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Abstract National water-quality criteria for the protection
of aquatic life are based on toxicity tests, often using
organisms that are easy to culture in the laboratory. Species
native to the Rocky Mountains are poorly represented in data
sets used to derive national water-quality criteria. To pro-
vide additional data on the toxicity of zinc, several labora-
tory acute-toxicity tests were conducted with a diverse
assortment of fish, benthic invertebrates, and an amphibian
native to the Rocky Mountains. Tests with fish were con-
ducted using three subspecies of cutthroat trout (Colorado
River cutthroat trout Oncorhynchus clarkii pleuriticus,
greenback cutthroat trout O. clarkii stomias, and Rio Grande
cutthroat trout O. clarkii virginalis), mountain whitefish
(Prosopium williamsoni), mottled sculpin (Cottus bairdi),
longnose dace (Rhinichthys cataractae), and flathead chub
(Platygobio gracilis). Aquatic invertebrate tests were con-
ducted with mayflies (Baetis tricaudatus, Drunella doddsi,
Cinygmula sp. and Ephemerella sp.), a stonefly (Chlorop-
erlidae), and a caddis fly (Lepidostoma sp.). The amphibian
test was conducted with tadpoles of the boreal toad (Bufo
boreas). Median lethal concentrations (LCsgs) ranged more
than three orders of magnitude from 166 pg/L for Rio
Grande cutthroat trout to >67,000 pg/L for several benthic
invertebrates. Of the organisms tested, vertebrates were the
most sensitive, and benthic invertebrates were the most
tolerant.

Extending from New Mexico in the south to British
Columbia in the north, the Rocky Mountain range has been
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the site of extensive mining. Abandoned mines contribute
to acid-mine drainage or acid-rock drainage, which have
been described as the greatest water-quality problem in the
region (United States Department of Agriculture Forest
Service 1993; Mineral Policy Center 1997). Zinc is com-
monly present in high concentrations in acid-mine drainage
and adversely affects aquatic life in an estimated 900 miles
of streams in Colorado alone (Colorado Department of
Public Health and Environment 2010). State zinc standards
for the protection of aquatic life are based on national
water-quality criteria, which are derived from toxicity data
for many aquatic species (USEPA 1987, 1996). Species
native to the Colorado Rocky Mountains are poorly rep-
resented in the toxicity data sets used to derive zinc water-
quality criteria. As such, it is uncertain whether national
zinc criteria adequately protect or are overprotective of
species native to the Rocky Mountains. National criteria
are intended to be conservatively protective of all or almost
all bodies of water (Stephan et al. 1985), which assumes
that species sensitivity in the national database is repre-
sentative of untested species.

Recently, the mottled sculpin, which is native to the
Rocky Mountain range, has been found to be sensitive to
zinc and may not be protected by national zinc criteria
(Woodling et al. 2002; Brinkman and Woodling 2005;
Besser et al. 2007). This prompted concern about the
protectiveness of zinc criteria for other aquatic species
native to the Rocky Mountains. The objectives of these
studies were to measure acute zinc toxicity to several
aquatic species native to the Rocky Mountain region. Zinc-
toxicity tests were conducted using a diverse assortment of
organisms native to Rocky Mountain streams and transition
zones, including fishes, benthic invertebrates, and an
amphibian. Fishes tested were three subspecies of cutthroat
trout native to Colorado (Colorado River cutthroat trout
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Oncorhynchus clarkii pleuriticus, greenback cutthroat
trout O. clarkii stomias, and Rio Grande cutthroat trout
O. clarkii virginalis), mountain whitefish (Prosopium
williamsoni), mottled sculpin (Cottus bairdi), longnose
dace (Rhinichthys cataractae), and flathead chub (Platy-
gobio gracilis). Aquatic invertebrates tested were mayflies
(Baetis tricaudatus, Drunella doddsi, Cinygmula sp. and
Ephemerella sp.), a stonefly (Chloroperlidae), and a caddis
fly (Lepidostoma sp.). Tadpoles of the boreal toad (Bufo
boreas) were also tested. Results of the toxicity tests were
compared with national ambient water-quality criteria for
zinc to determine protectiveness for Rocky Mountain
native aquatic species.

Methods
Organisms

Colorado River and greenback cutthroat trout were
obtained as freshly fertilized eggs from Colorado Division
of Wildlife hatchery brood stock recently founded from
wild populations (Lake Nanita, Grand County, CO, at the
Glenwood Hatchery and Carr Creek, Garfield County, CO,
at the Poudre Hatchery, respectively). Eggs from a mini-
mum of four females were mixed with the milt from two
males each. Fertilization rates were enhanced by main-
taining anhydrous conditions during the process, with
conception occurring in the ovarian fluid bath. Eggs were
then hardened for an additional 30 min in water from the
brood source before making the 2—4 h journey to the
toxicology laboratory in individual 4 L coolers where they
were then treated with 1600 mg/L formalin to control
fungus (Piper et al. 1982). Rio Grande cutthroat trout were
obtained as eyed eggs from the Colorado Division of
Wildlife Pitkin Hatchery (source: Haypress Lake, Mineral
County, CO). The three subspecies of cutthroat trout eggs
were incubated in Ft. Collins dechlorinated municipal tap
water (hardness near 50 mg/L as CaCOj;, temperature
12°C, pH 7.5). After swimup, fry were fed starter salmon
chow (Rangen, Buhl, ID) at approximately 5% body
weight/day supplemented with brine shrimp nauplii. Tox-
icity tests were conducted with each subspecies at water
hardnesses of 50 mg/L as CaCOj3 and 150 mg/L as CaCOs.
Two weeks after swimup, fry were divided randomly into
two groups. To minimize size bias between the two groups,
small numbers of fry were netted and transferred to alter-
nating tanks, one to five fry at a time, until all fish from the
original tanks had been transferred. Half of the fry were
maintained in the 50 mg/L as CaCOj3 hardness dechlori-
nated tap water, whereas the other half of the fry was
acclimated to a mixture of on-site well water and dechlo-
rinated tap water. Conductivity controllers maintained the

tap/well water mixture near a water hardness of 150 mg/L
as CaCOj during acclimation and toxicity tests. Fry were
maintained in their respective waters for 2 weeks before
toxicity tests. Cutthroat fry were fasted for 48 h before
initiation of toxicity tests.

Mountain whitefish eggs were collected from wild
adults during a spawning run up Mad Creek near Steam-
boat, CO in 2006, 2007, and 2009. Eggs from a minimum
of six females were stripped and fertilized in the field as
before, then transported 4 h by truck in individual one-
gallon coolers to the laboratory where eggs were again
treated with 1600 mg/L formalin for 15 min (Piper et al.
1982). Eggs were incubated in Ft. Collins dechlorinated
municipal tap water (hardness near 50 mg/L as CaCOg,
temperature 7°C, pH 6.8-7.4). After hatching, mountain
whitefish fry were fed ad libitum with live brine shrimp
nauplii and a 1:1 mixture of freeze-dried brine shrimp and
bloodworms (Hikari, Hayward, CA) sieved through
500-pm screen. Mountain whitefish fry were fasted for 48 h
before initiation of toxicity tests.

Boreal toad egg masses were collected from a pond with
a healthy breeding population of adults near Henderson,
CO. Boreal toad larvae were acclimated to test temperature
and water-quality conditions for 24 h before the start of the
test. Boreal toad embryos were stage 16—17 on the Gosner
amphibian developmental stage (Gosner 1960). Tadpoles
were fed a mixture of Mazuri amphibian food, starter trout
chow (Rangen), and frozen romaine lettuce ad libitum
during acclimation to test conditions and during the tox-
icity test.

Toxicity tests with other fishes used organisms collected
from the field Longnose dace, mottled sculpin, and flathead
chub were collected using backpack electrofishing units
with pulsed DC current. Longnose dace (N = 261) were
collected from the Cache la Poudre River near Ft. Collins
(Larimer County, CO). Mottled sculpin (N = 250) were
collected from the Dolores River near Lizard Head Pass
(Dolores County, CO). Longnose dace and mottled sculpin
were deemed young-of-the-year age class based on length-
frequency distribution. Fry were sorted in the field and
transported in an aerated cooler. Juvenile flathead chub
(N = 114) were collected from lower Fountain Creek (EI
Paso County, CO). At the laboratory, field-collected fry
were placed in aquaria with water that matched the tem-
perature and water hardness of their source locations.
Water temperature and hardness were then slowly adjusted
to test conditions (2°C/d and 10 mg/L as CaCOs/d).
Longnose dace and mottled sculpin fry were fed starter
salmon chow (Rangen) supplemented with brine shrimp
nauplii. Flathead chubs were fed frozen bloodworms. Fry
were maintained at test water-quality conditions for a
minimum of 14 days before the start of toxicity tests. Fry
were fasted for 48 h before initiation of toxicity tests.
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Invertebrates were collected by picking up cobble sub-
strate from the stream and transferring adhered nymphs
with small, fine paint brushes to 2-L plastic collection
containers (12.5 x 12.5 x 13.0 cm) that contained site
water. Individuals were sorted and identified to genus in the
field using a taxonomic key from Ward and Kondratieff
(1992). Collection containers with the nymphs were
transported in a cooler maintained near site water tem-
perature with ice or a Peltier chiller (Coolworks Ice Probe;
Aquatic Ecosystems, Apopka, FL). Air and water flow
were provided during transport by a battery-operated
pump, flexible tubing, and air stones. Transportation time
to the laboratory was <1 h. At the laboratory, nymphs were
carefully individually coaxed to adhere to a fine camel-hair
paintbrush, transferred to aerated, glass holding tanks
containing site water, and placed in a temperature-con-
trolled incubator. Temperature was adjusted to 12°C and
site water replaced with dechlorinated municipal tap water
during a 48-h acclimatization period before start of the test.
Invertebrates were not fed during acclimatization or during
the toxicity-test exposures.

When possible, test organisms were obtained as
embryos from wild adults and reared in the laboratory
(cutthroat trout, mountain whitefish, and boreal toad tad-
poles). Other test organisms were collected from streams
with no history of zinc contamination that had robust wild
populations. Although little is known about culture
requirements for many of the species tested, laboratory
conditions were conducive for survival and growth during
the relatively short duration of holding and testing. Mor-
tality of field-collected organisms was low (<10%) after
collection, and fry increased in weight during acclimati-
zation to test conditions. Mean weight of mottled sculpin
fry increased 40% during 40 days of acclimatization, and
longnose dace increased by 25% during 14 days. Flathead
chubs readily consumed frozen bloodworms.

Toxicity-Test Methods

Toxicity testing was conducted at the Colorado Division of
Wildlife Aquatic Toxicology Laboratory in Ft. Collins,
CO. Toxicity tests methods followed established guidelines
(American Society for Testing and Materials 1997) except
that temperature was measured three to five times during
the test and not hourly as specified in section 11.9.2.3.
Tests were conducted using Ft. Collins dechlorinated
municipal tap water as the dilution water (hardness near
50 mg/L as CaCOs3). Each subspecies of cutthroat trout was
also tested at a water hardness of 150 mg/L as CaCOj;. The
mottled sculpin test was conducted at a water hardness of
100 mg/L as CaCOj;. Water hardness for the cutthroat
trout tests at 150 mg/L as CaCOs;, and the mottled sculpin
test was modified by mixing Ft. Collins dechlorinated
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municipal tap water with on-site well water. All toxicity
tests were flow-through and were conducted for 96 h
except for Lepidostoma sp., which was a 96-h static test
with 50% renewal at 48 h. Flow-through tests were con-
ducted using continuous-flow serial diluters (Benoit et al.
1982) constructed of glass, Teflon, polyethylene, and
polypropylene components. The diluters delivered five
concentrations with a 50% dilution ratio and a control
(seven concentrations for boreal toad tadpoles). A peri-
staltic pump delivered a stock solution of zinc sulfate
heptahydrate (ZnSQO,4-7H,0; Mallinckrodt analytical reagent
grade or Fisher American Chemical Society grade) dis-
solved in deionized water. Food-grade vinyl tubing deliv-
ered test solutions to exposure chambers. Standpipes
allowed test solutions to overflow from exposure chambers
into a temperature-controlled water bath. Exposure cham-
bers varied among tests according to size of test organisms.
Cutthroat trout, mountain whitefish, and mottled sculpin
were tested in 14 x 29 x 13-cm polypropylene containers
holding 2.8 L of solution. Longnose dace and flathead chub
were tested in 20 x 40 x 25-cm glass aquaria holding
18 L of solution. Boreal toad tadpoles were tested in
9 x 18.5 x 15-cm glass aquaria holding 2.2 L of solution.
Invertebrates were tested in 1.25-L cylindrical polypro-
pylene containers that used an airlift to provide aeration
and a continuous circular water flow as described by
Brinkman and Johnston (2008). Two unglazed ceramic
tiles (5 x 5 cm) and 1000 pm nylon mesh (approximately
7.5 x 7.5 cm) (Aquatic EcoSystems, Apopka, FL) were
provided as substrate in each invertebrate test. The flow-
through tests delivered 40 mL/min to each exposure
chamber, except for tests with longnose dace and flathead
chub, for which 60 mL/min was delivered. Biomass load-
ing in test chambers was <12% of maximum recommended
rates (ASTM 1997) in the cutthroat trout, mountain
whitefish, sculpin, and longnose dace tests and 31% of
maximum rate in the flathead chub test. Masses of boreal
toad tadpoles and invertebrate nymphs were not measured
but were considered negligible relative to flow rates and
exposure-chamber volumes.

The 96 h static-renewal tests with Lepidostoma sp. were
conducted in 1-L polypropylene tri-pour beakers contain-
ing 500 mL test solution. Five zinc concentrations and a
control were prepared with four replicate chambers per
concentration. Nymphs were gently transferred from the
cooler using a turkey baster. Nymphs were fasted during
the experiments. Exposure solutions were renewed (50%)
at 48 h. After replacement, exposure solutions were pooled
by treatment and retained for water quality and zinc
analysis.

At the start of each test, individuals were distributed, one
at a time, to each exposure chamber, and the process was
repeated until the desired number of organisms was
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Table 1 Species, mean weight, number of replicates, number of
organisms per replicate, nominal concentrations, measured concen-
trations, and associated mortality of acute zinc-toxicity tests con-

ducted with Rocky Mountain native species®

Species® Nominal Mean Mean
concentration  measured mortality
(pg/L) concentration (%)
(ng/L)

Colorado River 0 <10 (1) 0 (0)
cutthroat trout 62 44 (1) 0 (0)
flsa ? drr?egS/SL) as CaC0, 125 95 (1) 0 (0)

0.167 g 250 211 (1) 68 (11)
4 replicates 500 506 (3) 100 (0)
12 fry/replicate 1000 1160 (1) 100 (0)

Colorado River 0 <10 (1) 0 (0)
cutthroat trout 312 297 (1) 2(4)
fﬁj gnr;gs/)l“ as CaCOs o5 615 (3) 2 (4)
0.167 1250 1240 (6) 29 (5)
4 replicates 2500 2320 (17) 96 (8)
12 fry/replicate 5000 4640 (35) 100 (0)

Greenback cutthroat 0 <10 (2) 0 (0)
trout (50 mg/L as 62 65 (1) 0 (0)
CaCOj; hardness) 125 124 2) 0 (0)
0.129 'g 250 239 (3) 29 (5)
4 replicates 500 484 (5) 83 (10)
12 fry/replicate 1000 994 (16) 100 (0)

Greenback cutthroat 0 <10 (3) 0 (0)
trout (150 mg/L as 312 289 (17) 0 (0)
CaCOj; hardness) 625 597 (36) 6(8)
0.129 _g 1250 1190 (75) 35 (8)
4 replicates 2500 2300 (136) 73 (17)
12 fry/replicate 5000 4720(7) 100 (0)

Rio Grande cutthroat 0 <10 (3) 0 (0)
trout I (50 mg/L as 50 52 (6) 0 (0)
CaCOj; hardness) 100 97 (1) 15 (10)
0-170 _g 200 186 (17) 60 (23)
4 replicates 400 393 (6) 85 (12)
12 fry/replicate 300 792 (6) 98 (4)

Rio Grande cutthroat 0 <10 (2) 0 (0)
trout II (50 mg/L as 62 76 (8) 0 (0)
CaCOj; hardness) 125 139 (1) 58 1)
0.287 .g 250 267 (3) 100 (0)
4 replicates 500 512 (4) 100 (0)
12 fry/replicate 1000 963 (6) 100 (0)

Rio Grande cutthroat 0 12 (6) 0 (0)
trout (150 mg/L as 250 260 (18) 2(4)
CaCOs; hardness)

500 523 (11) 8 (12)
0-170 .g 1000 1080 (10) 52 (28)
4 replicates 2000 2020 (28) 92 (10)
12 fry/replicate 4000 4070 85) 98 (4)

Table 1 continued

Speciesb Nominal Mean Mean
concentration  measured mortality
(ng/L) concentration (%)
(ng/L)
Mountain whitefish I 0 <10 (2) 0
0.046 g 62 71 (3) 0
1 replicate 125 137 (3) 0
16 fry/replicate 250 270 (5) 0
500 566 (15) 87
1000 1060 (11) 100
Mountain whitefish 11 0 <10 1) 0 (0)
0.038 g 100 102 (5) 0 (0)
4 replicates 200 208 (8) 0 (0)
10 fry/replicate 400 422 (14) 32 (21)
800 821 (5) 100 (0)
1600 1570 (0) 100 (0)
Mountain whitefish IIT 0 <10 (1) 0 (0)
0.061 g 100 120 (2) 0 (0)
4 replicates 200 223 (1) 0 (0)
10 fry/replicate 400 426 (4) 78 (19)
800 823 (6) 100 (0)
1600 1610 (23) 100 (0)
Mottled sculpin 0 <10 (3) 0 (0)
0.259 g 50 55 (5) 0 (0)
4 replicates 100 105 (8) 0 (0)
8 fry/replicate 200 210 (13) 3 (6)
400 426 (5) 84 (12)
800 792 (16) 100 (0)
Longnose dace 0 <10 (3) 0 (0)
0.581 g 500 531 (8) 0 (0)
3 replicates 1000 1070 (23) 10 (3)
17 fry/replicate 2000 2050 (59) 51 (9)
4000 3920 (26) 100 (0)
8000 7340 (92) 100 (0)
Flathead chub 0 <10 (2) 0 (0)
440 g 500 440 (30) 0 (0)
3 replicates 1000 881 (51) 0 (0)
6 fry/replicate 2000 1790 (64) 17 (.9)
4000 3520 (85) 78 (25)
8000 7230 (423) 100 (0)
Boreal toad tadpole 0 <10 (1) 1(2)
Weight not 62 55 (1) 0 (0)
determined (stage 125 83 (1) 0 (0)
16-17 [Gosner 250 198 (2) 1)
1960])
4 replicates 500 440 (D) 00
20 tadpoles/replicate 1000 964 (11) 65 (14)
2000 1920 (21) 100 (0)
4000 4550 (42) 100 (0)
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Table 1 continued

Speciesh Nominal Mean Mean
concentration  measured mortality
(ng/L) concentration (%)
(ng/L)
B. tricaudatus 0 <10 (1) 7 (14)
Weight not 1875 2190 210) 15 (17)
determined 3750 4600 (970) 16 (11)
4 replicates 7500 8740 (180) 69 (36)
10 nymphs/replicate 15 0o 14,700 (330) 50 (25)
30,000 30,000 (400) 69 (18)
D. doddsi 0 <10 (2) 0
Weight not 4000 4240 (330) 10
determined 8000 8440 (490) 10
1 replicate 16,000 15,700 (700) 0
10 nymphs/replicate 32,000 30,600 (1220) 0
64,000 64,000 (3180) 0
Ephemerella sp. 0 13 (9) 0
Weight not 4000 5250 (330) 0
determined 8000 10,100 (340) 0
1 replicate 16,000 18,800 (1100) 0
8 nymphs/replicate 32,000 36,000 (2600) 0
64,000 68,600 (1100) 88
Cinygmula sp. 0 13 (9) 0
Weight not 4000 5250 (330) 0
determined 8000 10,100 (340) 0
1 replicate 16,000 18,800 (1100) 0
6 nymphs/replicate 32,000 36,000 (2600) 0
64,000 68,600 (1100) 50
Chloroperlidae 0 13 (9) 0
Weight not 4000 5250 (330) 0
determined 8000 10,100 (340) 0
1 replicate 16,000 18,800 (1100) 0
10 nymphs/replicate 32,000 36,000 (2600) 0
64,000 68,600 (1100) 0
Lepidostoma sp. 0 32 (5) 5(@)
Weight not 3000 3000 (38) 5(7)
determined 6000 5520 (320) 0 (0)
2 replicates 12,000 10,400 (550) 0 (0)
10 nymphs/replicate 54 000 22,800 (1400) 5 (7)
48,000 48,500 (5700) 5 (7)

4 SDs are in parentheses. Roman numerals indicate replicate toxicity
tests conducted in different years

° With mean weight (g), no. of replicates, and no. of organisms/
replicate

distributed to each chamber. Replication and number of
individuals distributed to each exposure chamber varied
among tests depending on size and availability of test
organisms (Table 1). Ambient laboratory fluorescent light-
ing provided a 16-/8-h light-to-dark photoperiod. Lighting
for boreal toad tadpoles used Reptasun full-spectrum
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fluorescent bulbs suspended over the aquaria. Diluters and
toxicant flow rates were monitored daily to ensure proper
operation. Mortality was operationally defined as the failure
to respond to repeated prodding with a net (fish) or turkey
baster (invertebrates). Dead organisms were removed from
the test chambers. Dead fish were blotted dry with a paper
towel, weighed, and recorded. At the end of the tests, sur-
viving fish were killed with 0.5 g/ MS-222 (3-amino
benzoic acid ethyl ester), blotted dry with a paper towel,
weighed, and recorded.

Several of the toxicity tests were repeated: Three tox-
icity tests were conducted with mountain whitefish in three
separate years (mountain whitefish I, II, and III), and two
toxicity tests were conducted 1 year apart with Rio Grande
cutthroat trout at 50 mg/L hardness as CaCO; (Rio Grande
cutthroat I and II).

Water-quality parameters were measured three times
(after start of test, at 48 h, and just before test termination)
or five times (daily) during flow-through tests and at 48 and
96 h for static-renewal tests. Hardness and alkalinity were
determined according to standard methods (American
Public Health Association 1998). Electronic meters were
used to measure dissolved oxygen (Orion model 1230;
Orion, Beverly, MA), pH (Thermo Orion model 635),
conductivity (YSI model 35, YSI, Yellow Springs, OH)
and temperature (Thermo Orion model 635). Dissolved
oxygen and pH meters were calibrated before each use.

Water samples for dissolved zinc analyses were filtered
through a 0.45-um filter and preserved with high-purity
nitric acid to pH <2. Metal concentrations were determined
using atomic absorption (instrumentation laboratory video
22; Allied Analytical Systems, Franklin, MA) and calibrated
before each use; calibration was verified using a reference
standard. Chloride and sulfate concentrations were mea-
sured with a flow-injection analyzer (QuikChem 8000;
Lachat, Loveland, CO) using USEPA methods 325.1 and
375.4, respectively. Sample splits were collected and spikes
prepared to verify reproducibility and quantify analytical
recovery. Ninety-six-hour median lethal concentrations
(LCsp) were estimated from measured zinc concentrations
using the Trimmed Spearman—Karber technique with auto-
matic trim (Hamilton et al. 1977, 1978).

Results

The relative SD of sample splits was 0.7% (range 0% to
3.5%). Mean recovery of sample spikes was 102% (range
96.8% to 110%). Recovery of external quality-assurance
standards was 100% (range 95.8% to 105%). Measured
zinc concentrations from the tests with fishes were within
15% of nominal concentrations (Table 1). Deviations of
measured concentrations relative to nominal were much



Arch Environ Contam Toxicol (2012) 62:272-281

271

greater in the invertebrate tests due to the much greater
concentrations used in the tests. Low SDs of measured zinc
concentrations indicate that concentrations were stable
during the test and consistent among replicates. Survival in
control exposures was 100% except for boreal toad tad-
poles (99%), Baetis tricaudatus (93%), and Lepidostoma
sp. (95%). In tests where metal-related mortalities were
observed, organism mortality increased monotonically with
zinc concentrations or with a minor deviation due to spo-
radic mortality of a single organism. One exception was the
B. tricaudatus test, in which intermediate zinc concentra-
tions resulted in abnormally high mortality. Water-quality
parameters were consistent within each of the toxicity tests
(Table 2). Measured dissolved oxygen was maintained
near saturation levels (mean 95% [range 80% to 104%]).
Dissolved oxygen was not measured in the invertebrate
flow-through tests. These tests used an airlift that provided
aeration and continuous flow, which, in our previous
experience, maintained dissolved oxygen at saturation
levels (Brinkman and Johnston 2008). Water hardness
ranged between 40 and 62 mg/L as CaCO; except for the
cutthroat tests and mottled sculpin test, for which water
hardnesses were deliberately modified to study the effect of
water hardness on zinc toxicity. Temperatures for most
tests were near 12°C, except for the boreal toad tadpole
test, which was conducted at 19°C.

Dissolved organic carbon (DOC) was not measured in
these studies. Previous studies at our laboratory using the
same water sources had measured DOC concentrations that
were low (average 1.7 mg/L [range 0.8-4.0, N = 27]).
There are conflicting reports whether DOC concentrations
at this low range appreciably affect zinc toxicity. Paulauskis
and Winner (1988) found that as little as 0.75 mg/L humic
acid decreased zinc toxicity to Daphnia magna. In contrast,
the protective effect of DOC against zinc toxicity to
Atlantic salmon and fathead minnow was minimal at DOC
concentrations <10 mg/L (Zitko et al. 1973; Bringolf et al.
2006).

The range of median lethal concentrations spanned two
orders of magnitude (Table 3). To facilitate direct com-
parisons, median lethal concentrations were normalized to
50 mg/LL as CaCOj; water hardness using the pooled-
species mean-hardness slope (USEPA 1987). Invertebrates
were the most tolerant organisms tested, with normalized
LCsps ranging from 10,020 pg/L for Baetis tricaudatus to
>60,000 pg/L for Chloroperlidae, D. doddsi, Ephemerella
sp. and Cinygmula sp. The caddisfly Lepidostoma sp. was
also tolerant, with no mortality at 48,500 pg/L, which was
the highest zinc concentration used in the test. LCsos for
vertebrates were much lower than those of invertebrates
but also spanned a wide range. Normalized LCs, values
ranged from 166 pg/L for Rio Grande cutthroat trout to
2492 pg/L for flathead chub. Boreal toad tadpoles were

intermediate in sensitivity, with a normalized LCsgys of
755 pg/L.

Increasing water hardness decreased toxicity of zinc. In
the cutthroat tests, increasing water hardness by a factor of
three increased the LCs, by factors of 4.8, 5.6, and 7.7 for
Rio Grande, greenback, and Colorado River cutthroat trout,
respectively. Greenback cutthroat trout were approximately
1.4 and 1.7 times more tolerant than Rio Grande cutthroat
trout at 50 and 150 mg/L hardness as CaCO3, respectively.
Colorado River cutthroat trout were intermediate in sensi-
tivity. The LCsqs of replicated toxicity tests were generally
close. The three mountain whitefish tests (mountain
whitefish I, II, III), each conducted in separate years, had
normalized LCsps that ranged from 404 to 505 pg/L. The
relative SD of the LCsy of the three replicate mountain
whitefish tests was 11.7%. The two Rio Grande cutthroat
trout tests conducted 1 year apart (Rio Grande cutthroat I
and II) had normalized LCsos of 166-193 pg/L (10.6%
relative SD).

Discussion and Conclusion

The native species tested in our study were selected based
in part on recreational importance (e.g., mountain white-
fish, cutthroat trout) or because the species were state listed
as rare, threatened, or endangered (e.g., cutthroat trout,
boreal toad tadpoles). Field-collected species were selected
based in part on our ability to capture sufficient numbers of
young-of-the-year or small juvenile fish for testing (mot-
tled sculpin, longnose dace, flathead chub). These small
sizes can be expected to be more sensitive to zinc than
adults, although they may be more tolerant than larval or
swimup fry (see, e.g., Besser et al. 2007). Invertebrates
from Ephemeroptera, Plecoptera, and Tricoptera were
selected because of their reported sensitivity to metals
(Clements et al. 2000) and the lack of zinc-toxicity data.
This diverse assortment of organisms exhibited a wide
range of zinc sensitivity with toxicity values that spanned
more than two orders of magnitude. Salmonids and mottled
sculpin were most sensitive, followed by other vertebrates
(boreal toad tadpoles, longnose dace, and flathead chub).
Benthic invertebrates were most tolerant.

The three native subspecies of Colorado native cutthroat
trout tested in this study have experienced significant
decreases in population and distribution due to both com-
petition and hybridization with nonnative trout (Behnke
2002). Greenback cutthroat trout are listed as threatened,
and Rio Grande cutthroat trout was found warranted for
listing under the Endangered Species Act (United States
Fish and Wildlife Service [USFWS] 1978, 2008). Given
the importance of cutthroat trout in Rocky Mountain
streams, surprisingly few zinc-toxicity tests have been
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Table 3 Zinc LCs; (96-h) and

95% CI at test hardness and
normalized to 50 mg/L as
CaCOj; hardness®

Species

Hardness
(mg/L as CaCOs)

LCs (ng/L) normalized
to 50 mg/L as
CaCOj3 hardness

LCso (95% CI) (ng/L)

Colorado R. cutthroat 474
Colorado R. cutthroat 144
Greenback cutthroat 474
Greenback cutthroat 144
Rio Grande cutthroat I* 47.4
Rio Grande cutthroat IT* 41.7
Rio Grande cutthroat 144
Mountain whitefish I* 41.1
Mountain whitefish IT* 47.8
Mountain whitefish IIT* 43.2
Mottled sculpin 99.5
Longnose dace 49.9
Flathead chub 52.4
Boreal toad tadpoles 57.0
B. tricaudatus 423
D. doddsi 49.8
Chloroperlidae 51.1
CI confidence interval Ephemerella sp. 51.1
* Roman numerals indicate Cinygmula sp. 51.1
replicate toxicity tests Lepidostoma sp. 50.0

185 (165-207) 194
1420 (1290-1560) 579
314 (279-353) 329
1500 (1310-1720) 611
184 (159-214) 193
142 (128-157) 166
1040 (908-1180) 423
428 (380-483) 505
471 (425-522) 489
357 (327-390) 404
331 (302-363) 184
1900 (1700-2120) 1908
2590 (2150-3130) 2492
844 (760-929) 755
10,100 (7480-13,400) 11,500
>64,000 >64,200
>68,800 >67,500
>68,800 >67,500
68,800 67,500
>48,500 >48,500

conducted in different years

published. An unspecified strain of cutthroat trout strain
had a 670 pg/LL 14-day LCsy obtained by diluting zinc-
contaminated river water with well water (Nehring and
Goettl 1974). Another study with an unspecified strain of
cutthroat trout reported a 96-h LCsy of 90 pg/L (Rabe and
Sappington 1970). These toxicity values were not used in
derivation of zinc criteria because water-quality charac-
teristics varied too much during the test or were not
reported. Normalized LCsy values from the present study
were between the values reported previously and ranged
from 166 to 611 pg/L. (geometric mean 315) and are in
agreement with unpublished Colorado Division of Wildlife
data (Davies et al. 2000; Brinkman and Hansen 2004;
Brinkman and Vieira 2008) (Fig. 1).

Mountain whitefish have a wide distribution in the
Rocky Mountains ranging from the Colorado River to the
MacKenzie River basin in northern Canada. The toxicity of
zinc to many salmonids has been well studied and docu-
mented; however, we were unable to find any published
data for mountain whitefish. Normalized LCsqs for the
three mountain whitefish tests ranged between 404 and
505 pg/L (geometric mean 464). Mountain whitefish were
slightly more zinc-tolerant than were cutthroat trout.

Mottled sculpin are reported to be sensitive to zinc
(Woodling et al. 2002; Brinkman and Woodling 2005;
Besser et al. 2007 [see Fig. 2]). Besser et al. (2007)
reported that mottled sculpin from both Mississippi River

2000
LCs, = EXP(1.564*In(Hardness)-0.6336)
R2=0.942
A
1500 -

—_

=l

=

(=)

2

8 1000 1

(&)

-l

(=

N

5001 A 4 Colorado R
B Greenback
< Rio Grande
A Colorado R (CDOW unpublished)
+ Mixed Strain (CDOW unpublished)
0 T

T T T
0 50 100 150 200 250
Hardness (mg/L)

Fig. 1 Zinc LCsgs of various subspecies of cutthroat trout at different
water hardnesses. Details on unpublished data can be found at Davies
et al. (2000), Brinkman and Hansen (2004), and Brinkman and Vieira
(2008)

and Missouri River drainages varied significantly in their
metal sensitivity and suggested that tests with local popu-
lations may be necessary to protect sculpin in drainages
affected by metal pollution. Zinc-toxicity tests at high and
low water hardness were previously conducted using Col-
orado mottled sculpin collected from the White River
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Fig. 2 Zinc LCsos of mottled sculpin at different water hardnesses.
Sculpin were collected from the Dolores River (present study) and
White River (Woodling et al. 2002; Davies and Brinkman 2002;
Brinkman and Woodling 2005)

(Woodling et al. 2002; Brinkman and Woodling 2005).
Mottled sculpin for this study were collected from a dif-
ferent drainage (Dolores River) and tested at an interme-
diate hardness (100 mg/L as CaCOs3) to better characterize
the water hardness—toxicity relation. Based on limited data,
the sensitivity of sculpin from the two drainages appears to
be similar (Fig. 2).

Boreal toads were once common in montane areas of the
Southern Rocky Mountains but have experienced significant
decreases during the last two decades. Boreal toads are listed
as endangered by Colorado and New Mexico and are pro-
tected in Wyoming (Loeffler 2001). The normalized LCs of
early stage tadpoles was 755 pg/L. This result is consistent
with limited results from a previous study that reported
complete survival at 100 pg/L but rapid and complete
mortality at 39,000 pg/L (Porter and Hakenson 1976).

Longnose dace and flathead chub were the most tolerant
of the vertebrates tested. The normalized LCsqs were 1908
and 2492 ng/L, respectively, for longnose dace and flat-
head chub. Longnose dace and flathead chub were more
sensitive to zinc than all but one of the cyprinids reported
in the USEPA criteria document (1987).

Invertebrates used in the tests were tolerant to acute zinc
exposures. LCsos ranged between 10,020 pg/L for Baetis
tricaudatus to >67,543 ng/L for Chloroperlidae and
Ephemerella sp. In general, the relatively high LCs, values
are consistent with the sparsely published data on toxicity
of zinc to mayflies, stoneflies, and caddisflies, although
direct comparisons are complicated by different durations
of exposure. Ephemerella sp. from our study had a 96-h
LCs0 >67,543 pg/L compared with LCsgs of 16,000 pg/L

@ Springer

after 10 days (Warnick and Bell 1969) and >6900 pg/L
after 14 days (Nehring 1976). The mayfly Rhithrogena
hageni had a 96-h LC50 of 50,500 pg/L (Brinkman and
Johnston 2008). The stonefly Pteronarcys californica had a
14-day LCso >13,900 pg/L. (Nehring 1976), and the cad-
disflies Acroneuria and Hydropsyche had an LCsy of
32,000 pg/L after 14 and 11 days, respectively (Warnick
and Bell 1969).

The current USEPA freshwater acute criterion for zinc is
67 pg/L (at 50 mg/L as CaCOj3; water hardness) based on
data from 36 genera (USEPA 1996). This study reports
toxicity data for 11 additional genera and 1 family.
National acute criteria appear generally protective of
Rocky Mountain native species tested in the present study.
Although our zinc-toxicity data will have minimal effect on
national criteria, they could be important for site-specific
zinc standards. National criteria can be adjusted on a site-
specific basis using the recalculation procedure, which is
designed to protect local aquatic communities (USEPA
1994). The recalculation procedure calculates site-specific
standards using the same methodology as national criteria
but uses a modified subset of the toxicity database based on
species that occur or are expected to occur at the site.
Toxicity data from related species are used as surrogates
when toxicity data are unavailable for species present at the
site. When the recalculation procedure was used to derive
site-specific zinc standards in several streams in Colorado,
zinc-sensitive Daphnia sp. and Ceriodaphnia sp. were not
considered resident species due to their inability to persist
in rapidly moving water. Their toxicity data were not used
in the recalculation, resulting in a significant numerical
increase in the zinc standard for those sites. Thus, it was
more important to us to measure toxicity of zinc to Rocky
Mountain native species not only to ensure protectiveness
of national criteria but also to ensure protective recalcu-
lated standards. The species we tested were often more
sensitive than their potential surrogates. The species mean
acute values (SMAYV) for cutthroat trout and mountain
whitefish were 315 and 464 pg/L, respectively. The SMAV
for other salmonids were 446 (Chinook salmon), 689
(rainbow trout), 1502 (sockeye salmon), 1628 (coho sal-
mon), 2176 (Atlantic salmon), and 2100 pg/L (brook trout)
(USEPA 1987). Similarly, longnose dace and flathead chub
were more sensitive than other cyprinids with the exception
of longfin dace. Invertebrate toxicity values were generally
too high to affect recalculated standards.

In conclusion, zinc-toxicity values from a diverse array
of Rocky Mountain native species—including fishes, an
amphibian, and three orders of insects—spanned a wide
range. Cutthroat trout, mottled sculpin, and mountain
whitefish were found to be somewhat sensitive to zinc.
Invertebrates were found to be tolerant. Boreal toad tad-
poles, longnose dace, and flathead chub were intermediate
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in sensitivity. The results of the present studies found that
national acute criteria are protective of Rocky Mountain
native species. Toxicity data from resident species become
important when sensitive nonresident species are deleted
from the data sets used to recalculate site-specific standards
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