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Abstract—We investigated the effects of geothermally influenced waters on the distribution of rainbow trout, Oncorhynchus mykiss,
and brown trout, Salmo trutta, in the Firehole River and its tributaries in Yellowstone National Park (WY, USA) from June 1997
to June 1998. Geothermal features in the Firehole River basin elevate mineral content and temperature in portions of the river and
its tributaries. We found concentrations of boron and arsenic to be elevated in geothermally influenced areas compared with upstream
sites. Boron concentrations occasionally exceeded 1,000 mg/L, a proposed limit for the protection of aquatic organisms. Arsenic
concentrations occasionally exceeded 190 mg/L, the chronic ambient water quality criterion. Temperatures in geothermally influenced
sites ranged up to 308C and were consistently 5 to 108C higher than upstream sites unaffected by geothermal inputs. Rainbow trout
occurred at sites with elevated concentrations of boron, arsenic, and other trace elements and elevated water temperatures. Rainbow
trout inhabited and spawned at sites with the most elevated trace element concentrations and temperatures; however, brown trout
were absent from these sites. Water temperature may be the major factor determining brown trout distributions, but we cannot
exclude the possibility that brown trout are more sensitive than rainbow trout to boron, arsenic, or other trace elements. Further
investigations are needed to determine species-specific tolerances of boron, arsenic, and other trace elements among salmonids.
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INTRODUCTION

The Firehole River in Yellowstone National Park (WY,
USA) provides a unique opportunity to investigate the effects
of elevated concentrations of boron, arsenic, and several other
trace elements on salmonids in a natural ecosystem. Although
the Firehole River has been used as a model for assessing the
long-term ecological effects of thermal pollution [1,2], the
chemical gradient increases similarly with the more obvious
thermal gradient. Concentrations of major cations and anions
in the river increase with progression downstream in the Fire-
hole River. Records [3] indicate that boron concentrations in-
crease sevenfold between Kepler Cascades (WY, USA) and its
confluence with the Gibbon River (Fig. 1). Boron concentra-
tions in the lower reaches of the Firehole River have been
observed up to 1,000 mg/L [3], a concentration proposed as
the maximum acceptable concentration of boron in surface
waters for the protection of aquatic organisms based on the
sensitivity of rainbow trout, Oncorhynchus mykiss [4,5]. How-
ever, no previous studies have evaluated the relations of boron,
arsenic, or other contaminants to the ecology and distribution
of trout in the Firehole River.

We were interested in the relationship between elevated
boron concentrations and the distributions of salmonids in the
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Firehole River because of current regulatory concerns. It is
important to assess accurately the potential effects of boron
on aquatic organisms because of its numerous uses in resi-
dential, agricultural, and industrial applications. For example,
sodium perborate is a bleaching agent that can constitute up
to 15% of detergents by weight [6]. Common agricultural and
residential uses result in direct discharge of boron into surface
waters [7–9].

Although the U.S. Environmental Protection Agency has
not yet established an aquatic life water quality criterion for
boron, both the World Health Organization and the European
Union are currently reviewing their regulatory criteria. The
European Union has recommended a surface water quality
limit for boron of 1,000 mg/L [6], based primarily on results
of laboratory toxicity studies with rainbow trout. However,
regulatory confidence would be increased if field studies could
validate that aquatic biota can persist at concentrations greater
than or equal to 1,000 mg/L.

Our purpose was to determine how geothermally influenced
waters affect the spatial and temporal variation in water chem-
istry and distributions of rainbow trout and brown trout, Salmo
trutta, in the Firehole River drainage. We determined spatial
and temporal variability in water chemistry over a one-year
period. Rainbow trout and brown trout densities were deter-
mined by life stages during the spring, summer, and fall, and
spawning sites of rainbow trout and brown trout were located.
From these results, we evaluated the influence of water chem-
istry and temperature on the distribution, densities, and spawn-
ing locations of these species in the Firehole River basin.
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Fig. 1. Firehole River drainage, Yellowstone National Park (WY,
USA). Study sites for water quality sampling and trout population
surveys in the mainstem of the Firehole River were identified as the
cold, warm, and hot sites. Groups of small circles indicate basins
where geothermal features were concentrated.

METHODS

Study area and sampling sites

The Firehole River is completely within the boundaries of
Yellowstone National Park and joins with the Gibbon River
to form the Madison River, becoming one of the headwater
rivers of the Missouri River, USA (Fig. 1). The Firehole River
ranges from 2,070 to 2,500 m in elevation, is 44 km long, has
a mean channel slope of 1.1%, and drains 720 km2 [10]. Mean
discharge is 8 m3/s, and peak runoff increases to 21 m3/s during
May and June [10,11].

Three major geyser basins increase mineral content and
water temperature in the Firehole River. Geothermal waters
that enter the Firehole River are chemically enriched by leach-
ate from the bedrock and magmatic gases [12–14], and these
geothermally influenced waters can constitute up to 40% of
the total Firehole River discharge during periods outside of
spring run-off [12]. On an annual basis, the geothermally in-
fluenced waters elevate trace element concentrations, including
arsenic, boron, and fluoride [3,14], and increase water tem-
perature in the warmest sections of the Firehole River by 118C
above normal [15–17].

The Firehole River was reported to be fishless before sal-

monids were established by stocking beginning in 1889
[18,19]. The drainage has been stocked with rainbow trout;
brown trout; brook trout, Salvelinus fontinalis; and cutthroat
trout, O. clarki [20]. Trout in the Firehole River are isolated
from other species and populations that exist downstream in
the Madison River drainage by natural barriers (Firehole Falls
and Cascades of the Firehole) that prevent upstream migration
(Fig. 1). Stocking ceased in 1955, but salmonids in the Firehole
River became self-sustaining. Some cutthroat trout populations
persist in headwater areas of several tributaries above fish
barriers. However, only brown trout and rainbow trout occur
in the mainstem and associated tributaries [21]. The river has
become a renowned trout fishery.

Eight study sites were established in the Firehole River, be-
tween Kepler Cascades and Firehole Falls, with three sites on
the mainstem and five on tributaries (Fig. 1). The three mainstem
sites represented a gradient of the influence of geothermally
influenced waters on water quality and were termed cold, warm,
and hot. All tributaries to the Firehole River in this segment
were surveyed and tributaries with physical barriers that pre-
vented access by trout from the mainstem of the river were not
studied. Tributary sites were Iron Springs Creek, Little Firehole
River, Fairy Creek, Sentinel Creek, and Nez Perce Creek.

Water chemistry

Water samples were collected for chemical analyses at each
site at least monthly from June 1997 through June 1998, with
the exception of the cold site, Sentinel Creek, and Nez Perce
Creek (WY, USA), which were only sampled for five months
during the summer and fall. Specific conductivity was measured
with a YSI Model 85 meter (Yellow Spring Instruments, Yellow
Springs, OH, USA). Measurements of pH were made with an
Orion 290A pH meter (Orion Research, Boston, MA, USA) or
a HACH EC30 meter (Hach, Lakewood, CO, USA). Alkalinity
was determined titrimetrically [22]. Samples for determination
of ammonia concentrations were collected in acid-washed poly-
ethylene conical tubes and frozen before total ammonia con-
centrations were determined by colorimetry [23]. Concentra-
tions of un-ionized ammonia (NH3) were calculated from total
ammonia concentrations, pH, and temperature [24]. Samples for
total organic carbon (TOC) and dissolved organic carbon (DOC)
analyses were collected in level-II clean amber glass bottles and
preserved with hydrochloric acid. Water samples for DOC anal-
ysis were passed through a 0.7-mm glass-fiber filter before pres-
ervation. The TOC and DOC analyses were conducted with a
Shimadzu TOC5000A Carbon Analyzer (Shimadzu, Columbia,
MD, USA), with a detection limit of 240 mg C/L. Water tem-
perature was measured hourly at each study site using a sub-
mersible temperature data logger (Optic Stowawayt Tempera-
ture Logger, Onset Computer, Pocasset, MA, USA).

Samples for analysis of total and dissolved cations and trace
elements were collected in I-Chemt bottles (Nalge Nunc,
Rochester, NY, USA) and preserved with concentrated Ultrext
nitric acid (J.T. Baker, Phillipsburg, NJ, USA). Water for mea-
surement of dissolved concentrations was passed through a
0.45-mm Nucleporet cellulose-fiber filter (Nuclepore Track-
Etch Membrane, Corning Separations, Cambridge, MA, USA).
A Perkin-Elmer Sciex Elan 6000 inductively coupled plasma
mass spectrometer (Perkin-Elmer, Norwalk, CT, USA)
equipped with a discrete dynode detector (ETP Electron Mul-
tiplier, Australia) was used to measure concentrations of As,
B, Ca, Cr, Mg, Na, and Se in all samples. These elements
appeared to be the major trace metals of concern in preliminary
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Table 1. Representative normalities of cations and anions at study sites in the Firehole River (WY, USA) and tributaries

Site

Cations (mEq/L)

Na1 Ca21 K1 Mg21

Anions (mEq/L)

HCO2
3 Cl2 SO22

4 F2

July 14, 1997
Little Firehole River
Warm site
Iron Springs Creek
Fairy Creek
Hot site

389
1,233
1,619
4,090
2,462

194
166
193
205
189

70
102
138
146
152

35
33
35
35
29

1,060
880
460

2,080
1,160

73
360
663

1,484
912

85
69
78

150
113

135
282
297
516
294

November 24, 1997
Little Firehole River
Warm site
Iron Springs Creek
Fairy Creek
Hot site

565
1,917
1,558
4,679
3,558

263
191
187
195
248

82
132
132
161
184

37
31
34
34
29

500
1,220
1,000
2,220
1,860

117
895
652

2,195
1,687

144
110

85
181
163

166
272
258
537
383

February 4, 1998
Little Firehole River
Warm site
Iron Springs Creek
Fairy Creek
Hot site

610
1,850
1,799
5,416
3,922

284
200
211
196
263

87
195
159
240
243

41
33
36
39
30

680
1,140
1,140
2,680
2,160

129
1,047

931
2,702
2,050

138
126

85
198
172

173
348
299
616
403

April 28, 1998
Little Firehole River
Warm site
Iron Springs Creek
Fairy Creek
Hot site

575
1,975
1,901
3,942
3,571

264
208
196
169
231

84
140
150
164
205

44
37
36
41
31

620
1,100
1,220
1,240
1,920

118
894
812

1,862
1,907

119
108

98
146
173

142
253
295
484
389

inductively coupled plasma mass spectrometer scans of Fire-
hole River water samples [25].

Arsenic was speciated into As(III) and As(V). The con-
centrations of As(V), in the form of arsenate, were determined
by colorimetry [26]. The concentrations of As(III) were de-
termined by difference of the total arsenic and As(V) concen-
trations from the two separate analytical procedures.

Additionally, samples were collected to determine concen-
trations of potassium (K1), sulfate (SO ), nitrate (NO ),22 2

4 3

chloride (Cl2), and fluoride (F2). Concentrations of K1 were
determined by flame atomic absorption spectrophotometry
(Perkin-Elmer Model 372), and concentrations of the anions
were determined by ion chromatography (Dionex Model
2110i, Sunnyvale, CA, USA).

Salmonids

Estimates of salmonid density and species distribution were
conducted at each study site once every two weeks from July
1997 through November 1997 concurrent with water quality
sampling, as described by Goldstein [25]. Fish densities were
estimated in a 200-m reach at each site using snorkeling meth-
ods. Fish were counted by species and the length classes:
young of year (,10 cm total length), juvenile (10–30 cm total
length), and adult (.30 cm total length). Electrofishing was
not used because of impacts on fish from frequent resampling
in the same reaches. Additionally, portions of the Firehole
River, Little Firehole River, Fairy Creek, and Nez Perce Creek
were surveyed for spawning salmonids from November 1997
through February 1998. During each survey, redds (excava-
tions created by spawning trout where eggs are deposited) were
counted and their locations were recorded. Fry were collected
from March through May 1998 in the areas where spawning
was observed, and they were identified as rainbow trout or
brown trout using meristic and morphometric measurements.

Linear regression analysis was used to determine if rela-
tionships existed between water chemistry parameters and
trout densities [27]. Variation in density estimates within sites

was assessed for relationships with conductivity and water
temperature for each species and for both juvenile and adult
length classes. We compared conductivity to trout densities to
estimate the effects of trace elements on the trout populations
because conductivity was highly correlated with boron and
arsenic (see Results) and conductivity data were available for
each day of every population survey. Boron and arsenic con-
centrations were only determined once during each week of
the population surveys and did not always correspond with
the exact day that a site was surveyed. Significance was as-
signed at p # 0.05 for all tests.

Aquatic habitat at each site was surveyed during base flows
(September and October 1997) using the habitat quality index
(HQI), a procedure developed to evaluate habitat for fluvial
trout streams in Wyoming [28]. Measurements of several hab-
itat attributes were compared among sites, including stream
discharge (late summer and annual variation), water velocity,
trout cover, stream width, bank stability, substrate composi-
tion, water temperature, and nitrate-nitrogen concentrations
[29]. The HQI ratings range from zero to four, with four being
the best. Ratings of nitrate-nitrogen concentrations were based
on mean values during the one-year study period [28]. Attri-
bute measurements were rated according to the HQI method,
and an estimate of the number of habitat units for each site
was computed using Model II. Two estimates of habitat quality
were calculated for each site because of the extreme variation
in water temperature among sites. One estimate used actual
water temperatures to rate the maximum summer water tem-
perature attribute, whereas the second estimate set the rating
for the maximum summer temperature at three among all sites.
A rating of three for the maximum summer temperature was
used because this is the most common rating for mountain
streams in Wyoming.

RESULTS

Water chemistry

Conductivity was highest and most variable in Fairy Creek
(398–620 mS/cm) and the hot site (230–492 mS/cm). The high-
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Fig. 2. Total boron concentrations measured at the study sites in the
Firehole River (WY, USA) and tributaries, June 1997 to June 1998.
Concentrations at mainstem sites are shown for the (v) cold, (V)
warm, and (l) hot sites. Concentrations at tributary sites are shown
as (v) Little Firehole River, (V) Iron Springs Creek, and (l) Fairy
Creek.

Fig. 3. Total arsenic concentrations measured at the study sites on the
Firehole River (WY, USA) and tributaries, June 1997 to June 1998.
Concentrations at mainstem sites are shown for the (v) cold, (V)
warm, and (l) hot sites. Concentrations at tributary sites are shown
as (v) Little Firehole River, (V) Iron Springs Creek, and (l) Fairy
Creek.

est conductivity at these sites occurred during January 1998
in Fairy Creek and March 1998 in the hot site. Measurements
of pH ranged from 6.3 to 9.0 among sites; the highest vari-
ability was observed at the Iron Springs Creek, Fairy Creek,
and hot sites. Alkalinity ranged from 13 to 134 mg/L (as
CaCO3) among sites and was greatest and most variable in
Fairy Creek (62–134 mg/L as CaCO3) and the hot site (42–
111 mg/L as CaCO3). The TOC and DOC concentrations in
the Fairy Creek and hot sites ranged from 18 to 25 mg/L during
April 1998. However, TOC and DOC concentrations were ,5
mg/L throughout the rest of the study at all sites.

Total ammonia concentrations were generally ,100 mg N/L
at all sites except Fairy Creek, where concentrations were
mostly ,100 mg N/L but ranged up to 256 mg/L. Un-ionized
ammonia concentrations never exceeded 5 mg NH3-N/L at any
site except Fairy Creek. The unionized ammonia concentration
in Fairy Creek was generally low (mean 5 4.4 mg NH3-N/L);
however, one monthly water sample contained 40 mg NH3-
N/L.

Water in the Firehole River and tributaries was dominated
by Na1, HCO , and Cl2 (Table 1). Cation and anion concen-2

3

trations were highest at the Fairy Creek and the hot site, often
10 to 20 times the concentrations observed at the other sites.
The highest concentrations were observed during the winter
from December 1997 to February 1998. Calcium, magnesium,
and potassium concentrations were consistently low and did
not contribute more than 10% to the total normality of cations.
Nitrate, sulfate, and fluoride concentrations were also low and
contributed less than 10% to the total normality of the anions.

Mean concentrations of total boron were 13 to 20 times
greater in Fairy Creek and the hot site than in the cold and
Little Firehole River sites (Fig. 2). The highest mean boron
concentrations among sites were in the hot site (572 mg/L) and
Fairy Creek (956 mg/L). The highest individual boron con-
centrations were observed during March 1998 at Fairy Creek
(1,150 mg/L), the hot site (820 mg/L), the warm site (355 mg/
L), and Iron Springs Creek (315 mg/L). Over 95% of the boron
present was in the dissolved fraction.

Arsenic levels were elevated among the geothermally in-
fluenced sites, with the highest concentrations at the Fairy
Creek and hot sites (Fig. 3). Total arsenic concentrations
ranged from 160 to 500 mg/L at the Fairy Creek and hot sites,
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Fig. 4. Significant (p , 0.05) linear regressions of boron and arsenic
concentrations with specific conductivity in the study sites on the
Firehole River (WY, USA) and tributaries, June 1997 to June 1998.
Values are in mg/L.

compared with 10 to 25 mg/L at the cold and Little Firehole
River sites. Mean concentrations of total arsenic were also
elevated at the Iron Springs Creek and warm sites (60–140
mg/L) but were lower than concentrations at the Fairy Creek
and hot sites. Over 95% of the arsenic present was in the
dissolved fraction. Additionally, boron and arsenic concentra-
tions were significantly correlated with conductivity (p , 0.01,
R2 . 0.90; Fig. 4).

Arsenic speciation indicated that the majority of arsenic
was usually present as As(V) at all sites [25]. Concentrations
of As(III) were almost always measured below detection limits,
but when As(III) concentrations were above detection limits,
the species were present in close to equal proportions (55%
as As(V), standard error of the mean [SEM] 5 4%). Concen-

trations of As(V) and As(III) were highest at the Fairy Creek
and hot sites, ranging from 50 to 250 mg As(III)/L and 110
to 380 mg As(V)/L. Concentrations of As(III) at the Iron
Springs Creek and warm sites ranged from ,35 to 100 mg/L,
and concentrations of As(V) ranged from ,35 to 140 mg/L.
Concentrations of As(III) and As(V) at the Little Firehole River
and cold sites were almost always below the detection limit
of 35 mg/L.

Chromium concentrations were usually below detection
limits at all sites; however, concentrations were sporadically
elevated (up to 250 mg/L) in the Fairy Creek, warm, and hot
sites [25]. Additionally, selenium concentrations were low and
remained ,3 mg/L at all sites.

Water temperatures were consistently higher in the down-
stream mainstem sites of the Firehole River than in upstream
sites (Fig. 5). Temperatures at the warm and hot sites averaged
5 and 108C higher, respectively, than the cold site. Temperature
regimes were relatively similar between the following pairs of
sites: the cold site and Little Firehole River; the warm site and
Iron Springs Creek; and the hot site and Fairy Creek. The
maximum water temperatures observed among these sites
were, at Fairy Creek, 308C (July 21, 1997); at the hot site,
268C (July 21, 1997); at the warm site, 228C (July 16, 1997);
and at Iron Springs Creek, 258C (July 15, 1997).

Data collected at the Sentinel Creek and Nez Perce Creek
sites are not presented because underwater visibility precluded
fish surveys in Sentinel Creek and low densities of salmonids
were observed in Nez Perce Creek because of poor habitat.

Salmonids

Rainbow trout dominated the study sites with higher trace
element concentrations and water temperatures, whereas
brown trout dominated at the sites with lower trace element
concentrations and lower temperatures (Table 2). Rainbow
trout were present across a wide range of trace element con-
centrations, whereas brown trout densities decreased signifi-
cantly as trace element concentrations increased among sites
(p , 0.01; Fig. 6). Boron, arsenic, and other trace element
concentrations were highest at Fairy Creek (Fig. 7) and the
hot sites (Fig. 8), where rainbow trout were the dominant
species and brown trout were rarely observed. Rainbow trout
density among all study sites increased with stream temper-
ature (p , 0.01); however, the trend among brown trout was
the opposite, with higher brown trout densities being observed
with lower temperatures (Fig. 9).

A similar trend was observed in the spatial distribution of
species during spawning. Thirty-four redds were observed in
the upper Firehole River (including the cold site) and in the
Little Firehole River during November 1997. Seventy-five
redds were observed in the lower Firehole River (including
the hot site) and 45 redds were observed in Fairy Creek during
December 1997 and January 1998. Fry were collected from
these sites from March through May 1998 and were identified
to determine which trout species had successfully spawned in
each area. The 35 fry collected from the Little Firehole River
were both brown trout (63%) and rainbow trout (37%). The
fry collected from the hot site and Fairy Creek were dominated
by rainbow trout, with 95% of the 74 fry collected at these
sites being identified as rainbow trout.

Habitat quality was similar among sites with the exception
of water temperature (Table 3). Habitat quality ranged from
250 to 388 habitat units (predicted standing stock of trout from
260–400 kg/ha) among sites when the rating for maximum
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Fig. 5. Hourly water temperatures at study sites in the Firehole River (WY, USA) and tributaries, June 1997 to June 1998.

Table 2. Relative composition of rainbow trout and brown trout
juveniles and adults in the Firehole River drainage (WY, USA) among

eight observation periods combined from July to November 1997

Site

Adults

Rainbow
trout (%)

Brown
trout (%)

Juveniles

Rainbow
trout (%)

Brown
trout (%)

Cold
Warm
Hot
Little Firehole River
Iron Springs Creek
Fairy Creek

20.5
48.0
88.0
30.0
71.4

100.0

79.5
52.0
12.0
70.0
28.6

0.0

1.2
39.6
93.5
16.2
70.8

100.0

98.8
60.4

6.5
83.8
29.2

0.0

summer temperature was the same among sites (Table 4).
When actual maximum summer temperatures were used in the
model, the rating of habitat quality at the Iron Springs Creek,
hot, Fairy Creek, and Nez Perce Creek sites decreased. Pre-
dicted standing stocks of trout were much less when actual
temperatures were used because the model rates these high
temperatures as being very poor for trout. Predicted standing
stock decreased from 268 to 55 kg/ha at the hot site and from
259 to 2 kg/ha in Fairy Creek when actual temperatures were
used. The ratings from the HQI model demonstrated that hab-
itat quality was relatively similar among sites but elevated
water temperatures in the geothermally influenced sites sub-
stantially reduce habitat quality for trout.

DISCUSSION

Our study demonstrates that rainbow trout in the Firehole
River basin tolerate high concentrations of boron, arsenic, and
other trace elements and elevated temperatures in geothermally

influenced waters. Boron concentrations at the most geother-
mally influenced site ranged from 800 to 1,200 mg/L during
our study, and these concentrations are consistent with the
limited historical data for this basin [3]. In fact, rainbow trout
densities tended to increase among sites as the influence of
geothermal inputs increased. The combinations of elevated
concentrations of boron, arsenic, other trace elements, and
elevated temperatures in Fairy Creek and the hot site did not
appear to negatively impact rainbow trout.

Brown trout in the Firehole River basin seemed to be lim-
ited by geothermal inputs. Brown trout were rare or absent in
the lower Firehole River and Fairy Creek, where trace element
concentrations and temperatures were the highest. Brown trout
densities decreased among sites as trace element concentra-
tions and temperature increased, and they were not found to
spawn in the areas with the highest trace element concentra-
tions and temperatures. Low densities of brown trout in geo-
thermally influenced areas in the Firehole River have been
reported previously [30,31].

Water temperatures exceeding the tolerance limit of em-
bryos may have limited the distribution of brown trout in the
Firehole River basin [25]. A review of the literature indicated
differences in embryonic temperature tolerances between
brown trout and rainbow trout. Brown trout embryos appear
to survive at temperatures of 1 to 118C [32–35], whereas rain-
bow trout embryos survive at 5 to 158C [36–39]. Water tem-
peratures typically exceed 118C in Iron Springs Creek, Fairy
Creek, the warm site, and the hot site during most of the year
(Fig. 5) and might impact survival of brown trout embryos.
Brown trout fry were rarely observed in collections from the
spawning areas in Fairy Creek and the hot site.

Although temperature may be a factor determining the dis-



2348 Environ. Toxicol. Chem. 20, 2001 J.N. Goldstein et al.

Fig. 6. Juvenile (V) and adult (v) trout densities (number per hectare;
log scale) versus specific conductivity for population surveys con-
ducted at study sites in the Firehole River and tributaries (WY, USA),
1997.

Fig. 7. Boron concentrations and densities of juvenile (V) and adult
(v) trout at Fairy Creek in the Firehole River basin (WY, USA), 1997.

tribution of brown trout in the Firehole River basin, we cannot
exclude the possibility that species-specific differences in trace
element tolerances may also affect brown trout distributions.
In our study, brown trout densities decreased when boron con-
centrations were above 400 mg/L and arsenic concentrations
were above 200 mg/L. Tolerance of contaminants can vary
greatly among salmonids [40–42]. Laboratory toxicity studies
of boron on aquatic organisms have shown that freshwater
fishes have a wide range of sensitivity to boron [43]. Kaya
[30] reported reproductive abnormalities among a small group
of brown trout collected in geothermally influenced waters in
the Firehole River, including prespawning atresia in ova of
females and immature gonads in 50% of the adult-sized males.
Although these effects were attributed to high temperature, the
potential role of trace element toxicity cannot be excluded.

Rainbow trout have shown the greatest sensitivity among
aquatic organisms in aqueous-exposure tests [5,43,44]; how-
ever, brown trout have not been tested and the few studies of
boron toxicity on rainbow trout embryos have not produced
consistent results. The embryo–larval lifestage of rainbow
trout was the most sensitive to acute lethal boron exposures
[45]. The lowest observed effect concentrations (LOEC) for
rainbow trout exposed to boron ranged from 100 to 18,000
mg/L, where concentrations of at least 1,000 mg/L were re-
quired to consistently cause effects on survival [5,43]. Birge
and Black [46,47] and Birge et al. [48] observed boron-induced
teratogenesis in rainbow trout embryos at 1 mg/L, but Rowe

et al. [49] did not observe effects on embryos until boron
concentrations were 10,000 mg/L. We are not aware of any
boron toxicity data for brown trout or studies to assess sub-
lethal effects of boron exposure on salmonids.

Sublethal concentrations of contaminants can cause behav-
ioral avoidance [50,51], reduce fitness [52], and disrupt en-
docrine systems in salmonids [53]. Boron toxicity has been
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Fig. 8. Boron concentrations and densities of juvenile (V) and adult
(v) trout at the hot site in the Firehole River basin (WY, USA), 1997.

Fig. 9. Juvenile (V) and adult (v) trout densities (number per hectare;
log scale) versus water temperature for population surveys conducted
at study sites in the Firehole River and tributaries (WY, USA), 1997.

studied in other vertebrates and repeatedly shows testicular
toxicity and other effects on reproductive systems [54–57].
Decreased fecundity in bluegill (Lepomis macrochirus) ex-
posed to sublethal boron concentrations in the Salt Slough,
California, have been observed, but other factors may have
also influenced reproductive health in these fish [58]. Trout in
the Firehole River may be additionally exposed to elevated
trace element concentrations via the food web. Boron con-

centrations up to 3,500,000 mg/L have been observed in aquat-
ic plants exposed to agricultural runoff [59], and elevated bo-
ron concentrations have been observed in whole-body tissue
samples from bluegill and common carp (Cyprinus carpio)
exposed to elevated boron in agricultural runoff [60]. Sal-
monids in the Firehole River feed mostly on immature benthic
invertebrates, emerging insects, and mollusks [61,62]. Future
toxicity studies should address the potential of this route for
increased exposure and assess sublethal effects of boron ex-
posure on fish health and reproductive physiology.

The highest arsenic concentrations observed in the Firehole
River basin approached the U.S. EPA water quality criterion
for surface waters. The U.S. EPA’s chronic ambient water qual-
ity criterion for the protection of aquatic organisms for As(III)
is 190 mg/L [63]. Aqueous exposure studies of rainbow trout
embryos to As(III) have demonstrated an LC50 (lethal con-
centration to 50% of test subjects) of 540 mg/L [64]. Concen-
trations of As(III) exceeded the chronic ambient water quality
criterion in Fairy Creek (208 mg/L) and in the hot site (256
mg/L) but were below acute ambient water quality criterion
and LC50 values for rainbow trout. As(III) is more toxic than
As(V) to aquatic organisms; however, As(V) is acutely toxic
to rainbow trout at higher concentrations of 1,800 to 3,600
mg/L [65]. The highest concentrations of arsenic occurred dur-
ing the late fall and winter, concurrent with low flows. The
highest As(V) concentrations (377 mg/L) were below the toxic
thresholds. Arsenic has been observed to cause depression of
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Table 3. Habitat quality data used in the habitat quality index (HQI) evaluations of study sites in the Firehole River and tributaries, Yellowstone
National Park (WY, USA), 1997a

HQI parameters

Site

Cold LFHR SC Warm Iron NP FC Hot

Late summer stream flow (%)
Rating

ASFV (annual stream flow variation)
Rating

Maximum summer stream temperature (8C)

96
4
2.9
4

16.5

97
4
3.6
4

20.6

91
4
1.3
4

21.4

113
4
2.3
4

22.3

116
4
1.6
4

24.6

95
4
1.7
4

25.6

96
4
1.4
4

29.8

101
4
1.7
4

25.6
Rating

Mean nitrate-nitrogen (mg/L)
Rating

Cover (% surface area)
Rating

4
0.2
4

13
1

3
0.3
3

14
1

3
0.8
2

33
2

2
0.3
3

47
3

1
0.3
3
6
0

1
0.2
4
4
0

0
0.2
4

11
1

1
0.2
4
6
0

Eroding stream banks (% surface area)
Rating

Substrate (% surface area)
Rating

0
4
0
2

1
4
2
2

4
4

20
3

0
4

18
4

0
4

31
4

0
4

10
3

7
4

13
2

0
4

35
4

Water velocity (cm/s)
Rating

Stream width (m)
Rating

55
4

13.5
3

58
4
9.0
3

59
4
2.9
2

130
3

18.3
2

62
4

10.7
3

49
4

11.9
3

33
3
2.7
2

137
3

21.9
2

a LFHR 5 Little Firehole River; Iron 5 Iron Springs Creek; FC 5 Fairy Creek; SC 5 Sentinel Creek; and NP 5 Nez Perce Creek; cold, warm,
hot 5 mainstem sites.

Table 4. Predictions of standing stock and habitat quality units from the habitat quality index (HQI) evaluations of study sites in the Firehole
River and tributaries, Yellowstone National Park (WY, USA), 1997a

HQI estimates

Site

Cold Warm Hot LFHR Iron FC

Based on actual temperatures
Standing stock of salmonids (kg/ha)
Habitat quality units

Based on constant acceptable temperatures
Standing stock of salmonids (kg/ha)
Habitat quality units

524
505

332
320

219
211

403
388

57
55

268
258

277
267

277
267

57
55

268
258

2
2

259
250

a Cold, warm, hot 5 mainstem sites; LFHR 5 Little Firehole River; Iron 5 Iron Springs Creek; and FC 5 Fairy Creek.

growth and impaired feeding in rainbow trout fed arsenic-
contaminated diets [66]. Again, we are not aware of arsenic
toxicity data for brown trout to make comparisons among spe-
cies-specific tolerances. However, there is potential for arsenic
to cause toxic effects on aquatic organisms in the Firehole
River and should be investigated in more detail.

Our study demonstrates that rainbow trout in the Firehole
River tolerated elevated boron concentrations. Brown trout
may be in low abundance at geothermally influenced sites
because of differences in temperature tolerances; however,
they may also be more sensitive to boron, arsenic, and other
trace elements than rainbow trout. Research is needed to assess
if there are species-specific differences in tolerance to elevated
boron, arsenic, and other trace elements among salmonids be-
cause they tend to be the most sensitive aquatic organisms.
Furthermore, trophic transfer and sublethal effects of boron
on fish health should be investigated. These studies will help
refine surface water quality criteria for trace elements and
protect aquatic organisms and their ecosystems.
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