheme categorizes
threats into 11 discrete categories and an “other” option. We
manually extracted and atomized threats for 100 randomly selected
PDFs using the IUCN threat classification. Our initial approach
attempted to atomize the paragraph provided by ChatGPT to the
discrete categories using ChatGPT4-Turbo using the following
prompt: “Using the IUCN’s Unified Threats Classification Scheme,
atomize the following responses into a true/false CSV for each IUCN
threat category; do not provide any additional text outside the table.”
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However, these secondary threat classification prompts to ChatGPT
produced low-scoring results compared to human annotations
(Supplementary Figure S1) and were prone to false threat
identification. As a result, we shifted our approach to using a
multinomial naive Bayes model for each threat category using our
manually annotated data for training and validation. In short, the
multinomial naive Bayes model took a frequency matrix of words and
used that matrix to predict whether or not a specific threat was
present for the species using Bayes Theorem (Duda and Hart, 1973).
We trained our models using our human-annotated dataset,
reserving 20% of our annotations for validation testing. We used
the Python library scikitlearn to perform this task (Pedregosa et al,
2011). Because validation performance can be sensitive to training
data, especially for small datasets, we trained multiple naive Bayes
models by randomly shuffling our annotations up to 1,000
permutations. We ensured that at least one true and false
identification appeared across all training datasets. We used naive
Bayes instead of more complicated machine learning approaches
since it performs well with small sample sizes and is computationally
inexpensive to implement (Howedi and Mohd, 2014).

We ensembled our suite of naive Bayes models by calculating
the prevalence of true threat identification values for each threat
category across all models that obtained an F1-score of greater than
0.8. Fl-scores measure model accuracy, accounting for both
precision (positive predictive value) and recall (true positives)
scores of each model (Taha and Hanbury, 2015). This procedure
effectively ranks our confidence in identifying threat values in a
given category. Thus, as a result of this procedure, all responses
received a score between zero (no probability) and one (high
probability) for each threat category, representing the prevalence
of that threat being indicated from a particular paragraph extracted
from ChatGPT.

Following data validation, we calculated simple summary
statistics across the corpus. For each species, we downloaded all
currently available data in the Global Biodiversity Information
Facility (GBIF) (Global Biodiversity Information Facility, 2024a)
via the R package ‘rgbif (Chamberlain and Boettiger, 2017), and
binned it into 2-degree hex cells. We then summarized for each hex
to calculate the total number of listed species in each hex. We also
calculated the total number of cumulative threats across all species
for each hex. We did this separately for both aquatic and terrestrial
domains. Species that inhabit both aquatic and terrestrial domains
(e.g., dragonflies) were included in the domain in which they begin
their lives and are first exposed to potential threats. For example, in
the case of dragonflies, this would be the aquatic domain. While we
recognize this approach does not fully account for all potential
threats to the species, it allows us to better visualize the threats.

All scraped, secondary data, and associated scripts are available
via GitHub at https://github.com/EcolDataSciUSC/
ESAInvertebratesReview; and on a static Zenodo archive at
10.5281/zenodo.13882703. Please note that a valid, paid key is
required to issue queries via the ChatGPT API in the provided
Python scripts.
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3 Results

We scraped information from 687 documents on invertebrate
conservation activity under the ESA. This reflects 75% of all
available documentation for invertebrates. Missed documents
included those with no searchable text or invalid URLs. Our
ChatGPT extracted atomization and rankings did not perform
well compared to human annotations on a subsample of 100
documents (73% mean agreement, but with high variation in
performance across categories +/- 29% as one standard error)
(Supplementary Table S1). A confusion matrix from the
ChatGPT output for each threat is provided in Supplementary
Figure S1. In contrast, our naive Bayes model performed well across
10 of the 11 TUCN threat categories and one additional category we
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defined called “Intrinsic Factors,” which included small population
sizes/habitat fragmentation (Supplementary Figure S2). We
excluded Transportation and Service Corridors, Geologic Events,
and another custom category, Disease, from the results and
discussion, based on poor Bayes model performance, likely
because these threats did not occur frequently enough in the
training data. The majority of listed species occur in the aquatic
domain (n = 215; with the majority of those belonging to freshwater
ecosystems, n = 206). The remaining species fall into the terrestrial
(n = 99) and marine (n = 9) domains respectively.

Since introducing species status assessments (SSAs) in 2016, the
agency’s priorities have shifted from new listings to conducting
SSAs, recovery plans, and reviews (Figures la, ). Concurrently,
productivity has significantly increased, with many of these
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FIGURE 1

(@) A high-level summary of ESA-related documentation on vertebrates (greyscale) and invertebrates (color). The y-axis reflects the raw number of
initial documentation completed for that taxon in that year. Panel (b) relates the raw number of documents produced to estimates of invertebrate
and vertebrate species-level diversity across North America. Finally, panel (c) indicates the proportional rate of initial documents produced as a
function of total documents produced for invertebrate and vertebrate taxa (e.g., roughly 5% of invertebrate initial listings were produced in 1976). A
clear shift in documentation effort was observed when species status assessments were introduced in 2016 (dotted line)—shifting from listings and
critical habitat designations to recovery plans, reviews, and species status assessments. This same period also saw a significant uptick in productivity

from USFWS staff concerning the volume of documents produced.

Frontiers in Conservation Science

04

frontiersin.org


https://doi.org/10.3389/fcosc.2025.1505451
https://www.frontiersin.org/journals/conservation-science
https://www.frontiersin.org

Shirey et al.

documents completed within the last decade. These trends are
evident for both invertebrates and vertebrates, and an equal
amount of absolute effort is paid to both groups in producing
documentation (Figure la). Despite this, given the substantially
larger taxonomic diversity of invertebrates, there is likely a shortfall
in assessing, listing, and reviewing invertebrates. When normalized
by the estimated number of vertebrate (n = 7,378) and invertebrate
(n = 30,284) species with over 100 reported occurrences in North
America (Global Biodiversity Information Facility, 2024b, c), an
apparent discrepancy emerges in the volume of documentation
produced for invertebrates and vertebrate species (Figure 1b).

Concerning downlisting or delisting information for
invertebrates, five species have been downlisted, whereas one
species has been uplisted from threatened to endangered status.
The majority of species that have been delisted have gone extinct
(n = 9). Notably, all species that went extinct were clams. One
species, Inflectarius magazinensis, a snail endemic to Arkansas, has
recovered since its initial listing in 1989 (United States Fish and
Wildlife Service, 1989). Finally, five additional species have been
delisted since subsequent information or taxonomic revisions have
brought the validity of the taxon into question.

The prevalence of threats varied by aquatic and terrestrial
domains (Figures 2a, b). For aquatic invertebrates, the most
commonly indicated threats included pollution, modification to
natural systems (e.g., modified hydrology, particularly in the form
of dams), and intrinsic factors (e.g., small population size)
(Figure 2a). Biological resource use and direct human intrusion
were less commonly reported for aquatic (encompassing freshwater
and marine) invertebrates. In comparison, terrestrial invertebrates
are more threatened by problematic biotic factors (e.g., invasive
species), climate change, and residential and commercial
development projects (Figure 2b). Terrestrial invertebrates are less
likely to be threatened by energy production/mining, transportation

10.3389/fcosc.2025.1505451

corridors, and biological resource use. Across aquatic and terrestrial
domains, several threat prevalences are correlated. For example,
Residential/commercial development was strongly correlated with

climate change (r = 1) (Figure 2c). Other strong, positive

correlations included human intrusion with biological resource

use (r = 0.52) and problematic biotic factors with residential/
commercial development (r = 0.39). Negatively correlated threats
included natural systems modification and human intrusion (r =
-0.58) and natural systems modification with biological resource use
(r =-0.5) (Figure 2c).

Mapping these identified threats also revealed several regions of
notable concern, either because of multiple overlapping endangered
and threatened species or because of a greater diversity of potential
threats to invertebrate biodiversity. Across aquatic invertebrates, the
highest diversity of at-risk species and threat categories was
prominently located in the southeastern part of the continental
United States (Figure 3a). Additional hotspots of either at-risk
species or threat types include California, Hawai‘i, and the
Midwest. The geographic distribution of individual threats to
endangered aquatic invertebrates appears to be mainly
concentrated in the southeast, with mining and energy production
slightly more dispersed into Appalachia (Supplementary Figure 54).
Similarly, the geographic distribution of threats to endangered
terrestrial invertebrates appears to be mainly focused in California,
with additional prominence in the Midwest, Great Plains, and
Hawai‘i (Figure 3b). Individual threats for terrestrial invertebrates
are more geographically diverse, with large concentrations in the
Midwest and specific threats such as energy production, mining, and
biological resource use concentrated in the Great Plains states
(Supplementary Figure S5). Overall, distributional knowledge for
invertebrates listed under the ESA remains a challenge as the
majority of species had fewer than 1,000 public occurrence records
on GBIF (Supplementary Figure S6).
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FIGURE 2

Summarized rankings of threats to conserving (a) aquatic and (b) terrestrial invertebrates across North America. Results were derived from manual
extraction and automated processing of USFWS documentation using ChatGPT4-Turbo and tailored naive Bayes classifier models. Panel (c) indicates
correlations between threats across aquatic and terrestrial domains. Only statistically significant correlations are visualized. Categories are

non-exclusive.
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The geographic distribution of listed species and their identified threats to invertebrates split by (a) aquatic and (b) terrestrial domains. These maps
represent an aggregation of threats for which GBIF occurrence data are also available. They, therefore, reflect a subset of listed invertebrates (n =
296) and may contain errors of omission (i.e., undersampled regions or missed detections). The spatial resolution is 2-degree hex cells with a

Robinson map projection.

4 Discussion

4.1 Summary of ESA documentation and
listing histories

The United States Endangered Species Act was a novel
legislative action signed into law in 1973. Unlike previous
iterations of biodiversity law in the United States, it explicitly
protected invertebrates in its inception. The first invertebrates
were listed under the Act only a short time after becoming law.
While new listings have slowed in recent years, the focus of labor
under the ESA has shifted towards conducting species status
assessments and five-year reviews (Figure 1). This distinct shift in
2016 is noted for both vertebrates and invertebrates and may reflect
changing attitudes around endangered species policy and the need
to develop and adhere to the Act’s mandate to utilize “best available

Frontiers in Conservation Science

science” when making listing decisions (Choi et al., 2024).
Additionally, the rigor of SSAs may contribute to fewer species
meeting the qualifications of listing, reducing the number of listed
species in recent years. Of notable recency are the listings of the
Rusty Patched Bumble Bee (Bombus affinis) in 2017 (United States
Fish and Wildlife Service, 2017) and Elkhorn corals (Acropora
palmata and other Acropora spp.) in 2006, with additional
congenerics listed in 2014.

4.2 Threats and status of
aquatic invertebrates
The most prevalent threats for aquatic invertebrates were

pollution, natural system modifications, intrinsic factors, and
problematic biotic factors (Figure 2a). Pollution was most

frontiersin.org


https://doi.org/10.3389/fcosc.2025.1505451
https://www.frontiersin.org/journals/conservation-science
https://www.frontiersin.org

Shirey et al.

commonly cited and referenced. Both chemical and physical
pollution in the form of chemical run-off and sedimentation were
cited as problematic for many aquatic invertebrates. Still, other
documents cited small populations or restricted connectivity
between populations as limiting or intrinsic factors that increased
the risk of extinction. Natural systems modifications most often refer
to altered hydrological regimes across the extent of the designated
critical habitat for a given species. Finally, problematic biotic factors,
including invasive species, were also commonly mentioned. Examples
include many freshwater bivalves that compete with introduced
species such as zebra mussels (Dreissena polymorpha) (Strayer,
2009). The rusty crayfish (Orconectes rusticus) was also commonly
listed as a problematic biotic factor, especially for endemic crayfish
species (Wilson et al., 2004; Olden et al., 2006).

Both chemical and physical pollution (i.e., sedimentation) were
commonly indicated as a top threat for aquatic invertebrates. In
freshwater ecosystems, downstream impacts of run-off from mining,
farming, and street treatments were frequently mentioned. For
example, the big sandy crayfish (Cambarus callainus) and
Guyandotta river crayfish (C. veteranus) are currently threatened
by mining, construction, and non-point source pollution issues in
central Appalachia (United States Fish and Wildlife Service, 2020a).

Additional modifications to their natural environment and
intrinsic factors, most often involving changes to stream flow or
other hydrological characteristics of the aquatic ecosystem, also
threaten aquatic invertebrates. These threats can be especially
prevalent for sessile organisms like most bivalves, including
exemplars such as the western and Ouachita fanshell (Cyprogenia
aberti and C. cf. aberti). For these species, altered streamflow
characteristics, which have since led to the fragmentation of
populations, were indicated as a primary threat to continued
survival (United States Fish and Wildlife Service, 2020c¢).

Species that inhabit wetlands may be at increased risk of
extinction (Gibbs, 1993; Kingsford et al., 2016). For example, the
Hine’s Emerald dragonfly (Somatochlora hineana) spends its
immature nymphal stage in wetlands, emerging as an adult after
several years (Pulfer et al, 2013). In its larval habitat, changes to the
groundwater hydrology of the wetlands is indicated as a primary
threat (United States Fish and Wildlife Service, 2001). These
hydrological modifications are felt through multiple potential
channels including development for agriculture or commercial
property (United States Fish and Wildlife Service, 2001). Further
threats to the species may be additive as, once it emerges as an adult
insect, the Hine’s Emerald may also be susceptible to threats
indicated for terrestrial invertebrates such as pesticide use (United
States Department of Agricultu...). The estimated cost of recovery
of this particular wetland species is $13,163,000 USD, likely due to
the sensitivity of restoring wetland conditions given the pace of
development and requirements to establish viable habitat (United
States Fish and Wildlife Service, 2001; Gibbs, 2000).

Finally, while most aquatic invertebrates listed under the ESA
are found in freshwater ecosystems (about 95.8%), fewer species
have been listed under the ESA in marine and brackish ecosystems.
As the managing agency responsible for the stewardship of marine
habitat, the National Ocean and Atmospheric Administration
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(NOAA) oversees the review and listing process for marine
species rather than USFWS. Recent additions include several coral
species and species endemic to anchialine pools in Hawai‘i, such as
anchialine pool shrimp (Procaris hawaiana). NOAA continues to
actively petition species for listing, and in 2024, recommended that
six new species of marine giant clams be considered for listing
under the ESA (National Ocean and Atmospheric Admini...).

Given these threats to aquatic invertebrates, the continued
monitoring of threatened and non-threatened aquatic
invertebrates is likely to occur nationwide. The United States
government sponsors several national monitoring programs for
aquatic invertebrates, including those coordinated through the
United States Geological Survey (USGS), such as the National
Water-Quality Assessment Program (NAWQA) and
Nonindigenous Aquatic Species Program (NAS). In recent years,
monitoring aquatic macroinvertebrate communities through
environmental DNA (eDNA) has also increased (Dougherty et al.,
2016). These less field-intensive approaches may increase the
geographic reach of federally sponsored monitoring programs;
however, there are still practical limitations to rolling these
methods out as a replacement for traditional surveys (Rishan
et al., 2023; Beng and Corlett, 2020). For example, eDNA can
require substantial effort to develop appropriate reference libraries
(Beng and Corlett, 2020). Phenology may impact the ability to
robustly detect target species in aquatic habitat using eDNA
approaches if aquatic ecosystems are not sampled throughout the
year (Reinholdt Jensen et al., 2021; Sander et al., 2024) In the marine
realm, research into the continued persistence of invertebrate
species is ongoing, especially in coral resilience and husbandry
(Hancock et al., 2021; Matsuda et al,, 2022). This research and
emerging approaches, combined with ongoing stream restoration
projects for freshwater invertebrates (Kroll et al., 2019; Bogan et al.,
2024), can provide a pathway for supporting healthy aquatic
ecosystems and biodiversity well into the future.

4.3 Threats and status of
terrestrial invertebrates

Many of the most prevalent threats to terrestrial invertebrates
overlapped with those of aquatic invertebrates (pollution,
problematic biotic factors, intrinsic factors), though residential
and commercial development, as well as climate change, were
considered much greater threats to terrestrial species than aquatic
species. These largely reflect expert opinion on the top threats to
of agriculture was much lower in terrestrial invertebrate species-at-
risk compared to the perception of its importance in the general
decline of insects by experts. This could be because most federally
listed insects are relatively range-restricted (Bossart and Carlton,
2002); these narrow and often highly specific habitat associations
may limit the impact of agricultural expansion on listed species
compared to the average invertebrate species. Both expert opinion
and our study supported pollution as a primary threat, mainly via
pesticide and herbicide application, which either had direct adverse
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effects on the species or indirect impacts through host plants.
Pesticide application has previously been linked to widespread
invertebrate declines (Ewald et al., 2015) and especially
pollinators (Woodcock et al,, 2016; Guzman et al., 2024; Van
Deynze et al, 2024). Even if species-at-risk do not occupy or
forage in agricultural landscapes, they may still be exposed: many
listing documents discussed concerns over pesticide drift from
agricultural run-off and aerial spraying on the species of
conservation concern.

One notable exception to the relatively range-restricted species
mentioned above, is the Rusty Patched Bumble Bee (Bombus affinis).
Rusty Patched was federally listed as endangered in 2017 (United
States Fish and Wildlife Service, 2017) due to its dramatic decline of
relative abundance of 95% across its range (Hatfield et al., 2014; Colla
etal., 2012; Cameron et al., 2011), and distributional declines of up to
87%. Historically, Rusty Patched Bumble Bee was commonly found
across eastern United States, the midwest, and southern Quebec and
Ontario, in Canada. The Rusty Patched Bumble Bee is listed as
endangered in Canada as well (COSEWIC, 2010). Across both
Canada and the US, the main threats for this species include
pathogens or disease, primarily from Nosema bombi (Cameron
et al, 2011), as well as exposure to pesticides, including both
insecticides and fungicides. At the same time that Rusty Patched
started declining (1990s) was the introduction of new classes of
insecticides, neonicotinoids, which are commonly used in agriculture,
and have been heavily implicated as a contributing cause of the Rusty
Patched decline (Goulson et al., 2015).

Similarly to aquatic invertebrates, invasive species were
identified as a top problematic biotic factor. Consistent with
previous work, non-native social insects such as the red imported
fire ant (Solenopsis invicta) and the Argentine ant (Linepithema
humile) were identified as potent threats to species-at-risk because
of their tendency to directly compete with and/or prey upon other
arthropods (Wagner and Van Driesche, 2010). Two additional
categories of problematic species were identified. First, invasive
plants that degrade habitat outcompete native plants and reduce
host plant and nectar plant availability in groups such as pollinators.
These included grass species like smooth brome (Bromus inermis)
and Kentucky bluegrass (Poa pratensis), and noxious weeds like
knapweed (Centaurea spp.), perennial pepperweed (Lepidium
latifolium) and iceplant (Carpobrotus chilensis) which can form
dense infestations that directly reduce habitat or alter foraging
behaviors in ground arthropods. Second, forest insect infestations
(such as from the spongy moth, Lymantria dispar) can defoliate
trees, and documents have noted the corresponding reduction in
habitat for species such as land snails. Large-scale herbivore
infestations can also result in the spraying of aerial pesticides,
negatively affecting Lepidoptera species of conservation concern
(Wagner and Van Driesche, 2010).

In comparison to better documented declines in insects, non-
marine mollusks have dominated animal species extinctions,
accounting for over 40 percent of all animal extinctions since the
1500’ (Regnier et al., 2009; Lydeard et al,, 2004), and represent
roughly 50% of listed invertebrate species. Kahuli, or native Hawaiian
land snails, are a uniquely diverse group containing over 700 known
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species. However, up to 90 percent of this number has already gone
extinct (Regnier et al., 2015), and many remaining species exist only
in captivity. Currently, 41 species, including an entire endemic genus
Achatinella, are listed under the ESA. Despite these dire
circumstances, the kahuli are a bright spot in invertebrate
conservation. The state’s Division of Forestry and Wildlife has
dedicated a staffed and funded program to preventing their
extinction through captive rearing, multiple releases into the wild,
and habitat conservation—the Snail Extinction Prevention Program.
The governor of Hawai‘i, declared 2023 as “The Year of the Kahuli,”
and there have been efforts across conservation partners to promote
their cultural and biological importance to the Hawaiian Islands
(Hawaii Department of Land and Natural...; Galka, 2022).

4.4 Evaluation and future

Evaluation of the ESA is contingent on subjective metrics of
success versus failure and complicated by an absence of
counterfactuals. Very few listed invertebrate species have gone
extinct; similarly, few have been downlisted or removed from
listing altogether. To the Act’s promise to prevent extinctions,
most listed species have not gone extinct. The length of time
since a species was listed was found to be correlated with
improving population trends, suggesting that the benefits of the
ESA accumulate through time (Taylor et al., 2005), and species with
identified critical habitat and recovery plans were significantly more
likely to be improving than those without. Additionally, by
comparing the expected extinction rates of ESA-listed species to
observed rates, it is estimated that the ESA has prevented the
extinction of almost 300 species since its passing (Greenwald
et al,, 2019). In this regard, the Act has been successful. However,
concerns abound: species wait an average of 12.1 years to receive
that much-needed protection (with invertebrates experiencing
longer wait times than average) (Puckett et al., 2016); by the time
they do receive that protection, they have reached dangerously low
population sizes, which increases their risk of extinction (Eberhard
et al,, 2022). Almost a quarter of listed species lack final recovery
plans, and the majority of recovery plans that do exist are over 20
years old (Malcom and Li, 2018). While the level of government
funding towards species recovery does positively affect recovery
outcomes, funding levels have not kept pace with the number of
species listed, meaning that USFWS is now allocating less on a per-
species basis than in the past (Eberhard et al., 2022).

Recently, several proposed pieces of legislation from the United
States Congress (Pfluger, 2023; Westerman, 2024) and Supreme
Court decisions (Loper Bright Enterprises et al. v. Raimondo,
Secretary of Commerce, et al, 2024) have drawn into question
the ESA’s future reach and implementation. In addition to these
challenges/proposed changes to the Act, several controversial
invertebrate species have recently been petitioned for listing,
including the monarch butterfly (Danaus plexippus). The
monarch was identified as a candidate for listing in 2020 but was
ultimately superseded by other priority species (United States Fish
and Wildlife Service, 2020b; Shirey and Ries, 2023). Because of its
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wide distribution and obligate host plant (Asclepias spp.),
considered an agricultural weed that reduces yield (Pleasants and
Oberhauser, 2013), listing the Monarch and designating critical
habitat could necessitate sweeping changes to herbicide and
pesticide use in American agricultural practices. As of writing, the
Monarch has officially been petitioned for threatened status.
Whether the Act is equipped to pursue these changes and deal
with the potential fall-out is unclear; however, USFWS already
provides a breadth of resources related to this specific case (United
States Fish and Wildlife Service, 2024b).

It is worth noting, that, in light of these potential changes or
challenges to the ESA, state and local biodiversity regulation has
also proven successful as a tool for conserving invertebrate
biodiversity. As explored previously, state-level managements
plans for the Karner blue butterfly, particularly in Wisconsin,
have helped recover population levels (Hess and Hess, 2015).
Good news also rings true for the American burying beetle
(Nicrophorus americanus), which, thanks to coordinating private
restoration efforts, has seen increasing population sizes at the
ecoregion-scale (Roberts et al, 2025). Even if not designated
under the ESA, state wildlife action plans can specify species of
greatest conservation need (SGCNs). For example, in Pennsylvania,
several freshwater mussels are designated as SGCNs without co-
listing under the ESA (Pennsylvania Game Commission,
Pennsylvania Fish & Boat Commission, 2015). These outcomes
and additional avenues for invertebrate conservation further
evidence the fact that local collaborations can make an impact
despite what may occur at the federal level.

The United States Endangered Species Act still has broad public
support, with over 80% of Americans, on average, supporting it
across political affiliations (Bruskotter et al., 2018). In summary of
50 years of the Act’s history, we find a consistent effort is made to
assess, list, and review invertebrate species; however, compared to
the diversity of invertebrates, there is likely a shortfall in conserving
relative biodiversity compared to vertebrate taxa. Further, we find
that identified threats to listed species vary by aquatic and terrestrial
domains, with factors like pollution and small population sizes
appearing as common risk factors across groups. Finally, these
threats are uniquely geographically distributed, with more threats
and taxa listed in the southeastern United States for aquatic
organisms and elevated threats, as well as more taxa in the
Midwest and Great Plains for terrestrial invertebrates.

The future of invertebrate conservation under federal law in the
United States is subject to change. However, our review has clarified
its history and identified threats to these unique, diverse groups of
organisms. To this end, we strongly encourage using emerging
scientific tools, such as eDNA and artificial intelligence, alongside
consensus-building strategies to promote the conservation of
invertebrate biodiversity. Of course, the successful adoption these
technologies is entirely contingent on continued support of
fundamental research into the systematics, taxonomy, and natural
history of invertebrates. Which is particularly important for
hyperdiverse groups, such as most invertebrates (Hopkins and

Frontiers in Conservation Science

10.3389/fcosc.2025.1505451

Freckleton, 2002; Drew, 2011; Mcneely, 2002; Agnarsson and
Kuntner, 2007). We strongly support the continued resourcing of
these domains as well as new approaches so that the Endangered
Species Act continues to provide the platform for us to action
conservation and preserve our invertebrate natural heritage.
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