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Piscicides and Invertebrates:

After 70 Years, Does Anyone Really Know?

ABSTRACT: The piscicides rorenone and antimyein have been used for
more than 70 vears to manage fish populations by eliminaring undesirable
fish species. The effects of piscicides on aquaric invertebrate assemblages
are considered negligible by some and significant by others. This difference
of opinion has created contentious simations and delayed native fish
restoration projecrs. We review rthe scientific evidence and reporr thar
short-term (< 3 months) impacts of piscicides ro invertebrate asscmblages
varied from minor to substantial and long-term (> | vear) impacts
are largely unknown. Recovery of inverrebrare assemblages following
trearments ranged from a few months for abundances of common raxa to
several years for rarer taxa. Variation in reporred effecrs was primarily due
1o natural variation among species and habirars and a lack of adequate
pre- and post-rrearment sampling which prevents determining rhe true
impacts to invertebrate assemblages. The facrors most likely to influence
impacts and recovery of aquaric invertchrare assemblages following
piscicide trearments are: (1) concenrrarion, duration, and breadih of
the piscicide rrearment; (2} invertebrate morphology and life history
characreristics, including surface area to volume rarios, rype of respiration
argans, generation time, and propensity o disperse; (3) refugia presence;
and (4) distance from colonizarion sources.

Piscicidas e invertebrados:
después de 70 afios
;Realmente alguien sabe?

RESUMEN: Los piscicidas rotenona y antimicina han sido urilizados
por mds de 70 afios para mancjar poblaciones de peces, eliminando
especies indeseables. Para algunos autores los efecros de los piscicidas
en las asociaciones de invertebrados acuiticos son considerados como
insignificanres sin embargo, para otros, sun imporranres. La diferencia entre
las opiniones ha creado una situacidn rirante, retrasando asi los proyecros
de restauracion de peces nativos. Revisando la evidencia cientifica, se
encontrd que en el corro plazo (<3 meses) los impactos de los piscicidas en
las asvciaciones de inverrebrados varid de menor a sustancial, y en el largo
plazo (=1 ano) los impacros son bisicamente desconocidos. Tras recibir los
tratamnientos, la recuperacion de dichas asociaciones fue de pocos meses
para los raxa méds abundante hasra varios afios para los taxa mds raros. La
variacidn en los efectos reportados se debio principalmente a la variacion
natural entre especies y habirats y a la falta de un adecuado muesrreo pre
y post-rratamicnto. Los factores que mas probablemente determinen el
impacro ¥ recuperaciin de las asociaciones de invertebrados después del
tratamiento con piscicidas son: (1) concentracién, duracion y especero del
tratamicnto de piscicida; {2) la morfologia de los inverrebrados asi como
las caracteristicas de su historia de vida, incluyendo la mazon superficie-
volumen, tipo de drganos respiratorios, tiempo generacional y propensidn
a la dispersidn; (3) presencia de refugios; v (4) distancia hacia las dreas de
colonizacion.
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INTRODUCTION

The piscicides rotenone and antimycin A (hereal-
ter antimycin} have been used lor more than 70 years
to manage fish popularions by eliminating undesir-
able fish species (McClay 2000}, While piscicides are
intended to control and eradicate fish, they can also
be toxic to non-target aquaric bioa, such as inverte-
brates and amphibians. Impacts on aguatic inverie-
brawes are a concem because of their role in ecosystem
processes and their importance as food sources for
fish. A popular belief among fisheries profesion-
als has generally been dust impaces w0 invertebraes
are minimal and short-term. This view is frequently
repeated in both professional society publications
(g, Finkayson et al. 2003), sportsmen-oriented pub-
lications (e.g., Willbuns 2002, 2007), and in piscicide
project planning documents. Alternatively, others,
such as the Center for Biological Diversity (2003),
have claimed that piscicides cause irrevocable dam-
ape. This difference of opinion has led w livigadon
and cavsed delays i native fish restoration projects
{Finlayson et al. 2005). We sugpest that the e
impacts of rotenone and antimycin on invertebrae
populations are nocwell known. The objective of this
article is to review published studies on the effeces of
rodenone and antimycin on invertebrate assemblages.
Lasily, we provide some recommendations on sam-
pling schemes 1o allow for more robust analyses of
piscicide cffecrs.



HOW PISCICIDES WORK 4

Antimycin and rotenone belong o
a class of chemicals known as oxidative
phosphorylation  inhibitors or uncou-
plers. These affect toxicity through
distupting cellular respitarion {enerpy
generacion) in the mitochondria, bur ac
slightly different sies in the respiratory
chain. Rotenone is a naturally occurring
compound found in many plants within
the family Leguminosac, Rotencne con-
centrations of 25 parts per billion (pph
or pgfL) or higher can be toxic ro most
fish and some invertebrates {Ling 2003).
Rorenome may be derecred by fish and
fish avoidance may occur. Antimycin is
an antibiotic produced by several species
ol Serepromyces bacteria (Harada and
Tanaka 1956). Most fishes can be killed
by antimycin concentracions of 20 paris
per hillion or less and fish are unable o
detect antimycin. Antimycin has been
reporced 1o be effecrive in small streams,
shallow ponds and alpine lakes, whereas
rotenone is reported o be effective in
most sitvarions inchiding large civers
and deep lakes (Finlayson et al, 20001,

There @re three commaenly available
commercial forms of rotenone: owo lig
uids containing either 5% active ingre-
dient or 2.5% active ingredient with a
2.5% synerpist, and a powder containing
% rotenone. These products are gener-
ally applicd e a creatment race of 1-5
mgfl (ppm) which yields active rote-
none concentration of 8.025-0.25 mg/L
{25230 ppb or pgfL). ln the literature,
values are generally reported as treat-
ment rate concentrations of 2.5 or 3%
rotenone products. In this review, we
atternpred to standardize rotenone con-
centrations 1o pph of active rotenone,
ez, 5 mgl of 5% rotenone solution =
250 ppb active rotenone. Currently, only
one form of antimycin is commercially
available, Finerol® (11% active ingredi-
ent) and application rates are reported in
ppb or equivalent pefll active antimycin.

ROTENONE EFFECTS TO INVERTEBRATES

Laboratory results were summarized from Engstom-Heg er
al. (1978). Twenty-two field studies were reviewed o assess
the effects of rotenome on aquatic invertebrate assemblages.
lhirteen of these studies were conduered in lentic systems
(Table 2} and nine studies were conducred in lote SYSLCMS
(Table 3). Rotenone concentration and treatment duration
varied widely among sindies. Lower concentrations were < 50
rpb (10 srudies) and higher concentrations were > 100 pph
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A barge loaded with rotenone and manpower heads out into Dismond Lake, Oregen, 21
Septembrer 1954. The 1,200 surface hectare lake was treated with 90,718 kilograms, plus 1,041
liters of liquid rmtenane for treatment of tributary streams and for senal spraying of a marsh area.

A rotenore dig station wsed by New Mexico Department of Game and Fish on Costilla Creek in
Septernber J008. CFT legumine (5% mtenone) was applied at a constant rate for four hours to
obtain an initial concentration of 50 ppb active rotenone. The project was part of a Rio Grande
cutthroat trout (Oncorhynchus clarks virginals) restoration project.

(7 studies), but not all studies provided information on the
concentration of rotenone wsed and only one study (Trumbo
er al. 2000) reported thar actual concenrrations were verified
by field or laboratory analyses.

Rotenome: Laboratory Studies
Aquatic invertchrates have a wide range of sensitiviry o
rotenone, with 96 h 50% lethal concentration {LC50) val-

ues ranging down to 2 ppb (Pesticide Managemenr Education
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Program 1993). A review of published laborarory roxicity tests
{Tahle 1, also see Ling 2003) showed several peneral resules: (1)
there has been litde roenone woxicity work on lotic aquaric inver-
tebeates; (2) there is a wide range of sensitivity within and among
taxonomic groups; (3) benthic invertehrates appear less sensitive
than plankionic invercebrates; (4) smaller invertebrates appear
mure sensitive than larger invertchrares; (3} aquatic mvertebrates
thar nse gills 1o extract aqueous oxygen appear MO sensitve than
invertebrates thar acquire aquecns oxygen cutancously through
lamellac ar spiracles, nse respiratory pigments, or that can breathe
armospheric oxygen; and (6) monality was rypically near 100% for
rotenone concentrations of 30 ta 75 ppb for lotic invertebrates and
> 150 pph for many lentic taxa depending on the exposure time.
Effects appear not only related 1o comcentration and duration, but
also scem largely influenced by animal surface-arca-volume ratios,
with small animals like moplankion being more susceptible than
thick-bodicd benthic invertehrates.

Roteneme: Lentic Stulies

Rotenone effects on invertebrates in lentic habitats have
been studied since the 1940z (Table 2). The resules of these sud-
ics lave been highly variable, with much of this varauon likely
related (o rotenone dosage {concentration x durmtion ) differences.
Considerable variarion in reported effects also appears relared w
the intensity, or lack thereof, of pre- and post-treatment sampling.
Pre-trearment invertebrate sampling varied from a single survey w
more than a year of pre-trearment sampling. Post-treatment. inver-
tebrate sampling varied from a single post-treatment. sample w up
w four years of post-treatment sampling. Reported impaces were
generally less for srudies that conducted less sampling.

Mare lentic snxlies reported preater rotenone effects on 2o0-
plankion than on benthic organisms, with most of these stud-
ies concluding that zooplankron assemblages were significantly

reduced in both numbers and diversicy {Table 2). More stdies
reportead on changes in abundanee than changes in species com-
position. Studies that have evaluaed effects on benthic organisms
{egr., Cushing and Olive 1957; Houf and Campbell 1977; Koksvik
and Aagaard 1984; Melaas et al. 2001) reported small differences in
total benthic invertebrate abundance or biomass between pre- and
post-treatment samples, with cffects on Chironomidae, likely the
mest dominant organism, being greatest.

Recovery of zooplankion following eotenone (reatments was
mast often reported in terms of organism abundance. Recovery
pre-treatment abundances ranged from 1 month to 3 years. Rotifer
and Copepoda assemblages appeared to recover quicker than
Cladoceran assemeblages {Brown and Ball 1943; Anderson 1970
Beal and Anderson 1993 ). Kiser ct al. {1963) reported that 42 spe-
cics extirpated immediarely following treament returmed within
5 memiths The three studies that evaluated benihic invercehrae
assemblage recovery reported similar assemblages o control ponds
{Houf and Campbell 1977); within 6 months (Blakely et al. 2005)
and no differences between pre- and post-trearment samples wichin
| year of mearment (Melaas ecal, 2001).

Rotenone: Lotic smedies

Study of rotenone impacts on agquatic invertehrates in rivers
started in the 1960s. The majoriry of early soodies were of shon
duration with little or no pre-trearment sampling and a year or less
of post-treatment sampling {Table 3). Among the rver studies we
reviewed, three studies collecred no pre-treatment data, five studies
collected samples immediarely hefore treament, and a single study
collected samples a year before treatment. Post-tresatment sampling
was similarly variable, with few studies collecting samples for more
than a year post-treatment. Exceprions to this were Mangum and
Madrigal { 1999), Whelan (2002), and Hamilton et al. (2009, who
collected several years of post-rotenone treatment data.

Table 1. Summary of laboratory derived rotenane tolerances (ppb hour = ppb of mtenone = duration [hourf) of selected aquatic invertebrate taxa

summarized from Engstom-Heq et 2l (1978} and Finlayson et al. (2010)*,

Low Tolerance Intermediate tolerance High tolerance |

{1,000—5,000 ppb hour) {6,000-16,000 ppb hour) {1,600-24,000 ppb hour)

Diptera Driptera Coleoptera i

Simuliidae Chironomidae Elrnidae |
Tipulidae: Antocha Ephemercptera |

Ephemeroptera Ephemsroptera Leptophlebiidae: Faralepiophiebia |

Baetidae: Baetis tncaudatus™

Ephemercliidae: Ephemeralia |

Heptageniidae Rhithrogena marisoni™ Heplageniidae .
Plecoptera Plecoptera Plecoptera |
Perlidae laassenis sabulosa Chioraperlidae Pleronarcyidas: Preronarcys |
Perlodidae Croperfs barbars™® Megaloptera
Corydalidae

Trichoptera Trichoptara Trichoptera |
Psychomyiidae: Prychomyia Limnephilidae Glossesomatidae: Glossasoma |
Hydropsychidas: Hydropsychidae:

Arctopsyche grandis® Philopotarmidae Hydropspche

Hydropsyche® Cheumatopsyche
Rhivacophilidas: Rhyacophila Odontocendas |
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Table 2. Field studies on the effects of rotenone on lentic invertebrates.

Location Study | Rotenone Pre-treatment | Post-treatment | Observed change in aguatic Citation
year |treatment sampling sampling invertebrate assemblages
Third Sister 1943 | 5 mol unknown Bimonthiy FTooplankton, leeches, and Odonata Browen and Ball |
Lake, MI sohution greatly reduced 1943 |
Resarvoir 4 and | 1954 |1 mg/L 5% rotenone | 4 Ekman Biweekly Ekman | Few negative effects to Chironomidae | Cushing and Olive [
smith Lake, CO solution = 50 ppb dredge dredge samples 1957
sampias, 2 for1yr
weeks prior |
Salbo and Holm | 1958 | 0.5-0.6 mg/L 5% Immediately Immedately Mast zeoplankton and benthic fauna Almaquist 1959
lakes, Sweden 1956 | roterone solution = | prior after weere killed
25-30 ppb
Fomn Lake, Wi 1260 |05 mgl 5% Biweekly for 2 | Frequently for 6 | Complete zooplankton assemblage kill | Kiser et al. 1563
rotenone sofulion = | yrs prior mas after Z days atter; all 42 species found before
25 ppb treatrnent found within 5 mos
Patricia and 1966 |0.75 mg/l 5% 1 sample 3 yrs after Near complete moovery in 3 ys Andersan 1970
Celesting lakes, rotenons solution = | 2 mos prior
Alberta, Canada 375 ppb
Experimental 1971 |05 and 2 mg 5% | Biweskly for 2 1,2, 3,7, and Mo immediate or kong-term decreases in | Houf and |
ponds, ratencne = 25 and | mos prior, and | 14 days post- abundance or taxa observed Campbell 1577 |
Columbia, MO 100 ppb then 14, 7, 3, | treatment and
2, and 1 day then biweekly 1
pre-treatment | yr after |
Lake 1980 0.5 mgfl 5% 7 samples Iyrsand dyrs | Small effect on zooplankton specias Reinertsen et al, |
Haugatjern, rotenone solution = | 1 y1 prior after composition and biomass 1990
Moy 25 ppb
Lake 1980 0.5 mgl 5% Maonthly, 6 mos | Seasonal, 2 yrs | Little change to overall benthic Koksvik and {
Haugatiem, rotenone solution = | prior assermblages, except to Chironomidae | Aagaard 1384 |
Monsay 25 ppb fauna, Chiromomus in particular
Lake Christina, |1987 |3 ma/l 5% rotencne | Seasonal Seasonal 3 yrs Large change in zooplankton Hanson and Butler |
MN solution = 150 ppb | 2 yrs prior assemblages. Observed changes 1994
attributed to change in fish assemblage !
Golf Course 1997 |06 mgfl 7.5% 15 min. prior | & mos Full recovery in 68 mos Beal and Anderson
Ponds, IL rotenone solution = 1993
15 ppb
Linnamed pond, [ 1298 |3 mg/l 5% mitenone | 2 samples Tyr Large short-term effect on zooplankton, | Melaas etal, 2001 '
Ak solution = 150 ppb | & mos no effect after 1 yr
priar
Lake Davis, CA | 2006 | Estimated to be 2 Imosand 18 |1 week, 9 mos, | 57% decrease in total zooplankton CA Fish and Game
mgil 5% rotenone | days prior and 22 mos abundance immediately alter treatment | 2006
solution = 100 ppb after and was 58% and 61% lower aftar 1
and 2 yrs. Taxa richness unchanged
Orchard Ponds, |2004 | Mot specified Mone, design | 1 sampling Zeoplankton—no difference in Blakely el al. 2005
New Zealand compared date- abundance or taxa richness ameng
control and ooplankton, treatmernts
treatment sweep net, and | Benthic assemblages—no difference in
ponds that Fkman dredge taxa richness among treatments
were treated, 1 | samples
mo, 1yr and 3
yrs previoushy

The immedinte and shor-lerm responses of aquatic inverte-
brates o rotenone teeatments in streams have been large reductions
in invertebrate abundance and taxa richness (Table 3). Adquarnic
insects appeared more sensitive than non-insects, and the insect
groups Ephemeroptera, Plecoptera, and Trichoptera appeared more
sensitive than Coleoptera and Diprera,

Aquaric inverrebrate assemblage recovery following rotenone
rreatrnent varied from months o years depending on the sever-
ity of impact and olten on how recovery was mensured and soudy
lensth, Owerall inverichmre abundances senerally retumed o
pre-treatment levels quicker than biodiversity and taxonomic
compasirion measures. Overall assemblage abundances oypically
returned 1o pre-application levels within a few months 1o a year
{Tuble 3). Recovery times for taxonomic richness and communicy
compasition measures exceaded two years in some studies (Binns
1967; Whelan 2002) and more than five years for individual species
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{ Mansum and Madrigal 1999). Unforunately, longer-renn (two or
more years of post-treatment. sampling) studics of aguatic nverte-
brate assemblage recovery following rotenene treatments are lim-

ited (Table 3).
ANTIMYCIN EFFECTS TO INVERTEBRATES

Published studies on antimycin effects on invertebrates appear
searce compared to the vceurrence of antimycin treammenis, Most
available literature is limited to theses and government reports, with
much of it 30 to 40 years old. OF the 15 studies we located, 4 were
joumal publications (Kawaski 1973; Momison 1979; Minckley
and Mihalick 1981; Dinger and Marks 2007, Three were labor-
tory studies { Table 4}, four were conducted in lentic systems { Table
53, and eighr were conducted in lotic systems {Table 6),
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Table 3. Field studies on the effects of rotenone on lotic invertebrates.

Location Study | Rotenone Pre-treatment | Post-treatment | Observed change in aguatic Citation
year | treatment sampling sampling invertebrate assemblages

Robinson Creek, | 19683 | 5% rofenone More, treated’ | 8 mos 10-50% reduction in abundance Cook and Moo
A actwve, unknowen unireated 1889

concentraton COMParnson
Green River, UT | 1963 | 2.5-9.4 mao/l 5% 2 weeks pnor | 2 yrs after Immediate reduction in abundance Binns 1967

retenane solution of nearly all species. Hydrosychidae

= 125470 ppb for {Trchoptera) recovered after 2 yrs,

7h burrowing mayflies extirpated
Strawberry River, 1990 | 3 mg/fl 5% 1 waeek prior | Annually 54% decrease in taxa richness atter 1 yr, | Mangum and
uT motenone solution = Syrs 21% decrease in taxa richness after Syrs | Madrigal 1992

150 ppb for 48 h
Steams, Papua, |1990 | Unknown Immediately Immediately Significant declines in Dixidae and Dudgeon 1930
Mewy Guinea prioT after and then | Hydropsychidae, no change in

upto 2 hrs Leptophlebiide or in total abundance

Silver King 1964 | Teatments in 1964, | Mone Multiple times | Slight reduction in total, Ephemeroptera, | Trumbo et al,
Craek, CA 1996 | 1976, 1977, 1991, 1984 - 2006 Flecoptera, and Trichoptera taxa rchness | 2000

and 1593, Unknown and change in percent dominant taxa

concentrations 1o 20

ppb for 18-24 hrin

1991 and 1993
Manning Creek, |1995 | 0.5-1.5 mg/l 5% 1 o prior 1 yr and 13% decrease in taxa richness after 3 yrs  |Whelan 2002
LIT mtenone solution 3 yrs

= 75-75 ppb for

12-18 hrs
River Cgna, 2001 | Unknown Just prior 2 mos Rapid recolonization of common taxa, 3 | Kerstad and
Monaday fen taxa disappeared Arnekleiv 2003
Straveberry 2000 |5 moil 5% Tyrand 1day |1 mo, 9mo, 89% reduction in total taxa richness at 1 | Hamilton et al.
Creek, Great rotenone solutan | prior and 1yrafter  |month, 22% reduction at 1 year, 4taxa | 2009
Basin NP = 250 ppb for 1 missing at 1 year, 2 taxa missing at 3

h and 2 mofL 5% years. 95% reduction in total abundance

rotenone solution = at 1 month, 47% reduction at 1 year

100 ppb for 7 hr
Wirgin River, UT 2007 | 17 treatments Mo 1yr Little to na change following 2004 and Vinscn and

3005 | between 1988 and 2005 treatments, study complicated by Dingar 2006

2005, unknown lack of pre-data and > 20 yrs of rotencne

concentrations prioe treatment

to 2004, In 2004

and 2005, 3 ppm of

unkrown retencne

solution for 3-8 hr

Antimycin: Laboratory studies

A summary of several laboratory studies suggesis inverte-
brares have a wide range of sensitivity to ancimycin (Table
4). Sensitivity increases with increasing water temperatures
(Walker er al. 1964) and decreases at pll = 8.5 (Marking
1975}, Water hardness appears to have licdle effect on antimy-
cin toxicity {Lee ev al. 1971). Kouila {1978} tested 18 stream
invertebrate taxa o various concentrations, exposure Limes,
and warer chemisty and documented a range of rolerances with
some taxa surviving 1,000 ppb over 48 hours and others sulfer-
ing 30% mortality ar concentrations as low as 16.9 pph over 8

hours { Table 4).
Antimycin: Lentic habitats

Few stodies of antmycin effects on imverrebraces in lakes
and ponds have been published in peerreviewed jourmals.
Initial response o antimycin appears greater for zooplank-
ton than benthic invertebrates, where the reported impacts
on assemblages have been slighe {Table 5). The few repors
on recovery lollowing treatment sugpest litdle shore or long-
rerm effects of antimyein on lentic maceoinvertebrate assem-
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blages (Snow 1974, sampling 6 years after treatment; [Honf and
Campbell 1977).

Antimycin: Lotic habitats

Antimycin has been uscd in streams sinee the 19708 The
extent of pre-treatment sampling varied widely across studics
from none o seasonal sampling for two years price o treat-
ment {Dinger and Marks 2007), with the majority of studies
sampling just prior o treatment (Table 6), Fost-rreatment
sampling was similarly variable, with some studies only sam-
pling immediately following treatment and two studies collect-
ing samples for more than a year after treatmentd.

Treatment concentrations in rivers varied from < 13 100
ppb (Table 6). In general, measured effects on abundances
appeared related to concentration, with significant reductions
in invertchrate assemblage abundance observed ar concen-
erations > 10-20 pph. Similar o thar observed with rote-
none, zooplankron appear more sensitive than larger bendhic
invertebrates, small lendic invertehrates and aquatic inscets
appearcd more sensitive than non-insects, and the insect
groups Ephemeroprera, Plecoprera, and Trichoptera appeared
more sensitive than Coleoptera and Diprera (Jacobi and Degan
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Table 4. Summary of laboratory derived tolerances of selected aquatic invertebrate taxa to antimycin. Summarized from Kotila (1978}, except for
Odonata: Coenagrionidae: lschnura and Cladocera (Walker et al. 1964) and Ostracoda (Kawatski 1973},

Low tolerance Intermediate tolerance High tolerance

{0-20 pphb) (20-100 ppb) (> 100 pb)

Diplostraca Cladocera Daphnidas Trichoptera Trchoptera

Ostracoda Brachycentridas: Micrasema rusticunm Hydropsychidas: Diplectrona modesta
Trichoptera Helicopsychidae: Helicopsyche borealis Lepidostomatidae: Lepidostoma qriseum

Brachycentridas; Brachycentrus amercanus

Limnephilidae: Pronapsyche guttifer

Plecaptara

Brachycentridas; Brachprentrus accidentalis

Flecoptera

Perfidae: Perlesta placida

Hydropsychidae: Hydropsyche bifida Capniidae: Paracapmia angulata Ephemeamplea
Uenoidae: Meophylax concinnus Memouridas; Memours frspinos Ephemeredidas: Ephemersliz
Plecoptera Perlidae: Agenting capitala Coleoptera

Perlodidas: koperla signata

Parlidae: Paragnetina media

Diryopidae; Helichus siriafis

Perodidae: lsoperlz slossonae

Perodidae: lsoperfa clic

Dytiscidae: Agabus serfatus

Pteronarcyidas: Pleronarcys picteti

Elmidae: Optiosanas fastiaitus

Taeniopterygidae: TEendoplenys: mvals

Elmidae: Stensimis crenata

Ephemeroptera

Psephenidae: Psaphenus heerickl

Bastiscidae: Baslisca lacustris

Qdonata

Ephemerellidas: fphemenella invaria

Coenagrionidae: Argia apicalis

Ephemeridas: Hexagenia fimbata

Coenagrionidas: Echnura sp

Haptageniidae: Loycroouta hebe

Corduliidas: Neurocorduliz molesta

Heptageniidae: Maccafertium wvicarium

Gomphidae: Gomphus vastus

Leptophlebiidas: Leptophiebia cupida

Megaloptera

Potamanthidae: Anthopotamus myops

Corydalidae: Nigronia serricormis

Diptera

Athericidze: Atherix variegate

Tipulidae: Tipuls

Table 5. Field studies on the effects of antimycin on lentic invertebrates

Location Study Antimycin Pre-treatment Post-treatment Observed change in | Citation
year treatment sampling sampling aquatic invertebrate
assemblages
& hatchery ponds, | 1963 10 ppb Mot specified Mot specified Invertelrates wane Walker et
Delafiald, Wi more abundant post- | al. 1964
Treatment
& various ponds’ 1964-1966 | 3.12-12 ppb Mot specified Mot specified Mortalities in 7 of 15 | Gilderhus et
lakes, Wi, WY, ME, taxa examined, as al. 1968
AR, MY, and NH h:lgh as 99%
Rush Lake, W 1967 01,5-0.7% ppb Mone Onge, 6 yrs after Mo gross effects Byrs | Snow 1574
later
4 Experimental 1971 20-40 pply Brveskly for 7 mos 1,2,3.7. and 14 days | No short or long term | Houf and
ponds, Columbia, prior and then 14, post-treatment and then | declines in abundance | Campbell
i la} 7.3, 2 and 1 day biweekly 1 yr after in & representative 1977
pretreatrment tanta observed. Mo
change in taxa
diversity,

1977; Morrison 1979 Minckley and Mihalick 1981; Moore et
al. 2005; Dinger and Marks 2007; Hamilton et al. 2009},
Studies of aguatic invertebrate assemblage recovery lol-
lowing antimycin trearment gcnemﬂy repar[cd recovery
within one year {Tahle 6). As with rotencne trearments,
invertebrate assemblage abundances returned o pre-treat-
ment levels quicker than biodiversity and taxonomic com-
POSICION IMCASURes. Longer-term studies of recovery {one
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or more years of post-treatment sampling) were limited
to Dinger and Marks (2007) and Hamilion et al. (2009).
Dinger and Marks {2007) observed shilts in species composi-
tion towards more tolerant species, bur afrer 24 monihs, they
concluded that there was no discernable patrern in why cer-
tain species were eradicated and others were not. Hamilion
et al. (2009) reported all pre-treatment taxa were collected
within 1 year post-rreatment.
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Table 6. Ficld studies on the effects of antimycin on lotic invertebrates,

Location Study Year | Antimydn Pre-treatment Post-treatment Observed change in | Citation
treatment sampling sampling aguatic invertebrate
assemblages
5eas Branch 1972 17-44 ppb Monthly, & mos prior Immediately, monthly, S0-100% decrease in | Jacobi ard
Creek, Wi and bi-maonthly for 2 biomass immediately | Dagan 1977
yrs after after, moovery in -1 41
Ashippun River, Wil 1974 7—47 ppb Mone Artificial samplers, 2 Decreases in benthic Kotila 1978
days and 5 days after abundances cheervad
Ord Creek, 47 1977 10 ppb Immediately prios Immediately after and 3 | Decrease in standing Minckley
yis after crop (5% numerically, and hihalick
TOX hiomass); recovery | 1981
3 yrs later
Allt a” Mhuilinn, 1977 10-20 ppb Once, 5 days pricr Once, 2 weeks after e significant Merrsan
Scotland decreases 1979
sams Creek, TH 2001 8 pob Occasionally 5 yrs prior, | Immediately after and | 18-25% reduction Walker
and mo prior =easonally 1 yr after in total taxa richness, | 2003,
reconery 1 yr after heleware et al.
2005
Snake Croaak, NV 2002 3 ppb 1 yrand 1 day prior T mo, 9 mo,and 1yr 239% reduction in Hamilton et
after total taxa richness al. 2009
at 1 month, 10%
reduction at 1 year. no
taxa mesing at 1 year.
10%: reduction in total
abundance at 1 month
and 1 wear
LaBarge Creek 2002 to 10 ppb not specified not specified Mo messurable effects | Cerreto
watershed, WY 2003 2004
Fossil Creek, AZ | 2004 54-100 ppb Seasonally 2 yrs prior Seasonally 7 yrs after Drecreases in Dinger and
invertebrates Marks 2007
immediately after,
recovery 5 mos after

SUMMARY OF EFFECTS

For hoth piscicides, interpretation of the elfects on inverte-
brate assemblages were often contradiciory, with some studies
reporting few treatment effects on invertebrates {e.g., rotenone
—M'Conigle and Smich 19358; Brown and Ball 1943; Ball and
Havne 1952; Zilliox and Pleiffer [1960; Cook and Moare 1969,
Hout and Camphell 1977; Finlayson ed al. 2010; antimyein
Walker er al. 1964; Houf and Campbell 1977; Walker 2003;
Moore e al. 2005; Hamilion et al. 2000) and other stndics
reporting substantial treatment impacts to invertehrates (e,
rotenone— Davidson 1930; Cutkomp 1943; Zischkale 1952;
Das and Melneosh 19615 Binns 1967; Hamilton eo al. 2009;
antimycin  Jacobi and Deagan 1977; Minckley and Mihalick
1951; Dinger and Marcks 2007 ). The canses of these differences
are intrigning and nor entively clear, but we us they appeared
due to three facrors: (1) piscicide concentration, duration, and
rrentment breadeh; (2) aquatic invertebrate study objectives
and sampling intensity; and (3) natueal variation in toxicity
among species and species proups.

Ellects were nearly always greater at higher concencration
levels. Finlayson et al. (20107 sugoest a mean rotenone con-
centration of 25 30 ppb for < 8 h should result in complere
martality to salmonids and limited mortality to inverrehrates
in sercams. This rotenone dosage is less than thar commonly
used in fish removal projects (Tahle 3). They also found thar
rotenone formolations containing secondary chemicals, such
as the synergist piperonyl butoxide, contributed to roxicicy to
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invertebrates, but not w salmonids. Addicional research on
the effects of secondary chemicals and refinement of minimum
exposure rates is needed for more fish species so rhat trearment
applicarion rates are sufficienr ro meer project objecrives, bur
also lessen impacts to non-tarpet organisms.

Maorphological differences among invertebrates occupying
different habitars also appear ro stromgly influence the impact
of piscicides on invertebrates. Benthic inverichoates appear
less sensitive than plankrionic invertebrares, smaller inver-
tebrates appear more sensitive than larrer invertebrates, and
aquatic invertebrates that use gills appear more sensitive than
those that acquire oxygen cutaneously, through lamellae, use
respiratory pigments, or breathe aumospheric oxypen, These
generalizations are similar 1o those described by Ling (2003)
and suggest that impacts of piscicides in lotic environments
may be greatest in mountain oot streams, These habivacs
arc characrerized by cold warer and high oxyeen levels, and
arc often dominated by small gilled invertebrates, namely
Ephcmeroptera, Plecoprera, and Trichopiera (EPT). Indeed,
piscicide studies in mountain streams generally showed EPT
taxa 1o be more susceprible than other mxonomic groups
{Binns 1967; Minckley and Mihalick 1981; Mangum and
Madrigal 199%; Trumbo et al. 2000; Whelan 2002; Dinger and
Marks 2007; Hamilton et al. 2009). However, a rigoroos evalu-
aticn among habitar types, such as high-elevation mountain
streams versus low-elevation rivers has not been conducred.

Studies thar rended to evaluate the eflects on aguatic
invertebrates as fish food availability (inverrebrare assem-
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PISCICIDE IMPACT STUDY DESIGN
CONSIDERATIONS

Study designs to detect piscicide impacts on
invertebrates will take many forms depending on
the level and type of impact needing detection.
Vhile the overall guestion may simply be, “What is
the effect of a piscicide on aquatic invertebrates?*
the specifics of this question need to be addressed
to develop a robust study design. Principally, will
"before-after” comparisons be done based on
amamblage-level measures only, such as total
abundance and taxa richness; or will community
composition and individual species or gencra
occurences be evaluated as well?

Changes in community-level attributes are
beest evaliated using a BAC! (Before-After
Cantrol-impact} study design (Undenswood
1954). In BAC! study designs, data are collected
at control and treatment sites, both before and
after the treatment. Equal numbers of control
and treatrment sites should be sampled for equal
periods of time before and after treatmarnt,
Replication in both sites and sampling dates
will increase statistical power and the ability
tor detect differences. For this type of study
deign, gquantitative sampling where data are
summarized as the numbser of individuaks or taxa
per a consistent sampling area i desired. The
number of locations and the period of pre- and
past-treatment sampling will be dependent on
the heterogeneity of the system, the diversity of
invertebrate assemblages, and budgets. However,
we sisggest that a reasonabde sampling design
1o detect changes in community-level attributes
should include four contral and four treatmernt
sites, sampled seasonally, a minimum of two
years before and three years after a treatment,
Statistical analysis shoulkd then follow the BACK
design, using the ANOWA (Analysis of Variance)
models of Undenyood (1994), and insuring
that the appropriate F-ratio is used to ases
the impacts, For general guidance on BAC] and
ather alternative designs {e.q., BACIPS—Before-
After-Contro-Impact-Paried-Series) an excellent
resource s Schmitt and Osenberg (1296). Field
and laboratony protocols for the collection and
processing of stream inverlebrate samples should
faalkow that described in Vinson and Dingsr (2008)
ar the Environmental Protection Agency Rapid
Bioessessment of Creeks and Small Rivers single
habitat {guantitative) and multi-habitat (qualitative)
survey protocols (Barbour et al. 1999), Field
sampling in lakes might involve collecting bath
zooplankton and benthic invertebrate samples.
We recommend identifying invertebrates to the
genus level. While species-level identifications
are required to evaluate species occurmences and
extirpations, this usually requires the collection
of short-lived temestrial adult stages. The effort
to collect and identify adult specimens needs
to be weighed against other project objectives,
but in general we teal this level of detail is
beyond the scopa of mast agencies conducting
piscicide treatment assessments. Based on this
design, we suggest that analysis of impacts
should focus on assemblage level measunes
such as total abundance and taxa richness and
diversity measures, and avoid assessing impacts
o individual invertebrate taxa. The presence of
threatened or endangered invertebrate spocies
will obwiously require different protocols for these
apecip,
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blage abundances or biomass) generally found quick recovery (e, M'Gonigle
and Smith 1938; Brown and Ball 1943 Ball and Hayne 1952 Zilliox and
Pleiffer 1960; Walker et al. 1964; Cook and Moore 1969; Snow 1974; Houf
and Campbell 1977; Trumbo et al. 2000; Moore ec al, 2003); whereas studies
locking at effects on invertebrate biodiversity as either in terms of individual
species or species groups generally lound more lingering elfects (e.z., Minckley
and Mihalick 1981; Koksvik and Aagaard 1984; Reinersen el al, 1990; Beal
and Anderson 199%; Mangum and Madrigal 1999 Melaas ec al. 2001; Whelan
2002; Dinger and Marks 2007; Hamilcon er al. 2009). These somewhat con-
tradictory results appear due to natural varadion in colonization rates among
specics and the amount of pre- and post-treatment sampling. In a review of 150
case studies of aquatic ecosystem recovery from disturbance, {15 of which were
rotenone treatmenis), Niemi et al. {1990) found that recovery rimes of toral
macroinverichrate assemblage abundances o 85% of pre-disturbance densitics
penerally occurred in less than 18 months, whereas recovery of abundances
tor different raxonomic orders of insects varied widely. Recovery of Diptera
abundances cecurred o near 50% within 1 year, Ephemeroptera abundances to
near 0% afeer 1 year, and Trichoptera and Plecoptera abundances recoverad
to only abour G0% afrer 2 years. They found thar recovery rates were influ-
enced most by: (1) impact persistence, including changes in system productiv-
ity, habitar integrity, and persistence of the stressor; (2) organism life history,
including generation time, and propensity 1o disperse; (3) time of year the
disturbance occurred; (4) refugia presence; and (3) distance of colonization
sources. They did not mention pre-disturhance densities, but the eelative rare-
ity of taxa would also likely influence their ability o repopulate an area or the
ability to collecr these taxa. They fele that downstream drift from unimpacred
upstream areas was the critical factor in determining recovery Limes.

We found in peneral thar sampling conducted a vear post-treatmene appeared
adequate w detect impacts to assemblage measures, such as toml abimdance
or taxa richness, but not for detecting impacts o individual taxa. The three
longest duration studies to date (Mangum and Madrigal 199%; Whelan 2002;
Hamileon er al. 2000) all reported the loss of several taxa, ie., taxa found prioe
to treatment were not collected one year post-treatment, however many, but
not all, of these raxa were found 2 (o 3 years post-ureatment. These studies also
reported collecting a number of taxa post-treatment that were not collected
pre-treatment. These results suggest two things; (1) pre- and perchaps post-
treatment sampling was insufficient to adequarely characterize the local fauna
and (1) aquatic invertebrate assemblages are highly diverse and dynamic, Both
of these factors prevent us and the awthors of the oripinal studies from con-
ducting more rigorous analyses wo determine if differences in taxa ocourrences
between pre- and post treatment samples were due to natoral variaton, sam-
pling variation, or piscicides. Mo studies appear to us to have done an adequate
job of describing pre-treatment assemblages with respect ro the ocourrence of
individual taxa.

The amount of sampling necessary to provide accurare and precise measures of
individual penera or species occurrences both before and afier a creaement can be
extensive. For stream invertebrates, the presence of large nombers of maire taxa s o
eommon phenomenon. There have been no complete inventories of inverrchrates
of any body of freshwater, but several studies 1o date have documented that local
stream reach (ea. 1 km) fannas conain hundreds to thousands of species. A tonal
of 1,122 species have been reported from the Danobe Biver, Ausiria, and 1,044
species from the Breitenbach River, Germany (Strayer 2006). In comparison, most
published studies with seasonal sampling [or 1 o 2 years of length seldom collecr
100 generafspecies and 3 wo 60 generafspecies is more commaon inoa | ko stream
reach (Vinson and Hawking 2003, M. Vinson unpublished data),

M. Vinson {unpublished daa) sampled the same location on the Logan River,
Cache County, Urah, monthly for 10 years. Samples were collected following
standard protocols commonly wsed in piscicide assessiment projects (field sam-
pling methods described in Vinson and Dinger [2008] and laborory procedures
deseribed in Vinson and Hawkins [1996]). The resulis of this study have shown
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litele wariation in the nomber of geners collected each month,
bt the occurrences of individual penera varies widely., To date,
84 penera have been collected at the site, but the number of indi-
vidval genera collected cach mondh averages 27.5, roughly 33%
of the wial genera collected in the stream reach over 10 years. On
average, A new genera has been collected about every 2 months
{Fizure 1) and the genera accumulation curve shows lictde incli-
naticm for flatrening out and would likely even be steeper for spe-
cies-level identifications. These results, similar to that reporred
by Mewdham and Usinger (1930} and Resh {1979}, led Resh
(1979) 10 suggest that variation in agquatic invertebrate popula-
tions within a stream reach is so high that collecting data on the
abundances of all baet the most commaon taxa or the assemblage as
a whaole is likely beyond the scope of most assessment projects.

CONCLUSIONS

Cheerall, there have been woo few published studies with liede
comparability with respect wo reatment methods and invenebrate
sampling efforts to allow for any sweeping staterments on the over-
all effects of rotenone and antimycin on aguatic invertebrates in

peneral and stream invertebraes in particular. Thus, scientists
and managers must consider effecs on invertebraces and the con-
sequences on a case-hy-case basis. However, recent work suggests
that impacts to inveriehrate assemblages can be redoced and mor-
raliry to targer fish species mainmined at lower concentrarions than
have generally been used in the past (Finlayson e al. 2010) To
further reduce impacts and enhance recolonization, we recormmend
the following actions: (1) chemical treatments of larger drainages
should stage treatments with intermediate barriers and allow time
between trearments for dispersal and recolonization of invertebrales
toy avoid porential for comulative impacts; {2) headwater and tribu-
tary fishless stream reaches should not be rreared so they can serve
a5 refuges for invertehrtes; and (3) piscicides should be nenralized
downstream of the project ares 1o protect downsteeam coloniza-
tion sources. We also see a need for additional laboratory toxicity
tests, field studies thar measure actual rotenone concentrations tor
the duration of the treatment so actual exposure conditions can
be quantified, and longer-term (3-year pre-treatment and > S-year
post-treatment), more rigorous field evaluations of invertebrate
assemblages to improve our ability to predier piscicide effects on
invertehmtes.

Figure 1. Manthly collections and genera accumulation curves for benthic aguatic invertebrates collected from the Logan River, Cache County, Utak
betwesn lanuary 2000 and Decemiar 2009, Solid lines are individual monthly values (bottom) and cumulative collection (top) of unique genera, The
dotted line is the long-term mean and median of 27.5 genera per sample. Five samples were collected per month in September—December 2005,
thrae samples were collected in May 2008, and two in July 2008, No sample was collected in Januany 2001,
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