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ECOLOGY

Common insecticide disrupts aquatic communities:
A mesocosm-to-field ecological risk assessment
of fipronil and its degradates in U.S. streams

Janet L. Miller'*, Travis S. Schmidtz**, Peter C. Van Metre®, Barbara J. Mahler?,
Mark W. Sandstrom?, Lisa H. Nowell’, Daren M. Carlisle®, Patrick W. Moran’

Insecticides in streams are increasingly a global concern, yet information on safe concentrations for aquatic
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ecosystems is sparse. In a 30-day mesocosm experiment exposing native benthic aquatic invertebrates to the
common insecticide fipronil and four degradates, fipronil compounds caused altered emergence and trophic
cascades. Effect concentrations eliciting a 50% response (ECso) were developed for fipronil and its sulfide, sulfone,
and desulfinyl degradates; taxa were insensitive to fipronil amide. Hazard concentrations for 5% of affected
species derived from up to 15 mesocosm ECsg values were used to convert fipronil compound concentrations in
field samples to the sum of toxic units (XTUFripronils). Mean XTUkipronils €xceeded 1 (indicating toxicity) in 16% of
streams sampled from five regional studies. The Species at Risk invertebrate metric was negatively associated
with XTUFipronils in four of five regions sampled. This ecological risk assessment indicates that low concentrations
of fipronil compounds degrade stream communities in multiple regions of the United States.

INTRODUCTION

Although the production of synthetic chemicals has increased greatly
in recent decades, the effect of these chemicals on nontarget eco-
systems is underappreciated (I). There are no data on agricultural
insecticides in the surface waters that drain 90% of global croplands,
but where data are available, insecticides exceed regulatory thresh-
olds half the time (2). A meta-analysis focusing on agricultural in-
secticides in surface waters of the United States found that 70% of
sampled locations had at least one insecticide that exceeded a regu-
latory threshold (3). However, these meta-analyses (2, 3) focused only
on surface waters influenced by agricultural land uses and are com-
pilations of discrete studies. Pesticides, especially insecticides, also
occur at high concentrations in streams draining urban landscapes
(4). Comprehensive assessments of pesticides in surface waters
draining agricultural and urban landscapes are rare; thus, it is un-
known whether pesticides are a large-scale risk to surface water re-
sources and their ecological integrity.

Phenylpyrazoles and neonicotinoids accounted for one-third of
the global insecticide market in 2010 (5). In surface waters of the
United States, fipronil and its degradates (phenylpyrazoles) are among
the most common pesticide compounds detected, often at concen-
trations that exceed aquatic life benchmarks (6-8). Although neonico-
tinoids receive attention because of their effects on bees and birds
and their ubiquity (9), fipronil is more toxic to fish and birds (10),
and other phenylpyrazoles have known herbicidal effects (5).
Fipronil is a systemic insecticide used to control insect pests in urban
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and agricultural settings. In the United States, Japan, and Great
Britain, fipronil use has increased substantially since its introduc-
tion on the world market in 1993 (5). In the United States, fipronil
is used to control ants and termites and is applied to crops including
corn (including seed treatment), potatoes, and orchards (11, 12).
Agricultural use of fipronil in the United States peaked in 2002 (13),
and although there are no national urban-use data available, urban
use in California peaked in 2006 and 2015 (https://calpip.cdpr.ca.
gov/main.cfm, accessed 2 December 2019). Although fipronil has
been found in high concentrations (6.41 pg/liter) in streams of
some agricultural areas with high application rates (14), urban
streams across the United States typically have more detections and
greater concentrations than agricultural streams, with storm events
being positively correlated with detection (6, 7, 14-17).

Fipronil enters aquatic ecosystems with runoff or by leaching from
soils into streams (7, 14, 18). Fipronil has low volatility (Henry’s law
constant of 2.31 x 107 Pa m® mol™), has low-to-moderate water
solubility (3.78 mg/liter at 20°C), has moderate hydrophobicity (log
Kow of 3.9 to 4.1), is slightly mobile in soils (log K, of 2.6 to 3.1)
(12, 19), and exhibits low-to-moderate persistence in the environment
(20). Fipronil degrades via photolysis, oxidation, pH-dependent
hydrolysis, and reduction to form four principal degradates:
desulfinylfipronil (desulfinyl), fipronil sulfone (sulfone), fipronil
amide (amide), and fipronil sulfide (sulfide). The fipronil degra-
dates tend to be more stable and persistent than the parent com-
pound (21, 22).

The toxicity of fipronil and its degradates to nontarget species,
such as aquatic invertebrates, is well documented (14, 15). Fipronil
is a neurotoxic compound that interferes with the passage of chloride
ions through the y-aminobutyric acid-regulated chloride channel
in insects, leading to hyperexcitation and mortality at sufficient
concentrations (20). Fipronil displays selective toxicity, whereby it
has a greater receptor-binding affinity for insects than mammals
(23). Fipronil degradates vary in their insecticidal activity, with sulfone
and sulfide having similar or greater toxicity to freshwater inverte-
brates than the parent compound, desulfinyl being intermediate in
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toxicity but less toxic than the parent, and amide being relatively
nontoxic (23, 24). Sensitivity of aquatic invertebrates to fipronil and
fipronil degradates varies widely within and among taxa groups
(15), in some cases by more than an order of magnitude (25). Last,
there is evidence that phenylpyrazoles could be more toxic to stream
ecosystems than previously thought (3).

Aquatic life benchmarks based on laboratory toxicity tests may
underestimate risks to field populations (26-28). Aquatic life bench-
marks are typically developed from single-species laboratory toxicity
tests that use one or a few aquatic invertebrate species (e.g., Diptera:
Chironomidae: Chironomus and Crustacea: Daphnia magna and
Hyalella azteca). These test organisms are typically more easily cultured
and, in some cases, less sensitive to contaminants than other benthic
macroinvertebrate taxa (e.g., Ephemeroptera: mayflies). For example,
D. magna is less sensitive to many metals than some insect species,
and H. azteca is less sensitive to the pyrethroid insecticide bifenthrin
than mayflies (29, 30). Another limitation of existing benchmarks is
the endpoints used in their calculation. Acute benchmarks are based
on mortality (or, for crustaceans, immobilization), and chronic
benchmarks are often based on sublethal endpoints (e.g., growth
and reproduction) when such data are available. However, there is a
wide range of sublethal effects, such as growth, emergence, paralysis,
and developmental delays, that can influence taxa success and com-
munity dynamics. As a result, although the benchmarks provide
context for biological importance of effects, their ecological relevance
as thresholds of toxicity is uncertain.

To better understand the effects of fipronil compounds on
benthic aquatic ecosystems (invertebrate and algal), natural benthic
communities were brought into a laboratory setting and exposed to
a gradient of concentrations of fipronil or one of the four fipronil
degradates during a 30-day stream mesocosm experiment. The
research goals were to generate species-specific 50% effect concen-
trations (ECsg values) for each fipronil compound for a broad range
of taxa that are representative of stream communities and to identify
contaminant-induced effects to community structure and function
[i.e., hazard concentration for 5% of affected species (HCs) and in-
direct effects such as altered emergence and trophic dynamics].
Mesocosm experiment-derived thresholds (compound-specific HCs
values) were then applied to field data collected by the U.S. Geological
Survey (USGS) from streams in five regions of the United States
(Northeast, Southeast, Midwest, Pacific Northwest, and California
Central Coast) as part of the USGS Regional Stream Quality Assessment
(https://webapps.usgs.gov/rsqa/#!/). To our knowledge, this is the
first ecological risk assessment to comprehensively investigate the
effects of fipronil compounds on benthic communities in a controlled
mesocosm setting and to then apply those results to a continental-
scale field assessment.

METHODS

Mesocosm methods

The 30-day mesocosm experiment was run at the USGS Aquatic
Experimental Laboratory (AXL), Fort Collins, CO, from 18 October
to 17 November 2017 (1 day for acclimation plus a 30-day experi-
ment). Methods have been previously described (29, 31) and are
detailed in the Supplementary Materials. The mesocosm setup con-
sisted of 36 recirculating stream mesocosms contained within four
Living Streams (a recirculating water tank). Each Living Stream was
equipped with a chiller to maintain water temperature and illuminated
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on a 16:8 light:dark cycle. The stream mesocosms were stainless
steel, suitable for the hydrophobicity of fipronil (log Koy, = 4.0) and for
use with organic cleaning solvents (fig. S1). Water for the mesocosm
experiment was collected from the Cache La Poudre River (headwaters
include Rocky Mountain National Park, National Forest, and the
Continental Divide) and stored in four polyethylene tanks at the
AXL. Previous assessment of sediment and water samples collected
from this site returned no pesticide detections (29).

The mesocosm experimental design consisted of 30 treatment
streams and 6 control streams. Treatment streams received treated
water, each consisting of an unreplicated constant concentration of
a fipronil compound: fipronil (Sigma-Aldrich, CAS 120068-37-3),
amide (Sigma-Aldrich, CAS 205650-69-7), desulfinyl [U.S. Environ-
mental Protection Agency (EPA) Pesticide Repository, CAS 205650-
65-3], sulfone (Sigma-Aldrich, CAS 120068-37-2), and sulfide
(Sigma-Aldrich, CAS 120067-83-6); all purities were >97.8%. Nominal
exposure concentrations ranged from 0.002 to 15.625 ug/liter
(fipronil and amide) and from 0.001 to 3.125 pg/liter (desulfinyl,
sulfone, and sulfide), chosen on the basis of published response
values (7, 15, 16, 18, 21, 23, 25, 32, 33). Concentrated stock solutions
were prepared by dissolving a fipronil compound in methanol
(Thermo Fisher Scientific, certified American Chemical Society
grade) and diluting with deionized water to the desired volume.
Because of the different amounts of methanol in a dose, methanol
was added to all treatment stream mesocosms and to three of the
control mesocosms as needed to ensure the same methanol concen-
tration (0.05 ml/liter) among stream mesocosms. The remaining
three control stream mesocosms received river water, no methanol,
and were otherwise treated as all other streams.

Temperature, pH, conductivity, and fipronil and fipronil degra-
dates were measured in the stream mesocosms on days 8, 16, and
26. To track degradation of the parent compound fipronil over the
duration of the mesocosm experiment, the fipronil (parent) treat-
ment stream mesocosms were sampled three additional days [days
5,12,and 21 (n = 6)] for temperature, pH, conductivity, fipronil, and
the fipronil degradates. Samples for pesticide analysis were collected
by filtering 10 ml of stream water through a Whatman 0.7-um GF/F
syringe filter equipped with a large-bore needle into a 20-ml amber
glass vial. Samples were immediately frozen and sent to the USGS
National Water Quality Laboratory (NWQL), Lakewood, CO, for
analysis. Fipronil and the four degradates were measured in water
samples by direct aqueous-injection (DAI) liquid chromatography-
tandem mass spectrometry (LC-MS/MS; Agilent 6495) using a
modification of a previously published method (34). Instrument
detection levels (IDLs) were estimated as the lowest calibration
standard that met qualitative identification criteria; IDLs were
0.005 pg/liter for fipronil amide and 0.001 pg/liter for the other four
fipronil compounds. A complete description of the method used to
measure fipronil compounds, including quality control and assur-
ance procedures (e.g., sample recoveries, spikes, third-party checks,
and blanks), is provided in the Supplementary Materials.

Enumeration and identification of adult and larval invertebrates,
major data collection endpoints, were completed at the end of the
30-day mesocosm experiment. Emergent adult insects were collected
daily from nets and frozen in clean 15-ml Falcon centrifuge tubes.
At the end of the experiment (day 30), the contents of each stream
mesocosm were scrubbed to dislodge any invertebrates and were sieved
(250 um) and preserved in 80% ethanol. Taxonomic identification
of larval and adult invertebrates was completed by Timberline
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Aquatics (Fort Collins, CO) to the lowest taxonomic level possible,
typically species. Chlorophyll a was measured in every stream
mesocosm on days 9, 19, and 29 in triplicate. All chemical and bio-
logical data generated as part of the mesocosm experiment are
provided in the companion data release (35).

Field methods

Ecological surveys, with pesticides monitored during a prior index
period, were conducted in small (wadeable) streams in five major
U.S. regions. Briefly, 77 to 100 sites in each region (444 sites total)
were selected on the basis of both agricultural and urban land uses
(36-40). One water sample was collected weekly at each site during
spring-summer of 1 year (2013-2017) for an index period of 4 to
12 weeks, depending on region and development intensity, except for
11 Northeast sites with little development in the watershed at which
only one sample was collected. Because the monitoring period for
pesticides varied among regional studies, for purposes of comparison,
only the last four samples collected at each site are considered here;
the single samples collected at the undeveloped Northeast sites
(n =11) are assumed to be representative of this 4-week sampling
period. This approach results in a consistent number of observa-
tions of pesticides (except for the 11 sites in the Northeast) and a
consistent duration of observations; 4 weeks was considered long
enough for chronic exposures to biota and short enough that eco-
logical communities should not have recovered from the exposures.

Where streamflow was sufficient, water samples were collected by
an isokinetic, equal-width increment method (41). When stream-
flow was insufficient for this method, samples were collected either
by a depth-integrated sample or by a grab from the centroid of flow.
A large-bore syringe and disk filter (0.7 pm) were used to collect
10 ml of filtered sample (42). Water samples were analyzed at the
NWQL for 225 pesticides and pesticide degradates, including fipronil
and seven degradates (desulfinylfipronil, fipronil sulfide, fipronil
sulfone, dechlorofipronil, desulfinylfipronil amide, fipronil amide,
and fipronil sulfonate), by DAI LC-MS/MS (34). Typical minimum
reporting levels in the field study were 0.004 pg/liter for fipronil,
desulfinylfipronil, fipronil sulfide, fipronil sulfone, and dechlorofipronil;
0.009 pg/liter for desulfinylfipronil amide and fipronil amide; and
0.096 pg/liter for fipronil sulfonate.

Invertebrate communities were sampled at the end of each re-
gional study (spring/summer), typically, coincident with the last
pesticide sampling event. Sampling was timed to coincide with low-
flow conditions following the growing season and high pesticide
use and with the time when stream invertebrate communities are
mature and predominantly in the larval life stage. Invertebrate com-
munity sampling was completed at 437 of the 444 sites using a Surber
sampler or D-frame net with 500-um mesh openings. Sampling
methods are described in detail in the Supplementary Materials. All
invertebrates were identified and enumerated generally at either
genus or species level at the NWQL. All chemical and biological data
collected in the field and used in this manuscript can be found in the
companion data release (35).

Data analysis

Effect concentrations at which there was a 20 or 50% reduction in
larval invertebrates relative to controls (i.e., EC, and ECsg) were
calculated for each of the five fipronil compounds used in the mesocosm
experiment. The data [x = time-weighted fipronil concentration
(see the Supplementary Materials for details), y = larval abundance
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or other metric] were fit in R (43) extension package “drc” using a
three-parameter logistic regression (44). Curves were fit to all (larvae)
individual species with adequate abundance and to additional met-
rics of interest (e.g., taxa richness, total mayfly abundance, and total
abundance) to further understand community effects. Model fit
was assessed using the Nash-Sutcliff coefficient (45), where a poor
model fit can receive infinitely negative values and a perfect fit
receives a value of 1.

To explore the effects of fipronil compounds on insect emergence
in the experiment, data were evaluated in two ways. First, the cuamu-
lative daily emergence (count of all individuals) of insects from each
stream mesocosm was normalized to controls by subtracting the
mean emergence in the control stream mesocosms from the emergence
in each treatment stream mesocosm. These values were plotted
against time to understand how emergence in the treatment stream
mesocosms deviated from the control stream mesocosms over the
30-day experiment. Second, the percent total emergence for each
stream mesocosm, defined as the ratio of the total number of emergers
from a given stream mesocosm to the mean number of larvae and
adults in the controls, was calculated and fit to a three-parameter
logistic regression. All emergent insects collected were from two
subfamilies of the family Chironomidae and therefore were com-
bined for analysis.

Changes to community structure, such as taxa loss, can culminate
from direct and indirect effects of a toxicant and can result in changes
to community function (e.g., a trophic cascade). To test for a trophic
cascade, a simple network of cause-effect relationships was evaluated
using a path-analytic approach (R package “piecewiseSEM”) (46).
For the mesocosm experiment, the presence of fipronil, desulfinyl,
sulfide, and sulfone (amide was not tested) in water was hypothe-
sized to reduce the biomass of scrapers, indirectly causing an increase
in the biomass of chlorophyll a (47). Compound concentrations
were the predictor variables, and scraper and chlorophyll a biomass
were response variables. The Fisher’s C statistic was used to assess
model fit such that P values of <0.05 indicate a good model fit (46).

To develop a risk-based threshold protective of ecological com-
munities, chronic species sensitivity distributions (SSDs) and hazard
concentrations protective of 95% of the affected species (HCs) were
derived for each compound. Three SSD datasets were generated:
(i) a mesocosm-only dataset, (ii) a dataset inclusive of all the mesocosm
data combined with that collected from a query of the EPA ECOTOX
database (https://cfpub.epa.gov/ecotox/, accessed 14 March 2019)
with a study duration of 4 days or longer, and (iii) a dataset inclusive
of all the mesocosm data and the ECOTOX data where the ECOTOX
data (acute exposures) were divided by the acute-to-chronic ratio
for D. magna (19.39) as a means to account for differences in expo-
sure duration and to approximate chronic ECs values (12). Our
purposes in generating multiple SSD models were (i) to develop
HCs5 values for comparison with field data (mesocosm-only SSD)
and (ii) to evaluate the robustness of mesocosm data relative to data
resources more broadly accepted by regulators for inclusion into
aquatic life benchmarks and criterion development and thus the
utility of mesocosm studies for use in regulatory processes.

SSDs were developed for each dataset using the R package
“ssdtools” (48); mean HCs values and confidence intervals (Cls)
were estimated from the SSDs using a bootstrapping (n = 10,000)
procedure. Forty-nine taxa responses developed from this study (all
taxa identified to genus or species) were combined with 32 taxa re-
sponses compiled from six published studies found in the ECOTOX
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database, combining for a total of 81 taxa responses for use in SSD
development. No SSD was developed for amide, as no data were
found in the ECOTOX database for amide, and only one ECs re-
sponse was derived from the current study. While only 1 ECs for
desulfinyl was found in the ECOTOX database, 12 ECs, values were
generated by the current study; therefore, SSDs were developed for
desulfinyl.

The fipronil compound-specific HC5 values derived from the
mesocosm-only SSD dataset were combined with field data to esti-
mate exposure and potential toxicity to fipronil compounds in the
444 streams from the five U.S. regions assessed. Each detected con-
centration (nondetections treated as zeros) of a fipronil compound
during the final 4-week sampling window was divided by its respec-
tive HCs, and the compound ratios for each sample were summed
to obtain the total toxic units for fipronil(s) (2T Ug;pronils) for that
sample, where ZTUFipronils > 1 indicates toxicity.

The degree to which the SSD derived from the mesocosm data
reflects the broader ecological community sensitivity to fipronil(s)
was evaluated by comparing the hazard concentration for 50% of
affected species (HCsg) to the ECsg value for taxa richness devel-
oped from the mesocosm experiment. This comparison allows eval-
uation of the agreement between the SSD approach, which includes
only those taxa responses with dose-response relationships, and the
ECs50 approach using the metric taxa richness, which includes all
unique taxa observed in the mesocosms, including those that did
not have a dose-response relationship.

A Species at Risk for pesticides (SPEARcgticides) metric was cal-
culated to investigate the relation between the health of the inverte-
brate community and ZTUfipronils at the 437 stream sites where
invertebrates were collected. The SPEAR cgticides Metric converts
invertebrate composition into an abundance metric for taxa with
physiological and ecological traits that confers susceptibility to pes-
ticides. The SPEAR cgicides metric is insensitive to natural covariates
(49, 50), although its performance can be affected by severe habitat
degradation (51). The field-collected abundance data for each taxo-
nomic unit were harmonized with the taxa key values associated with
the ASTERICS software for assessing the ecological quality of rivers
(https://gewaesser-bewertung-berechnung.de/index.php/home.html).
The data then were imported into the Indicate (http://systemecology.
eu/indicate/) software (version 18.05) where, using a European trait
database and a database of physiological sensitivity to pesticides, the
data at each site were converted into a SPEAR esticides metric. General-
ized additive models (GAMs) [“mgcv” package in R (52)] were
used to explore associations between the SPEAReticides metric
and XTUgipronils [10g10(X + 1)-transformed] for each of the five re-
gional studies. Further details on the SPEARcgticides metric and
for data analysis can be found in the Supplementary Materials.

RESULTS

Mesocosm results

Water quality metrics were consistent across each stream meso-
cosm and throughout the duration of the mesocosm experiment.
Mean temperature, pH, and conductivity were 13.1°C (+ 0.27°C),
7.8 (+ 0.12), and 54.1 (+ 2.1) uS/cm, respectively (35). Dissolved
organic carbon measured in the clean river water was 3.1 mg/liter,
and dissolved oxygen was close to saturation in the subset of stream
mesocosms deployed with MiniDOT loggers (mean > 8.0 mg/liter),
indicating sufficient stream circulation.
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Quality control and quality assurance data on fipronil(s) are pre-
sented in the companion data release (35). Briefly, laboratory matrix
spike and mesocosm sample recoveries were generally within accept-
able limits (70 to 130% recovery), IDL standards confirmed the
quantitation method, and laboratory and instrument blanks were
generally clean, with the few exceptions to these generalizations dis-
cussed in the Supplementary Materials.

Measured concentrations of fipronil(s) were generally below
target (fig. S2), as expected because of system design (4 to 10 days
are necessary to achieve steady state under ideal conditions) (30).
Concentrations of desulfinyl and amide were less variable over time
than the other fipronil compounds, and, except for low-concentration
treatments for sulfone and sulfide, within-treatment variability in
concentration was less than differences among treatments. Time-
weighted average measured concentration ranges for each treat-
ment group were as follows: fipronil, IDL to 9.07 pg/liter; desulfinyl,
IDL to 2.15 pg/liter; amide, IDL to 4.17 pg/liter; sulfide, IDL to
0.57 pg/liter; and sulfone, IDL to 1.13 pg/liter (35). Some stream
mesocosms had detections of nontarget fipronil compounds, i.e., a
compound not spiked into a particular treatment, but known to be
a degradate of the treatment compound. Mesocosms treated with
the parent compound fipronil had the greatest number of nontarget
degradate detections (desulfinyl, amide, sulfide, and sulfone, when
not used as the treatment compound); these likely are the result of
compound impurity arising during manufacturing, and (or) degra-
dation processes occurring during storage of stock solutions and
(or) during the mesocosm experiment, rather than cross contami-
nation. There were no trends in degradate concentrations observed
in the fipronil treatment. Nontarget degradate compounds were
detected most frequently in stream mesocosms with the highest
treatment concentrations but at concentrations less than the effect
concentrations for these nontarget compounds (see effect concen-
trations in the next section). Thus, because nontarget degradate
compounds generally were not detected in the lowest fipronil treat-
ments and because detections were less than effect concentrations
in the highest treatments, the effect of these nontarget compounds
on analysis was concluded to be minimal.

Benthic macroinvertebrates in the mesocosm experiment were
sensitive to fipronil, desulfinyl, sulfone, and sulfide [table S1; raw
abundance data available in the companion data release (35)].
Fipronil amide was toxic (lethal) only to the mayfly Rhithrogena sp.,
which had an ECs of 2.05 pg/liter [+10.8 (SE)]. Dose-response curves
were generated for the 15 unique taxa that exhibited mortality with-
in the range of concentrations tested (table S1) and for aggregated
taxonomic groups such as mayflies (fig. S3) and taxa richness (Fig. 1).
Ranges of effect concentrations (ECs) for unique taxa were 0.005 to
0.364, 0.002 to 0.252, 0.002 to 0.061, and 0.005 to 0.043 ug/liter for
fipronil, desulfinyl, sulfone, and sulfide, respectively, with the most
sensitive taxa (e.g., Rhithrogena sp. and Sweltsa sp.; fig. S4) affected
at lower concentrations than the more tolerant taxa (e.g., Micropsectra/
Tanytarsus and Lepidostoma sp.) (table S1). On the basis of the
mean of ECsy values presented for each compound in table S1,
sulfone and sulfide were the most potent compounds, whereas inver-
tebrates were generally least sensitive to desulfinyl (amide excluded).
Aggregate measures of ecological condition, such as taxa richness,
total abundance, total mayflies, and total stoneflies, included taxa
and abundances for some taxa so rare in the mesocosms that indi-
vidual dose-response curves could not be calculated. Thus, these
ecological metrics include taxa responses not included in the SSD.
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Fig. 1. Response of larval aquatic macroinvertebrates to fipronil and fipronil degradates in a mesocosm experiment. Taxa richness (larvae) as a function of
(A) fipronil, (B) desulfinyl, (C) sulfone, and (D) sulfide concentration fitted with a three-parameter logistic function. Each data point represents larvae from an individual
stream mesocosm at the end of the 30-day mesocosm experiment. Taxa richness is a count of unique taxa within each stream. Concentration values are time-weighted
averages of observed concentrations in each stream mesocosm measured at the end of the 30-day experiment. Fipronil amide (not shown) did not have a relation with
taxa richness. Note that the x axes are on the log scale. ECyo and ECso with SEs are reported in table S1.

Chironomidae emergence rates declined at the highest concen-
trations of all five fipronil compounds tested; a 50% decline in percent
emergence (ECsg) was observed at concentrations of 0.03, 0.06, 0.11,
0.78, and 0.97 pg/liter for sulfide, sulfone, fipronil, amide, and de-
sulfinyl, respectively (Fig. 2 and fig. S5). Emergence was delayed in all
fipronil, desulfinyl, sulfone, and sulfide treatments for most of the 30-day
experiment and was suppressed except in some low-concentration
treatments (Fig. 2). In the amide treatments, cumulative emergence
was greater than the controls for the 0.286 pg/liter concentration through-
out the experiment, the highest concentration (4.164 pg/liter) sup-
pressed emergence throughout the experiment, and the intermediate
treatments had emergence similar to that of the controls (Fig. 2).

Dose-response curves showed structural changes at the community
level in addition to taxa losses. Specifically, mayfly abundance (fig. S3)
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and taxa richness (Fig. 1) showed a clear dose-response relation to
fipronil, desulfinyl, sulfone, and sulfide within the concentration range
tested. We therefore explored how these structural changes might
result in changes in community function by testing for a trophic
cascade. Aquatic invertebrate exposure to fipronil, desulfinyl, sulfide,
and sulfone caused direct negative effects on scraper biomass (Fig. 3).
Controlling for this negative effect of fipronil(s) on scraper biomass,
scrapers also negatively affected chlorophyll a biomass (Fig. 3). The
result of these negative path coefficients was net increases in chloro-
phyll a as fipronil and degradate concentrations increased. These
fully mediated path models indicate that an increase in fipronil or
fipronil degradate results in a proportionate increase in chlorophyll
a (Fig. 3). The direct effect between fipronil or degradate concentra-
tions and chlorophyll a biomass was a priori hypothesized to be
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Fig. 2. Cumulative emergence of adult aquatic insects (Chironomidae) from mesocosm experimental treatments. Cumulative emergence is the mean cumulative
daily insect emergence from each treatment minus the mean cumulative daily emergence from control stream mesocosms for (A) fipronil, (B) desulfinyl, (C) sulfone,
(D) sulfide, and (E) amide. n =1 except for control (n = 6). Concentration values are time-weighted averages of observed concentrations in each stream mesocosm.
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Fig. 3. Structural equation models for indirect effects of fipronil, sulfide, desulfinyl, and sulfone on scraper and chlorophyll a (Chl a) biomass. Fipronil(s) signifi-
cantly reduced the biomass of grazing (scraper taxa as larvae) taxa (direct effect) but had no direct effect on the biomass of chlorophyll a. However, a strong indirect effect
of fipronil(s) was that the biomass of chlorophyll a increased in response to less grazing. Arrows indicate standardized path coefficients, and negative signs (-) indicate

direction of association. * indicates level of significance.

zero because fipronil compounds are insecticides, with low direct
toxicity to algae (for example, the EPA acute nonvascular plant
benchmark is 100 pg/liter for fipronil, desulfinyl, sulfone, and sulfide;
https://epa.gov/pesticide-science-and-assessing-pesticide-risks/
aquatic-life-benchmarks-and-ecological-risk), and all results (sig-
nificant models) supported this assumption.

The three SSDs (mesocosm-only, mesocosm plus ECOTOX data,
and mesocosm plus ECOTOX data corrected for differences in ex-
posure duration) yielded nominally different HCs values (table S3),
but results were within an SE of one another. We focus on the
mesocosm-only data SSD and the associated HCs values for the re-
mainder of the study. Refer to the Supplementary Materials for a
more complete description of the three SSD evaluations (tables S2
to S5 and figs. S6 and S7). The best-fit data distributions (lowest
Akaike Information Criterion score) used in the mesocosm-only
SSD plots for the four fipronil compounds (Fig. 4) were the log-
gumbel for fipronil and sulfone, weibull for sulfide, and gamma
for desulfinyl (table S3). HCs values derived for each compound are
reported in Fig. 4 for mesocosm-only data and in table S3 where
HCs values from all three SSD datasets are reported. The HCs values
for fipronil, sulfide, sulfone, and desulfinyl [22.1 + 8.78 ng/liter
(95% CI, 11.4 to 46.2), 16.9 + 3.38 ng/liter (95% CI, 11.2 to 24.0),
8. 80 + 2.66 ng/liter (95% CI, 5.44 to 15.8), and 83.4 + 32.9 ng/liter
(95% CI, 36.4 to 163), respectively] were substantially lower than
the ECs values for taxa richness (total number of unique taxa) for
those compounds (table S1; note reported as micrograms per liter in
the Supplementary Materials table).

Field results

Fipronil (parent) was detected at 22% of the 444 field sampling sites
from the five regional studies (Table 1). Fipronil, sulfone, and amide
were detected with similar frequencies (18 to 22% of samples), sul-
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fide and desulfinyl less often (11 to 13%), with the remaining degra-
dates detected rarely (1% or less) or never (Table 1). Fipronil was
most frequently detected in the Southeast (52% of sites) and least
frequently in the Northwest (9% of sites), highlighting the variability
in phenylpyrazole use and potential stream vulnerability across the
country. Degradates generally showed a similar regional pattern,
with the highest detection frequencies in the Southeast and lowest
in the Northwest or Coastal California. Measured concentrations
were highest for fipronil amide, followed by the parent compound
fipronil (90th percentile = 10.8 and 6.3 ng/liter, respectively)
(Table 1) (35). The highest maximum concentrations (in the last
4 weeks of samples) were measured in the Southeast for fipronil
(61.4 ng/liter), desulfinyl (10.6 ng/liter), and sulfide (8.0 ng/liter),
and in the Midwest for sulfone (15.7 ng/liter), amide (42.7 ng/liter),
desulfinylfipronil amide (14 ng/liter), and fipronil sulfonate (8.1 ng/liter)
(35). Fipronil sulfone was the only compound observed at concen-
trations that exceeded the HC;s (Table 1). Mean T Ugipronis ranged
widely among regions (Table 1). Nationwide mean ZT Ugipronils Was
0.62 (all sites, all regions), while 71 sites (16%) had ZTUgipronits > 1,
indicating likely toxicity to benthic macroinvertebrates. There was
a significant relation between SPEARcgicides and X T Ugipronils in four
of the five regions studied (all but the Midwest), with adjusted R* rang-
ing from 0.07 in Coastal California to 0.34 in the Southeast (Fig. 5).

DISCUSSION

The adverse effects of fipronil on nontarget aquatic species are well
documented (15, 21, 24, 25, 32, 33), but this is the first study in
which communities of sensitive taxa were exposed to fipronil com-
pounds in a controlled laboratory setting and the results were ex-
trapolated at the continental scale. The results of the 30-day mesocosm
experiment were able to generate effect concentrations not previously
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Fig. 4. Species sensitivity distributions for larval macroinvertebrates exposed to fipronil and fipronil degradates in a mesocosm experiment. Species sensitivity is
depicted as taxa ECsq values when exposed to (A) fipronil, (B) desulfinyl fipronil, (C) fipronil sulfone, (D) fipronil sulfide for 30-days in a mesocosm experiment. Blue dashed
lines indicate 95% Cls. Horizontal dashed lines indicate the HCs. HCs values in nanograms per liter derived for each compound were as follows: fipronil, 4.56 ng/liter (95% Cl,
2.59 to 10.2); sulfide, 3.52 ng/liter (1.36 to 9.20); sulfone, 2.86 ng/liter (1.93 to 5.29); and desulfinyl, 3.55 ng/liter (0.35 to 28.4). Note that the x axes are on the log scale.

reported in the literature for 15 discrete aquatic insect taxa (table
S1), where aquatic insects are notedly underrepresented in toxicity
databases (53, 54). Taxon-specific dose-response curves (e.g., ECso)
are reflected in community-level changes, such as losses in taxa
richness and mayfly abundance, and in functional changes (e.g.,
trophic cascade and altered emergence). Mesocosm-derived effects
were extrapolated to the field, where field-measured fipronil con-
centrations were correlated with declines in aquatic ecosystem con-
dition in wadeable streams in four of five U.S. regions studied.

The HCs values protective of 95% of species from the mesocosm
experiment indicate that aquatic macroinvertebrate communities
overall are substantially more sensitive to fipronil compounds than
previously understood. The HCs values derived (fipronil, 4.56 ng/liter;
desulfinyl, 3.55 ng/liter; sulfone, 2.86 ng/liter; and sulfide, 3.52 ng/liter)
are a few times (fipronil) to more than three orders of magnitude
(desulfinyl) lower than the current EPA chronic invertebrate
benchmarks [fipronil, 11 ng/liter; desulfinyl, 10,310 ng/liter; sulfone,
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37 ng/liter; and sulfide, 110 ng/liter (8)]. The mesocosm experiment
identified numerous taxa that are more sensitive to fipronil(s) than
indicated by the EPA chronic invertebrate benchmarks (4 taxa
more sensitive to fipronil, 13 to desulfinyl, 11 to sulfone, and 13 to
sulfide) (Fig. 4 and table S1). This indicates that the benchmarks are
not protective of several species observed in the mesocosms, species
that also occur ubiquitously in aquatic ecosystems. The disparities
between our results and current benchmarks largely result from a
lack of fipronil toxicity test data available for a range of aquatic in-
sect taxa, especially for exposures longer than 4 days and for the
fipronil degradates. Most of the insects in the invertebrate commu-
nities used in the 30-day mesocosm experiment are more sensitive
to fipronil(s) than the common test organism H. azteca (a crustacean),
even after correcting ECsos for H. azteca to convert from an acute
(typically 96 hours) to a chronic duration of exposure (fig. S7). Better
agreement occurred between the mesocosm experiment and
studies reported in ECOTOX that used the standard test organism
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Table 1. Characteristics (90th percentile concentration, detection frequency, and potential toxicity) of fipronil compounds detected in 444 wadeable
streams across the continental United States by region (35). *Compounds used in the mesocosm experiment. tZTUFipronilss Median of the sum of toxic units
[observed field concentrations for four fipronil compounds/hazard concentration for the fifth percentile of affected species from the SSDs (Fig. 4) for each
compound] for fipronil(s) calculated for weekly samples from the last 4 weeks of pesticide samples collected at each site. tNumber of sites where pesticides
were measured. §The 90™ percentile was derived from the site maximum observed concentration during the last 4 weeks of pesticide sampling. || Percentage of
samples with detections. 1The 95% Cls for HCs values (Fig. 4 and table S3, mesocosm-only) were used to calculate Cls. Dechlorofipronil was analyzed in all

regions and never detected. ND, not detected.

. . . . . . . Desulfinyl . . .
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percentile 6.3 2.2 2.0 4.2 10.8 ND ND
concentration
(ng/llter)§
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Mldw
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Califorpia 19% 4% 8% 11% 14% ND ND 0.40 (0.18-0.85) 12% (6-18%) 85

[

(2017)

Chironomus dilutus, an insect. It should be no surprise that aquatic
insects are particularly sensitive to insecticides. Where no adjustment
was made for exposure duration, combined data from the mesocosm
experiment and the ECOTOX database showed that numerous taxa
were observed to be more sensitive to fipronil compounds than
C. dilutus (fig. S6). However, with adjustment for the duration of
exposure, C. dilutus was the organism most sensitive to fipronil
(parent) and sulfide, although not to sulfone (fig. S7). These results
illustrate the importance of including a broad range of types of
aquatic organisms, including a diversity of insects, to generate real-
istic insecticide concentrations that are protective of aquatic life.
The SSD approach may be protective of rare or insensitive taxa
for which an ECsy could not be determined, e.g., Cinygmula sp.,
Isoperla fulva, and Brachycentrus americanus. The ECs values for
taxa richness and mayfly abundance, which reflect changes in com-
munity composition, were concordant with the HCsq values from
the SSDs for fipronil, sulfone, and sulfide. This agreement supports
the idea that the SSD approach for deriving thresholds can be pro-
tective of entire communities, including rare or insensitive taxa
present in the community. Aquatic life thresholds determined from
SSDs that are based on only a small number of taxa or insensitive
taxa may be greatly underprotective of aquatic ecosystems. This is
the case for desulfinyl (fig. S6B), for which a dearth of data in the
ECOTOX database results in the EPA chronic invertebrate bench-
mark of 10,310 ng/liter, about four orders of magnitude higher than
the HC; of 3.55 ng/liter that results from the diverse set of taxa re-
sponses generated in the mesocosm experiment. The lack of toxicity
data is particularly problematic for the degradate compounds
(fig. S6) and may explain why existing aquatic life benchmarks for
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sulfone and sulfide are about 15 to 30 times less sensitive, respec-
tively, than mesocosm-based SSD HCs values. A benefit of the
mesocosm approach is the determination of multiple ECsg values in
a single experiment sufficient to comprise an entire SSD (e.g., de-
sulfinyl; Fig. 4B and figs. S6B and S7B) with numerous responses for
taxa native to the ecosystem to be protected.

The mesocosm experiment demonstrated that fipronil and its
degradates can have marked sublethal and indirect adverse effects
on community function. Insect emergence in the mesocosm exper-
iment was affected by all five fipronil compounds tested. The con-
trasting results between the highest and lowest concentrations—
suppression and stimulation of emergence of individuals or a
change in the timing of emergence—are consistent with results re-
ported previously for mesocosm experiments with the insecticide
bifenthrin (29). Emergence of adult insects provides important eco-
logical functions that can be altered by contaminants like fipronil(s)
(55, 56). Synchronous emergence is essential not only for insect
reproduction and population persistence but also as a supply of
mature insects that serve as food to aquatic and terrestrial animals
(56). Prevention of emergence can adversely affect the exchange of
food between aquatic and riparian ecosystems and propagate the
effects of aquatic contaminants into terrestrial ecosystems (55, 56).
The decrease in the abundance of scrapers (algae-eating insects)
observed in the mesocosm experiment resulted in an increase in
chlorophyll a because of reduced consumption of algae (Fig. 3).
This trophic cascade, which altered carbon and nitrogen flow with-
in the stream food web, is similar to that observed in a study that
evaluated the effects of the pyrethroid bifenthrin on benthic communities
(29). Thus, phenylpyrazoles, such as fipronil and its degradates,
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Fig. 5. Species at Risk pesticides metric (SPEARpesticides) versus the sum of toxic units for fipronil(s) (ETUFipronils) at streams sampled in five regional studies (36-40).
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pyrethroids, and perhaps other classes of insecticides may contribute
indirectly to increases in algal biomass and to other effects of carbon
and nitrogen perturbations in small streams, which may extend to
disruption of carbon and nitrogen cycling between aquatic and ter-
restrial ecosystems.

The information gained from the mesocosm experiment allowed
us to assess the ecological relevance of concentrations of fipronil
compounds measured in a large-scale field study in five regions of
the United States. Seventeen percent of the 444 small streams sampled
had an average (mean value over a 4-week period) concentration of
one or more fipronil compounds in excess of an HCs value derived
from the mesocosm experiment. The SSDs from the mesocosm ex-
periment were used to convert measured fipronil compound con-
centrations to a toxicity-relevant metric, the sum of toxic units
(ETUFipronils), for which a value of 1 indicates toxicity or cumulative
fipronil compound exposures in excess of values known to protect
95% of species. The significant relation between ZTUgipronils and the
SPEARpesticides metric of invertebrate community health in four of
the five regions indicates that fipronil may be adversely affecting
benthic invertebrate communities in streams from multiple regions
of the United States. These results support the supposition of
Wolfram et al. (3) that phenylpyrazole insecticide risks to U.S. sur-
face waters are underappreciated because effects to aquatic insects
occur below current regulatory thresholds.

Most of the streams where fipronil(s) exceeded toxic levels were
in the relatively urbanized Southeast region (https://webapps.usgs.
gov/rsqa/#!/region/SESQA). Previous assessments of this region have
not only concluded that fipronil was a primary stressor affecting
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invertebrate community structure in small streams but also cited
low dissolved oxygen, elevated nutrients, flow alteration, habitat
degradation, and other pesticides and classes of contaminants as
important stressors (57). This mix of stressors is consistent with
“urban stream syndrome,” the commonly observed degradation of
stream ecosystems associated with urban land use (58, 59). The
Southeast region has a growing urban land-use signature that is
projected to increase as the population of the region grows. Future
urban development and effects from pesticides in urban runoff are
forecast to increase (4). If urbanization and fipronil use continue to
grow, urban uses of this insecticide may increasingly affect stream
communities. Although meta-analyses have concluded that agricul-
tural insecticide use threatens stream ecosystems globally (2, 60),
we postulate that these assessments have underestimated the total
global impact of insecticides by excluding urban uses.

Multiple stressors including pesticides can affect macroinverte-
brate communities in developed watersheds (urban, agricultural, and
mixed land uses) and may be correlated with land use (58, 59, 61).
While this study used the SPEAR esticides metric and fipronil(s) toxicity
signature specific to aquatic organisms to minimize the influence of
confounding factors, the performance of the SPEAR pesicides metric can
be influenced by degraded habitat and fipronil(s) can be correlated
with other pesticides (4, 17, 51, 57). However, multistressor models
developed using field measurements from the first two regional
studies (Midwest and Southeast) showed that insecticides were
important instream stressors for macroinvertebrate community
condition in wadeable streams. Important explanatory variables in
these models included pesticides (especially bifenthrin), nutrients,
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and habitat characteristics in largely agricultural streams of the
Midwest and pesticides (especially fipronil), dissolved oxygen,
nutrients, and flow alteration in largely urban streams in the Southeast
(61, 62). Thus, while the regional studies attempted to address the
influence of non-pesticide stressors on the response metrics and
tailored the predictive metric to describe the effects due to fipronil(s),
the field results in the present investigation support the idea that
fipronil(s) should be considered among the most influential stressors
of U.S. streams, particularly in the southeastern United States.

The occurrence of pesticide degradates in the environment is
poorly documented but may present a greater threat to aquatic
organisms than the more commonly measured parents. In the case
of fipronil, the field study and mesocosm experiment demonstrate
that the degradates are as pervasive in the streams sampled as the
parent and are equally or more toxic (Table 1). Fipronil sulfone, in-
dicated by the mesocosm experiment to be one of the most toxic of
the pesticide degradates studied and more toxic than the parent
compound, was detected in streams at a frequency similar to that of
the parent. Potentially toxic events may go unnoticed if only parent
pesticides are measured, and the relative lack of toxicity informa-
tion on pesticide degradates means that their occurrence and con-
sequences, may be overlooked. For example, a comprehensive as-
sessment of pesticides in Swiss streams that included 134 pesticide
degradates considered only parent compounds in their ecotoxicolog-
ical risk assessment because of insufficient information on the tox-
icity of the degradates (63).

The results of this ecological risk assessment indicate that fipronil
compounds adversely affect stream health, and it is reasonable to
infer that adverse effects can be observed anywhere fipronil com-
pounds exceed the HCs levels reported here. The mesocosm exper-
iment results, which are independent of location, indicate that
many stream taxa are sensitive to a much lower concentration of
fipronil and its degradates than previously documented. We believe
that this finding likely can be extended to native taxa from pristine
streams in any location. The application of the mesocosm experiment
results to a large-scale field study—444 small streams across five
major U.S. regions composed of urban, agriculture, and mixed land
uses—and the finding that many streams in which fipronil was de-
tected had concentrations predicted to cause toxicity indicates that
these results may be extended to other countries in which fipronil is
in use. Fipronil use has been reported to be increasing in Japan and
Great Britain, as well as in the United States (7). Fipronil is used on
virtually every continent, including Australia, South America, and Africa
(https://coherentmarketinsights.com/market-insight/fipronil-
market-2208). The results of the mesocosm-to-field study presented
here indicate that fipronil use may have ecological implications on
a global scale.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/43/eabc1299/DC1
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