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Evaluating the Effects of Forestry Herbicides on
Fish Development Using Rapid Phenotypic Screens

CARLA M. STEHR,* TIFFANY L. LINBO, DAVID H. BALDWIN, NATHANIEL L. SCHOLZ,
AND JOHN P. INCARDONA

National Oceanic and Atmospheric Administration Fisheries, Northwest Fisheries Science Center,
2725 Montlake Boulevard E, Seattle, Washington 98112, USA

Abstract.—Herbicides are used to control invasive or noxious plants on public lands throughout the western

United States. These chemicals are often applied in the upper reaches of watersheds that provide spawning

and rearing habitat for anadromous species of Pacific salmon Oncorhynchus spp., steelhead O. mykiss, and

bull trout Salvelinus confluentus. As a consequence, natural resource managers must often weigh the

ecological benefits of using herbicides to control nonnative plants against the potential for unintended

toxicological impacts on salmonids, particularly during early life stages. However, the effects of chemical

control agents on fish development have not been widely investigated. Their use in the vicinity of aquatic

habitats, including areas that support threatened and endangered species, is therefore a concern. To address

this uncertainty, we used the zebrafish Danio rerio as a model experimental system for investigating

developmental toxicity, which involved conducting rapid and sensitive phenotypic screens for potential

developmental defects resulting from exposure to six herbicides (picloram, clopyralid, imazapic, glyphosate,

imazapyr, and triclopyr) and several technical formulations (Tordon K, Transline, Habitat, Plateau, Garlon

3A, and Renovate). Zebrafish embryos were exposed continuously through 5 d of development at nominal

concentrations ranging from 3 lg/L to 10 mg/L. Detailed screens were used to examine aspects of ontogeny

from early development (gastrulation and segmentation) through organogenesis, hatching, and morphology as

free-swimming larvae. Growth was measured at the end of each exposure interval. To detect defects in neural

development (sensorimotor integration), the escape reflex of larvae was monitored at 3, 4, and 5 d after

fertilization. No developmental toxicity was observed in response to the six individual herbicides or the

different technical formulations. The absence of toxicity at relatively high exposure concentrations suggests

that noxious weed control activities are not likely to pose a direct threat to the health of salmonids at early life

stages.

In the western United States, many populations of

anadromous Pacific salmon Oncorhynchus spp., steel-

head O. mykiss (anadromous rainbow trout), and bull

trout Salvelinus confluentus have declined to the extent

that they currently require protection under the U.S.

Endangered Species Act (ESA). The transport of

pesticides to aquatic habitats via runoff and spray drift

is an ongoing source of concern for resource managers

charged with the conservation and recovery of ESA-

listed species. Pesticides are chemical agents intended

to kill (or otherwise regulate) a wide diversity of

undesired biological organisms. Certain of the more

acutely toxic pesticides, including many insecticides in

current use, are known to adversely affect the health of

salmon (e.g., Sandahl et al. 2005; Tierney et al. 2007a,

2007b). Also, insecticides by design can be toxic to

both riparian and aquatic insects that provide an

important prey base for juvenile salmonids. Because

of the potential risks to salmon, spray buffers and other

measures are widely used to limit the loading of

pesticides into streams, lakes, rivers, and other surface

waters.

An exception to this generalization is the application

of herbicides to control noxious weeds. Noxious weeds

are invasive, nonnative species that disrupt native plant

communities (Mack et al. 2000). Invasive plants can be

detrimental to aquatic habitats as well as to the riparian

and upland ecological processes that support produc-

tive aquatic communities. Altered riparian zones in the

Pacific Northwest are especially susceptible to nonna-

tive plant invasions (Parks et al. 2005). Because of the

varied and negative impacts of nonnative plants on

riparian and aquatic communities, state and federal

agencies have sponsored numerous eradication pro-

grams for invasive plants. Chemical control measures

are common and, under some circumstances, constitute

the only practicable option. Because of their use in

riparian areas, herbicides can be directly applied to or

transported through runoff to spawning and rearing

habitats for threatened and endangered salmonids. In

these situations, herbicide applications pose a potential

tradeoff for salmon conservation; namely, the benefit
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of restoring riparian (or aquatic) community function

versus the potential for unintended toxicity to salmon

or their supporting biological habitats. For salmon at

early life stages, assessing these tradeoffs can be

difficult because few studies have evaluated the

toxicological effects of herbicides on fish embryos

and larvae.

Determining the impacts of pollutants on early

development in salmonids can be particularly chal-

lenging. Rapid and sensitive developmental screens in

salmonids are not practical because (1) salmon

embryos are only seasonally available, (2) the duration

of salmon embryonic and larval development is

relatively protracted (i.e., months), (3) many basic

aspects of salmon developmental biology have not yet

been described, (4) salmon embryos are opaque, which

precludes conventional in vivo optical imaging tech-

niques, and (5) ontogenetic and molecular markers for

many critical developmental processes in salmon are

unavailable. All of these disadvantages are surmounted

by using the zebrafish Danio rerio as a model system.

The zebrafish model was developed primarily as a

system for genetic analysis of vertebrate development

(Grunwald and Eisen 2002), which required the ability

to rapidly screen large numbers of embryos visually to

find rare mutations producing alterations in embryonic

structures (Eisen 1996; Grunwald 1996). The features

of the zebrafish embryo that make genetic screens easy

are also widely applicable to assessing the impacts of

chemicals on development. Unlike salmonids, the

zebrafish chorion (or eggshell) is entirely transparent,

allowing easy viewing of embryogenesis as it rapidly

progresses over a span of about 2 d. The delicate

chorion has a large perivitelline space (space between

the chorion and the embryo). This allows for easy

removal of the chorion and for microinjection, which is

important for a variety of imaging techniques and other

manipulations. The early embryo itself is transparent

and relatively large, and the yolk is pigment-free; these

attributes permit the direct observation of virtually

every tissue and organ system developing in real time

with very simple optics. These features have made it

possible to produce a detailed description of key

developmental landmarks as well as a standardized

method for staging embryos (Kimmel et al. 1995), both

of which are crucial for monitoring the development of

specific tissues. Finally, the zebrafish embryo hatches

and becomes a free-swimming larva between 48 and 72

h postfertilization (hpf). Larvae are sensitive to

environmental stimuli, and they show a range of

different behaviors that can be quantified (Granato et

al. 1996; Saint-Amant and Drapeau 1998). This allows

for screens of sensory and motor function, including

behaviors that are critical for survival (e.g., escape

reflexes).

Zebrafish developmental genetics has helped reveal

a surprising degree of conservation of many biological

processes among all vertebrates. As a consequence, the

zebrafish is now commonly used as a biomedical

model in the context of human health. In addition,

zebrafish show conserved responses to a wide variety

of chemicals that affect all vertebrate embryos from

fish to mammals (Hill et al. 2005), and toxic responses

in other teleosts have been shown to be similar to those

observed in zebrafish (Henry et al. 1997; Incardona et

al. 2004, 2005; Matz and Krone 2007). Although

interspecific differences in egg size, yolk content, and

chorion structure may influence contaminant exposure

(e.g., uptake), this high degree of conservation

indicates that toxicological responses in zebrafish will

reveal potential pathways of developmental toxicity in

threatened or endangered fish species, such as Pacific

salmonids. Although the zebrafish model is still

relatively underutilized in ecotoxicology and fisheries

resource management (Hinton et al. 2005), it has

recently made key contributions to understanding the

impacts of a range of contaminants on fish early life

history stages. Such contaminants include dioxins

(Carney et al. 2006), several pesticides (Haendel et

al. 2004; Stehr et al. 2006; Tilton et al. 2006), metals

(Hernandez et al. 2006; Linbo et al. 2006; Blechinger

et al. 2007; Matz and Krone 2007), and polycyclic

aromatic hydrocarbons (PAHs; Incardona et al. 2004,

2005, 2006).

Our current understanding of the toxicity of the

commonly used herbicides glyphosate, clopyralid,

triclopyr, imazapic, imazapyr, and picloram to fish

has traditionally been drawn from the results of acute

mortality assays. These tests are designed to determine

the median lethal concentration (LC50) as required by

the U.S. Environmental Protection Agency (USEPA)

for product registration under the Federal Insecticide,

Fungicide, and Rodenticide Act. Findings from peer-

reviewed studies, including a limited number that focus

on fish early life stages, are summarized in Table 1. To

expand on this base of information and to identify any

unanticipated nontarget effects of these herbicides that

might have been missed by traditional toxicological

screens, we evaluated all six chemicals using a rapid

phenotypic screening approach in developing zebra-

fish. Herbicides were screened as individual chemicals

and as components of formulated products containing

emulsifiers, adjuvants, or other ingredients.

Methods

Zebrafish husbandry.—Adult zebrafish (wild type,

AB strain) were maintained in a self-contained,
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recirculating ZMOD aquaculture system (Marine

Biotech, Beverly, Massachusetts) at 268C on a

photoperiod of 14 h light : 10 h dark. Standard

procedures for zebrafish husbandry were used (West-

erfield 2000). Artificial system water was prepared by

filtering municipal water through an Aqua FX Reverse

Osmosis System (Aqua Engineering and Equipment,

Inc., Winter Park, Florida) and adding Instant Ocean

Sea Salts (Aquatic Ecosystems, Apopka, Florida) to

bring the water conductivity to 1,500 lS/cm; the water

was maintained at a pH of 7.0–7.4. System water was

used for fish maintenance and the herbicide exposures.

Adult fish were spawned by means of conventional

procedures (Westerfield 2000). Fertilized eggs were

cleaned and staged (Kimmel et al. 1995) and then were

transferred to glass petri dishes containing fresh system

water. The embryos and larvae were maintained at

28.58C in temperature-controlled incubators.

Herbicide stock solutions.—For each herbicide, the

purified active ingredient (Table 2) was obtained from

Chem Service, Inc. (West Chester, Pennsylvania).

Formulated products (products containing the active

ingredient plus surfactants or other proprietary ingre-

dients: e.g., Transline; Table 2) were supplied by the

U.S. Forest Service Regional Pesticide Coordinator

(Regions 1 and 4, Ogden, Utah). All pure chemicals

(except imazapic) and formulated products were added

directly to the system water. Stock solutions of 10 or 20

mg/L were prepared at the beginning of each

experiment and stored at 48C in the dark. Dilutions

were prepared daily. Because the solubility of imazapic

in water is low, it was first dissolved in acetone and

then added to system water to prepare a 10-mg/L stock

solution in 0.1% acetone. In this case, the stock

solution concentration was also the highest exposure

concentration; therefore, zebrafish treated with ima-

zapic were also exposed to a maximum concentration

of 0.1% acetone.

Herbicide exposures.—Waterborne exposures were

initiated at 2–4 hpf. Embryos undergoing normal

development at the 8–64-cell stage were selected and

placed into nitric-acid-cleaned, 60-mm glass petri

dishes with 10 mL of pesticide-containing exposure

medium. Each exposure contained 15 embryos and was

performed in triplicate (n ¼ 45 fish/treatment).

Exposures were static, with renewals every 24 h

through 5 d postfertilization (dpf). To ensure a

consistent rate of development, embryos and larvae

were maintained under darkness in temperature-

TABLE 1.—U.S. Environmental Protection Agency (USEPA) hazard classifications and peer-reviewed studies on herbicide

toxicity to early developing and juvenile freshwater fish (96-h LC50¼ concentration that is lethal to 50% of the fish after 96 h of

exposure; NA¼ no USEPA classification available).

Active ingredient
USEPA

hazard class
96-h LC50

(ppm) Reference (LC50)
Effects on juvenile or
early developing fish

Reference
(developmental

effects)

Picloram Slightly to
moderately toxic

.1, ,100 USEPA 1995;
USDA 2003a

Growth reduction in early life stages of
rainbow trout observed at 0.9 ppm

Mayes et al.
1987

Reduction in survival and growth of
lake trout Salvelinus namaycush fry
exposed to 0.04 ppm

Woodward
1976

96-h LC50 of 41 ppm (juvenile rainbow
trout) and 24 ppm (juvenile bull trout)

Fairchild et al.
2007

Degenerative changes in liver of yearling
coho salmon Oncorhynchus kisutch
exposed to 5-ppm Tordon 22K

Lorz et al.
1979

Imazapyr NA .100 USDA 2004a None
Imazapic NA .100 USDA 2004b None
Clopyralid NA .100 USDA 2004c 96-h LC50 of 700 ppm (juvenile rainbow

trout) and 802 ppm (juvenile bull trout)
Fairchild et al.

2007
Triclopyr

(triethylamine salt)
Low toxicity .100 USEPA 1998;

USDA 2003b
Erratic swimming behavior and labored

respiration in juvenile rainbow trout
exposed to 200-ppm Garlon 3

Morgan et al.
1991

Glyphosate Low toxicity .100 USEPA 1993;
USDA 2003c

None

TABLE 2.—Herbicides (purified chemicals and herbicide

formulations) tested for effects on developing zebrafish

through 5 d postfertilization.

Herbicide Purity (%)
Active

chemical (%) Formulations

Purified chemicals
Picloram 98 24.4 Tordon K
Imazapyr 99 28.7 Habitat
Imazapic 99 23.6 Plateau
Clopyralid 99 40.9 Transline
Glyphosate 99
Triclopyr 99 44.4 Garlon 3A

44.4 Renovate

FORESTRY HERBICIDE EFFECTS ON FISH DEVELOPMENT 977

D
ow

nl
oa

de
d 

by
 [

C
ol

um
bi

a 
R

iv
er

 I
nt

er
-T

ri
ba

l F
is

h 
C

om
m

is
si

on
] 

at
 0

9:
31

 1
9 

Fe
br

ua
ry

 2
01

6 

EX5094-000004-TRB



controlled incubators (28.58C). Embryos were reared in

system water alone or system water containing nominal

concentrations of 3, 10, 33, 100, 333, 1,000, and

10,000 lg/L for each herbicide active ingredient and

formulated product. Since imazapic required dissolu-

tion in solvent, a solvent control (0.1% acetone in

system water) was included. The exposure for the

parent compound triclopyr was repeated three times

because we initially observed a few cases of mild

pericardial edema at the highest concentration. How-

ever, this was not observed during the other two

exposures. There were no significant differences

between the three exposures; therefore, typical results

from one of the three exposures are reported.

Anatomical screening.—Anatomical features were

examined daily using a Nikon SMZ-800 stereomicro-

scope with a diascopic base (Meridian Instruments,

Seattle, Washington). Embryos were also examined in

more detail using a Nikon Eclipse E600 compound

microscope equipped with differential interference

contrast optics (Meridian Instruments). Digital images

were captured with a cooled charge-coupled device

Spot RT digital camera (Diagnostic Instruments, Inc,

Sterling Heights, Michigan) fitted to the microscopes.

The anatomy of herbicide-exposed embryos and larvae

was compared with detailed, stage-specific descriptions

for normal development as previously published

(Kimmel et al. 1995; Haffter et al. 1996).

Measurement of fish body length.—As an indicator

of growth, larval body length was measured at the end

of each exposure (5 dpf). Fish were anesthetized with

tricaine methanesulfonate (MS-222; Sigma-Aldrich, St.

Louis, Missouri). Lengths were measured from digital

micrographs using imaging software from Diagnostic

Instruments or the National Institutes of Health (Image

J; public domain software). Lengths were calculated

along the notochord between the anterior end of the

mouth to the end of the caudal peduncle. Edematous

TABLE 3.—Percent of zebrafish larvae with normal anatomy at 5 d postfertilization after exposure to various herbicides or

purified parent chemicals. The number of fish examined ranged from 38 to 46 (total from three replicates), with the exception of

3- and 10-lg/L picloram (n¼35) and 100-lg/L imazapic (n¼ 31). The P-value shown was calculated by Fisher’s exact test (2 3

8) for effect of compound. The FE2 P is the P-value calculated by Fisher’s exact test (2 3 2) for individual concentrations

compared with control (FE2 P-values .0.1 are not shown).

Result (P) and
concentration Picloram

Tordon K
(picloram) Imazapyr

Habitat
(imazapyr) Imazapic

Plateau
(imazapic) Clopyralid

Transline
(clopyralid) Glyphosate

P 0.094 0.613 0.720 0.0871 0.162 0.271 0.454 0.202 1
Control 95 100 98 98 98 96 100 100 100
3 lg/L 94 96 100 100 98 100 98 100 100
10 lg/L 94 98 98 93 95 98 96 98 98
33 lg/L 100 100 100 100 100 100 100 98 98
100 lg/L 98 86 100 100 87 100 98 100 100
333 lg/L 100 89 98 100 100 100 100 100 98
1 mg/L 94 93 98 98 93 100 98 98 98
10 mg/L 100 96 100 100 98 100 96 98 100

TABLE 4.—Mean length (mm) of zebrafish larvae at 5 d postfertilization after exposure to herbicides or purified parent

compounds. The P-value shown is for effect of exposure calculated by nested analysis of variance (ANOVA). The DT P is the P-

value for Dunnett’s post hoc test comparing the individual exposure concentration with the control (DT P-values . 0.1 are not

shown). Number of fish ranged from 38 to 46 (total from three replicates), with the exception of picloram controls (n¼ 12), 3-

and 10-lg/L picloram (n¼35), and 100-lg/L imazapic (n¼31). Percent change (% chg) in length from that of controls is shown.

Result (P) and
concentration

Picloram Tordon K (picloram) Imazapyr Habitat (imazapyr)

Mean SD % chg Mean SD % chg DT P Mean SD % chg Mean SD % chg

P 0.401 0.004 0.203 0.266
Control 3.88 0.13 3.66 0.12 3.70 0.12 3.61 0.22
3 lg/L 3.73 0.22 �3.9 3.63 0.15 �0.8 3.75 0.11 1.4 3.64 0.09 0.8
10 lg/L 3.76 0.16 �3.2 3.60 0.22 �1.6 3.70 0.20 0.0 3.55 0.25 �1.6
33 lg/L 3.77 0.13 �2.8 3.69 0.11 0.8 3.71 0.10 0.3 3.62 0.08 0.3
100 lg/L 3.73 0.15 �3.9 3.66 0.13 0.0 3.76 0.10 1.6 3.65 0.08 1.1
333 lg/L 3.75 0.13 �3.3 3.58 0.16 �2.2 0.065 3.67 0.14 0.8 3.64 0.08 0.8
1 mg/L 3.75 0.20 �3.3 3.65 0.15 �0.3 3.72 0.10 0.5 3.64 0.14 0.8
10 mg/L 3.80 0.15 �2.1 3.57 0.15 �2.5 0.030 3.69 0.11 0.3 3.61 0.10 0.0

a One-way ANOVA using means of replicates.
b Fish were longer than controls.
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fish were omitted from length measurements because

there was no evidence that herbicide exposure affected

anatomical development (see results below) and edema

radically shortens the body length, unduly affecting

mean length.

Touch response.—Touch response (escape reflex)

was tested according to methods previously published

for zebrafish (Granato et al. 1996; Saint-Amant and

Drapeau 1998). Trials were conducted daily beginning

at 3 dpf (the first day when all the fish were hatched). A

pair of fine-tipped forceps was used to gently touch the

head of each animal. The response to touch was

assigned to four qualitative response categories,

including (1) the normal response, where fish swam

more than one body length in response to a single

touch; (2) abnormal response in which fish swam more

than one body length in response to two or three

touches; (3) abnormal response in which fish swam

only one body length in response to one to three

touches; and (4) abnormal response in which fish

exhibited no response to three touches. These catego-

ries were chosen based on preliminary work indicating

that this was a simple way to qualify the magnitude of

the escape response.

Statistical analysis.—For each herbicide, the pro-

portion of fish with no developmental defects and that

had normal touch responses (rated as category 1) was

analyzed using Fisher’s exact test. For the overall effect

of the herbicide, a 2 3 8 (7 exposures plus 1 control)

test was performed. For herbicides with a significant

overall effect (P , 0.05), pairwise tests (2 3 2) were

then performed comparing each group of exposed fish

with the control fish. Individual fish lengths were

analyzed with a nested analysis of variance (ANOVA;

replicate within exposure). For herbicides showing a

significant effect of both exposure and replicate, a one-

way ANOVA was performed using the means of the

three replicates. Dunnett’s post hoc test was used to

compare each group of exposed fish with the control

fish. Statistical analyses were performed using JMP

version 5.1 (SAS Institute, Inc., Cary, North Carolina)

and R version 2.8 (R Project for Statistical Computing).

Results and Discussion

We used the zebrafish model to screen six

commonly used herbicides for adverse effects on fish

development. We examined overall anatomy and

morphology, total body length, and touch response in

zebrafish that were continuously exposed throughout

the first 5 d of development. The results of each

herbicide exposure for fish at 5 dpf are shown in Tables

3–5. Although there were a few instances where a

statistically significant difference was found between

exposed fish and control fish, there was no clear

evidence of a toxic concentration–response relationship

TABLE 3.—Extended.

Result (P) and
concentration Triclopyr

Garlon 3A
(triclopyr)

Renovate (triclopyr)

% FE2 P

P 0.912 0.397 0.0304
Control 100 89 100
3 lg/L 100 97 100
10 lg/L 98 98 93
33 lg/L 100 100 98
100 lg/L 98 98 86 0.025
333 lg/L 98 98 89 0.056
1 mg/L 98 98 93
10 mg/L 96 95 96

TABLE 4.—Extended.

Result (P) and
concentration

Imazapic Plateau (imazapic) Clopyralid Transline (clopyralid)

Mean SD % chg DT P Mean SD % chg Mean SD % chg Mean SD % chg

P 0.031 0.405 0.611 0.813
Control 3.74 0.16 3.59 0.10 3.71 0.10 3.64 0.13
3 lg/L 3.76 0.12 0.5 3.64 0.08 1.4 3.70 0.14 �0.3 3.63 0.01 �0.3
10 lg/L 3.68 0.13 �1.6 3.66 0.12 2.0 3.66 0.03 �1.3 3.59 0.20 �1.4
33 lg/L 3.73 0.12 �0.3 3.66 0.09 2.2 3.69 0.10 �0.5 3.60 0.12 �1.1
100 lg/L 3.66 0.17 �2.1 0.054 3.66 0.13 2.0 3.72 0.11 0.3 3.59 0.12 �1.4
333 lg/L 3.72 0.09 �0.5 3.66 0.11 2.0 3.72 0.12 0.3 3.61 0.13 �0.8
1 mg/L 3.69 0.16 �1.3 3.66 0.09 2.0 3.71 0.11 0.0 3.59 0.13 �1.4
10 mg/L 3.66 0.13 �2.1 0.034 3.66 0.07 2.0 3.70 0.10 �0.3 3.61 0.13 �0.8
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for any of the herbicides examined. Where individual

exposures produced effects that were significantly

different from controls (P , 0.05), the magnitudes of

the effects were small. For example, the lowest

concentrations of Renovate (parent compound ¼
triclopyr; 3 and 10 lg/L) had the greatest effect on

mean fish length, but these reductions were both less

than 4% of the mean length of controls and within the

variability (i.e., SD) for fish lengths for all treatment

groups (Table 4). Conversely, some individual expo-

sures produced zebrafish larvae that were slightly (but

significantly) longer (e.g., 1-mg/L Garlon 3A; Table 4)

or slightly more touch responsive (e.g., 10-mg/L

Plateau; Table 5). Overall, while a few of the exposures

shown in Tables 3–5 produced statistically significant

results, they are unlikely to represent a biologically

significant effect of herbicide exposure.

A typical anatomical result for triclopyr (10 mg/L; 5

dpf) is shown in Figure 1. For triclopyr and the other

herbicides, the anatomy and development of exposed

animals were essentially identical to those of control

fish. Only those zebrafish exposed to the highest

concentration of clopyralid (10 mg/L) showed a

significantly reduced touch response and, as noted

above, this may not represent a biologically meaningful

effect. Our collective findings indicate that the

herbicides and formulated products examined here are

not generally teratogenic to fish embryos and produce

no obvious developmental or neural toxicity over

exposure concentrations spanning more than three

orders of magnitude. We only considered the sensori-

motor networks that underlie a specific reflex response

to touch. Therefore, other effects on larval physiology

or different types of behaviors remain an unexplored

possibility. The concentrations of herbicides in surface

waters after invasive plant eradication activities are

TABLE 4.—Extended.

Result (P) and
concentration

Glyphosate Triclopyr Garlon 3A (triclopyr) Renovate (triclopyr)

Mean SD % chg Mean SD % chg Mean SD % chg DT P Mean SD % chg

P 0.454 0.497 0.008a 0.014
Control 3.73 0.12 3.84 0.10 3.77 0.19 3.65 0.11
3 lg/L 3.70 0.10 �0.8 3.85 0.08 0.3 3.83 0.16 �0.3 3.51 0.13 �3.8
10 lg/L 3.67 0.11 �1.6 3.81 0.15 �0.8 3.86 0.08 �1.3 0.06b 3.53 0.15 �3.3
33 lg/L 3.69 0.24 �1.1 3.83 0.08 �2.6 3.84 0.08 �0.5 3.61 0.15 �1.1
100 lg/L 3.71 0.11 �0.5 3.83 0.13 �2.6 3.83 0.08 0.3 3.59 0.02 �1.6
333 lg/L 3.71 0.12 �0.5 3.83 0.10 �2.6 3.83 0.07 0.3 3.64 0.12 �0.3
1 mg/L 3.71 0.09 �0.5 3.85 0.12 0.3 3.87 0.10 0.0 0.023b 3.62 0.13 �0.8
10 mg/L 3.72 0.11 �0.3 3.81 0.20 �0.8 3.76 0.31 �0.3 3.65 0.12 0.0

TABLE 5.—Percent of zebrafish larvae displaying a normal touch response at 5 d postfertilization after exposure to various

herbicides or purified parent compounds. The number of fish examined ranged from 38 to 46 (total from three replicates), with

the exception of 3- and 10-lg/L picloram (n ¼ 35) and 100-lg/L imazapic (n ¼ 31). The P-value shown was calculated by

Fisher’s exact test (2 3 8) for effect of compound. The FE2 P is the P-value calculated by Fisher’s exact test (2 3 2) for

individual concentrations compared with control (FE2 P-values . 0.1 are not shown).

Result (P) and
concentration

Picloram
Tordon K
(picloram) Imazapyr

Habitat
(imazapyr) Imazapic

Plateau
(imazapic)

Clopyralid
Transline

(clopyralid)

Glyphosate

% FE2 P % FE2 P % FE2 P

P 0.23a 0.702 0.307 0.415 0.03 0.016b ,0.001 0.605 0.001a

Control 70 98 98 91 96 96 100 98 100
3 lg/L 80 96 98 98 98 100 96 98 90
10 lg/L 76 96 100 93 88 93 89 0.024 96 100
33 lg/L 88 0.062b 100 100 100 93 100 98 93 100
100 lg/L 88 0.061b 100 100 98 90 100 93 93 84 0.06
333 lg/L 81 96 95 95 100 100 100 98 98
1 mg/L 82 95 100 93 90 100 93 91 93
10 mg/L 89 0.033b 98 100 98 100 100 71 ,0.001 91 93

a Calculated with chi-square because it could not be computed with Fisher’s exact test.
b There were more fish responding normally to touch compared with controls.
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likely to vary widely with application method (e.g.,

aerial application versus hand delivery), use in

proximity to aquatic habitats, soil composition, and

local patterns of rainfall and runoff. However, typical

levels are likely to be near the lower end of the range of

concentrations examined in this study (,100 lg/L).

Herbicide formulations often contain proprietary

‘‘inert ingredients,’’ such as surfactants or emulsifiers.

These have been shown in some cases to be more toxic

than the active ingredient. For instance, the glyphosate

formulations Roundup and Vision are 10–100 times

more toxic to fish than the active ingredient alone

(Folmar et al. 1979; Servizi et al. 1987; Morgan et al.

1991). Rainbow trout are approximately 50 times more

sensitive to Roundup (96-h LC50 ¼ 12 mg/L) than to

Rodeo (96-h LC50¼ 580 mg/L; Mitchell et al. 1987).

Rodeo is often used for forestry applications, and since

it consists of glyphosate and water (Diamond and

Durkin 1997) we screened only the active ingredient.

However, the manufacturer recommends use of a

surfactant with applications of Rodeo to improve

efficacy. It was beyond the scope of this study to

screen the various surfactants that could potentially be

used in tandem with Rodeo applications. Notably for

juvenile salmonids, however, the surfactants LI-700, R-

11, and Agri-Dex have been shown to influence the

acutely lethal toxicity of Rodeo (Diamond and Durkin

1997). Whether they also influence the toxicity of

glyphosate to developing fish remains to be deter-

mined.

Formulations of triclopyr also vary in their toxicity

to fish (Johansen and Geen 1990; Morgan et al. 1991).

There are two forms of triclopyr: triethylamine salt

(TEA) and butoxyethyl ester (BEE). We tested only the

TEA parent compound and the formulations Garlon 3A

and Renovate. In contrast to triclopyr TEA, which is

considered by the USEPA to be ‘‘practically nontoxic’’

(i.e., 96-h LC50 . 100 ppm; USEPA 1998), the

toxicity of triclopyr BEE is considered ‘‘moderately to

highly toxic’’ (96-h LC50 ¼ 0.1–10.0 ppm; USEPA

1998). Garlon 4 (triclopyr BEE) is approximately 170

times more toxic to salmonids than Garlon 3A

(triclopyr TEA; Wan et al. 1987). We observed no

developmental effects at nominal concentrations of 10

mg/L or less for purified triclopyr alone or for the TEA

formulations Garlon 3A and Renovate. However, the

developmental toxicity of other triclopyr-containing

herbicides, especially formulations based on BEE (e.g.,

Garlon 4), remains to be determined.

The absence of detectable toxicity in our zebrafish

screens is unlikely to represent a false negative in terms

of toxicity to early developmental stages of threatened

or endangered salmonids. The responses of zebrafish to

toxicants are generally similar to those shown by other

teleosts (Henry et al. 1997; Incardona et al. 2004, 2005;

Matz and Krone 2007). While zebrafish embryos are

less sensitive to dioxin developmental toxicity com-

pared with lake trout, brook trout S. fontinalis, and

rainbow trout (Henry et al. 1997), zebrafish exposed to

crude oil exhibit developmental abnormalities at

concentrations of PAHs similar to those observed in

pink salmon O. gorbuscha and Pacific herring Clupea

pallasii (Incardona et al. 2005). Although cross-species

extrapolations are always a source of uncertainty in

ecotoxicology (Bus et al. 2006), the available evidence

indicates that zebrafish embryos are reasonable and

appropriate surrogates for embryos of other fish,

including salmonids.

The most parsimonious explanation for our current

results is that the six herbicides, either alone or in

technical formulations, have a very low toxicity to fish

embryos as represented by the zebrafish model. An

alternative explanation is that the bioavailability of

TABLE 5.—Extended.

Result (P) and
concentration Triclopyr

Garlon 3A
(triclopyr)

Renovate
(triclopyr)

P 0.789 0.455 0.623
Control 100 97 98
3 lg/L 100 97 100
10 lg/L 98 100 96
33 lg/L 100 100 93
100 lg/L 100 98 98
333 lg/L 98 100 91
1 mg/L 98 100 95
10 mg/L 96 95 98

FIGURE 1.—Comparison of anatomy between control and

triclopyr-treated zebrafish larvae at 5 d postfertilization.

Developmental anatomy of fish continuously exposed to 10-

mg/L triclopyr (starting at about 2 h postfertilization) is similar

to that of control fish.
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these chemicals dissolved in water is low. Specifically,

these herbicides (excluding imazapic) have a high

water solubility or hydrophilicity (log[octanol–water

partition coefficient] , 2), which could limit uptake

into the embryo. Previous studies using microinjection

have documented toxicity when hydrophilic com-

pounds are injected directly into fertilized eggs (Milan

et al. 2003; Stehr et al. 2006). Since waterborne

exposure is the expected pathway for herbicide

exposures in streams receiving runoff or drift from

aerial applications, we did not conduct microinjections

in the present study. Irrespective of whether our current

results are due to low toxicity or low bioavailability,

the risks to fish eggs appear to be minimal.

Finally, while our results indicate that low levels of

noxious weed control herbicides are unlikely to be

toxic to the embryos of ESA-listed salmon, steelhead,

and trout, our findings do not necessarily extend to

other life stages or other physiological processes (e.g.,

smoltification, disease susceptibility, behavior, etc.).

For example, certain surfactants are known to be toxic

to ciliated sensory neurons in the fish olfactory system

(Sutterlin et al. 1971). Larval salmon rely on olfaction

for several important behaviors, including predator

detection and avoidance (Mirza et al. 2001). Studies of

olfactory toxicity in salmonids are relatively tractable

(e.g., Scholz et al. 2000) and are therefore a promising

approach for future research on herbicide formulations.

Also, we did not address the potential for indirect

effects on aquatic food webs via a loss of primary

producers in streams. Nevertheless, in the context of

tradeoffs for salmon conservation, we have shown that

common herbicides are unlikely to disrupt the normal

ontogenetic patterning of salmon embryos in critical

spawning habitats.

Acknowledgments

This work was supported by a grant from the U.S.

Forest Service Pesticide Impact Assessment Program.

We thank Heather Day and Peter Kiffney for comments

on the draft manuscript and Gary Smith and Janet Valle

from the U.S. Forest Service for providing the

herbicide technical formulations. Reference to trade

names does not imply endorsement by the U.S.

Government.

References

Blechinger, S. R., R. C. Kusch, K. Haugo, C. Matz, D. P.

Chivers, and P. H. Krone. 2007. Brief embryonic

cadmium exposure induces a stress response and cell

death in the developing olfactory system followed by

long-term olfactory deficits in juvenile zebrafish. Toxi-

cology and Applied Pharmacology 224(1):72–80.

Bus, J. S., R. A. Canady, T. K. Collier, J. W. Owens, S. D.

Pettit, N. L. Scholz, and A. Street. 2006. The extension of

molecular and computational information to risk assess-

ment and regulatory decision-making. Pages 151–177 in
R. Di Guilio and W. Benson, editors. Genomic

approaches for cross-species extrapolation in toxicology.

Society of Environmental Toxicology and Chemistry

Press, Pensacola, Florida.

Carney, S. A., A. L. Prasch, W. Heideman, and R. E. Peterson.

2006. Understanding dioxin developmental toxicity

using the zebrafish model. Birth Defects Research Part

A, Clinical Molecular Teratology 76:7–18.

Diamond, G. L., and P. R. Durkin. 1997. Effects of surfactants

on the toxicity of glyphosate, with specific reference to

RODEO. Prepared by Syracuse Environmental Research

Associates for the U.S. Department of Agriculture, Forest

Service, SERA TR 97-206-1b, Arlington, Virginia.

Eisen, J. S. 1996. Zebrafish make a big splash. Cell 87:969–

977.

Fairchild, J. F., A. Allert, L. S. Sappington, K. J. Nelson, and

J. Valle. 2007. Using accelerated life testing procedures

to compare the relative sensitivity of rainbow trout and

the federally listed threatened bull trout to three

commonly used rangeland herbicides (picloram, 2,4-D,

and clopyralid). Environmental Toxicology and Chemis-

try 27:623–630.

Folmar, L. C., H. O. Sanders, and A. M. Julin. 1979. Toxicity

of the herbicide glyphosate and several if its formulations

to fish and aquatic invertebrates. Bulletin of Environ-

mental Contamination and Toxicology 8:269–278.

Granato, M., F. J. van Eeden, U. Schach, T. Trowe, M. Brand,

M. Furutani-Seiki, P. Haffter, M. Hammerschmidt, C. P.

Heisenberg, Y. J. Jiang, D. A. Kane, R. N. Kelsh, M. C.

Mullins, J. Odenthal, and C. Nusslein-Volhard. 1996.

Genes controlling and mediating locomotion behavior of

the zebrafish embryo and larva. Development 123:399–

413.

Grunwald, D. J. 1996. A fin-de siecle achievement: charting

new waters in ver tebra te biology. Science

274(5293):1634–1635.

Grunwald, D. J., and J. S. Eisen. 2002. Headwaters of the

zebrafish—emergence of a new model vertebrate. Nature

Reviews Genetics 3:717–724.

Haendel, M. A., F. Tilton, G. S. Bailey, and R. L. Tanguay.

2004. Developmental toxicity of the dithiocarbamate

pesticide sodium metam in zebrafish. Toxicological

Sciences 81:390–400.

Haffter, P., M. Granato, M. Brand, M. C. Mullins, M.

Hammerschmidt, D. Kane, J. Odenthal, F. J. M. van

Eeden, Y. Jiang, C. Heisenberg, R. N. Kelsh, M.

Furutani-Seiki, E. Vogelsang, D. Beuchle, U. Schach,

C. Fabian, and C. Nusslein-Volhard. 1996. The identi-

fication of genes with unique and essential functions in

the development of the zebrafish, Danio rerio. Develop-

ment 123:1–36.

Henry, T. R., J. M. Spitsbergen, M. W. Hornung, C. C. Abnet,

and R. E. Peterson. 1997. Early life stage toxicity of

2,3,7,8-tetrachlorodibenzo-p-dioxin in zebrafish (Danio
rerio). Toxicology and Applied Pharmacology 142:56–

68.

Hernandez, P. P., V. Moreno, F. A. Olivari, and M. L.

Allende. 2006. Sub-lethal concentrations of waterborne

982 STEHR ET AL.

D
ow

nl
oa

de
d 

by
 [

C
ol

um
bi

a 
R

iv
er

 I
nt

er
-T

ri
ba

l F
is

h 
C

om
m

is
si

on
] 

at
 0

9:
31

 1
9 

Fe
br

ua
ry

 2
01

6 

EX5094-000009-TRB



copper are toxic to lateral line neuromasts in zebrafish

(Danio rerio). Hearing Research 213(1–2):1–10.

Hill, A. J., H. Teraoka, W. Heideman, and R. E. Peterson.

2005. Zebrafish as a model vertebrate for investigating

chemical toxicity. Toxicological Sciences 86:6–19.

Hinton, D. E., S. W. Kullman, R. C. Hardman, D. C. Volz, P.

Chen, M. Carney, and D. C. Bencic. 2005. Resolving

mechanisms of toxicity while pursuing ecotoxicological

relevance? Marine Pollution Bulletin 51:635–648.

Incardona, J. P., M. G. Carls, H. Teraoka, C. A. Sloan, T. K.

Collier, and N. L. Scholz. 2005. Aryl hydrocarbon

receptor-independent toxicity of weathered crude oil

during fish development. Environmental Health Perspec-

tives 113:1755–1762.

Incardona, J. P., T. K. Collier, and N. L. Scholz. 2004. Defects

in cardiac function precede morphological abnormalities

in fish embryos exposed to polycyclic aromatic hydro-

carbons. Toxicology and Applied Pharmacology

196:191–205.

Incardona, J. P., H. L. Day, T. K. Collier, and N. L. Scholz.

2006. Developmental toxicity of 4-ring polycyclic

aromatic hydrocarbons in zebrafish is differentially

dependent on AH receptor isoforms and hepatic

cytochrome P450 1A metabolism. Toxicology and

Applied Pharmacology 217:308–321.

Johansen, J. A., and G. H. Geen. 1990. Sublethal and acute

toxicity of the ethylene glycol butyl ether ester

formulation of triclopyr to juvenile coho salmon

(Oncorhynchus kisutch). Archives of Environmental

Contamination and Toxicology 19:610–616.

Kimmel, C. B., W. W. Ballard, S. R. Kimmel, B. Ullmann,

and T. F. Schilling. 1995. Stages of embryonic

development of the zebrafish. Developmental Dynamics

203:253–310.

Linbo, T. L., C. M. Stehr, J. P. Incardona, and N. L. Scholz.

2006. Dissolved copper triggers cell death in the

peripheral mechanosensory system of larval fish. Envi-

ronmental Toxicology and Chemistry 25:597–603.

Lorz, H. W., S. W. Glenn, R. H. Williams, C. M. Kunkel,

L. A. Norris, and B. R. Loper. 1979. Effects of selected

herbicides on smolting of coho salmon. U.S. Environ-

mental Protection Agency, 600/3-79-071, Corvallis,

Oregon.

Mack, R. N., D. Simberloff, W. M. Lonsdale, H. Evans, M.

Clout, and F. A. Bazzaz. 2000. Biotic invasions: causes,

epidemiology, global consequences, and control. Eco-

logical Applications 10:689–710.

Matz, C. J., and P. H. Krone. 2007. Cell death, stress-

responsive transgene activation, and deficits in the

olfactory system of larval zebrafish following cadmium

exposure. Environmental Science and Technology

41(14):5143–5148.

Mayes, M. A., D. L. Hopkins, and D. C. Dill. 1987. Toxicity

of picloram (4-amino-3,5,6-trichloropicolinic acid) to life

stages of the rainbow trout. Bulletin of Environmental

Contamination and Toxicology 38:653–660.

Milan, D. J., T. A. Peterson, J. N. Ruskin, R. T. Peterson, and

C. A. MacRae. 2003. Drugs that induce repolarization

abnormalities cause bradycardia in zebrafish. Circulation

107:1355–1358.

Mirza, R. S., D. P. Chivers, and J. J. Godin. 2001. Brook charr

alevins alter timing of nest emergence in response to

chemical cues from fish predators. Journal of Chemical

Ecology 27:1775–1785.

Mitchell, D. G., P. M. Chapman, and T. J. Long. 1987. Acute

toxicity of Roundup and Rodeo herbicides to rainbow

trout, Chinook and coho salmon. Bulletin of Environ-

mental Contamination and Toxicology 39:1028–1035.

Morgan, D. J., G. A. Vigers, A. T. Farrell, D. M. Janz, and

J. F. Manville. 1991. Acute avoidance reactions and

behavioral response of juvenile rainbow trout (Onco-
rhynchus mykiss) to Garlon 4, Garlon 3A, and Vision

herbicides. Environmental Toxicology and Chemistry

10:73–79.

Parks, C. G., S. R. Radosevich, B. A. Endress, B. J. Naylor, D.

Anzinger, L. J. Rew, B. D. Maxwell, and K. A. Dwire.

2005. Natural and land-use history of the Northwest

mountain ecoregions (USA) in relation to patterns of

plant invasions. Perspectives in Plant Ecology Evolution

and Systematics 7:137–158.

Saint-Amant, L., and P. Drapeau. 1998. Time course of the

development of motor behaviors in the zebrafish embryo.

Journal of Neurobiology 37:622–632.

Sandahl, J. F., D. H. Baldwin, J. J. Jenkins, and N. L. Scholz.

2005. Comparative thresholds for acetylcholinesterase

inhibition and behavioral impairment in coho salmon

exposed to chlorpyrifos. Environmental Toxicology and

Chemistry 24:136–145.

Scholz, N. L., N. K. Truelove, B. L. French, B. A. Berejikian,

T. P. Quinn, E. Casillas, and T. K. Collier. 2000.

Diazinon disrupts antipredator and homing behaviors in

Chinook salmon (Oncorhynchus tshawytscha). Canadian

Journal of Fisheries and Aquatic Sciences 57:1911–1918.

Servizi, J. A., R. W. Gordon, and D. W. Marens. 1987. Acute

toxicity of Garlon 4 and Roundup herbicides to salmon,

Daphnia and trout. Bulletin of Environmental Contam-

ination and Toxicology 39:15–22.

Stehr, C. M., T. L. Linbo, J. P. Incardona, and N. L. Scholz.

2006. The developmental neurotoxicity of fipronil:

notochord degeneration and locomotor defects in zebra-

fish embryos and larvae. Toxicological Sciences 92:270–

278.

Sutterlin, A., N. Sutterlin, and S. Rand. 1971. The influence of

synthetic surfactants on the functional properties of the

olfactory epithelium of Atlantic salmon. Fisheries

Research Board of Canada Technical Report 287.

Tierney, K., M. Casselman, S. Takeda, T. Farrell, and C.

Kennedy. 2007a. The relationship between cholinesterase

inhibition and two types of swimming performance in

chlorpyrifos-exposed coho salmon (Oncorhynchus ki-
sutch). Environmental Toxicology and Chemistry

26:998–1004.

Tierney, K. B., P. S. Ross, and C. J. Kennedy. 2007b. Linuron

and carbaryl differentially impair baseline amino acid and

bile salt olfactory responses in three salmonids. Toxicol-

ogy 231(2–3):175–87.

Tilton, F., J. K. La Du, M. Vue, N. Alzarban, and R. L.

Tanguay. 2006. Dithiocarbamates have a common toxic

effect on zebrafish body axis formation. Toxicology and

Applied Pharmacology 216:55–68.

USDA (U.S. Department of Agriculture). 2003a. Picloram:

revised human health and ecological risk assessment final

FORESTRY HERBICIDE EFFECTS ON FISH DEVELOPMENT 983

D
ow

nl
oa

de
d 

by
 [

C
ol

um
bi

a 
R

iv
er

 I
nt

er
-T

ri
ba

l F
is

h 
C

om
m

is
si

on
] 

at
 0

9:
31

 1
9 

Fe
br

ua
ry

 2
01

6 

EX5094-000010-TRB



report. USDA, Forest Service, SERA TR 03-43-16-01b,

Arlington, Virginia.

USDA (U.S. Department of Agriculture). 2003b. Triclopyr:

revised human health and ecological risk assessment final

report. USDA, Forest Service, SERA TR 02-43-13-03b,

Arlington, Virginia.

USDA (U.S. Department of Agriculture). 2003c. Glyphosate:

human health and ecological risk assessment final report.

USDA, Forest Service, SERA TR 02-43-09-04a, Arling-

ton, Virginia.

USDA (U.S. Department of Agriculture). 2004a. Imazapyr:

human health and ecological risk assessment final report.

USDA, Forest Service, SERA TR 04-43-17-05b, Arling-

ton, Virginia.

USDA (U.S. Department of Agriculture). 2004b. Imazapic

(Plateau and Plateau DG): human health and ecological

risk assessment final report. Prepared by Syracuse

Environmental Research Associates for USDA, Forest

Service, SERA TR 00-21-28-01e, Arlington, Virginia.

USDA (U.S. Department of Agriculture). 2004c. Clopyralid:

human health and ecological risk assessment final report.

USDA, Forest Service, SERA TR 04-43-17-03c, Arling-

ton, Virginia.

USEPA (U.S. Environmental Protection Agency). 1993.

Glyphosate reregistration eligibility decision (RED).

USEPA 738-R-93-014, Washington, D.C.

USEPA. 1995. Picloram reregistration eligibility decision

(RED). USEPA 738-R95-019, Washington, D.C.

USEPA. 1998. Triclopyr reregistration eligibility decision

(RED). USEPA 38-R-98-011, Washington, D.C.

Wan, M. T., D. J. Moul, and R. G. Watts. 1987. Acute toxicity

to juvenile pacific salmonids of Garlon 3A, triclopyr,

triclopyr ester and their transformation products; 3,5,6-

trichloro-2-pyridinol and 2-methoxy-3,5,6-trichloropyri-

dine. Bulletin of Environmental Contamination and

Toxicology 39:721–728.

Westerfield, M. 2000. The zebrafish book, 4th edition.

University of Oregon Press, Eugene.

Woodward, D. F. 1976. Toxicity of the herbicides dinoseb and

picloram to cutthroat (Salmo clarki) and lake trout

(Salvelinus namaycush). Journal of the Fisheries Re-

search Board of Canada 33:1671–1676.

984 STEHR ET AL.

D
ow

nl
oa

de
d 

by
 [

C
ol

um
bi

a 
R

iv
er

 I
nt

er
-T

ri
ba

l F
is

h 
C

om
m

is
si

on
] 

at
 0

9:
31

 1
9 

Fe
br

ua
ry

 2
01

6 

EX5094-000011-TRB




