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Introduction

Selenium (Se) is an element that has both beneficial and 
toxic effects [1–6] and as a result its environmental levels 
are regulated and strictly enforced by the EPA in the USA 
[7–10]. Selenium toxicity in fish is primarily acquired 
through the consumed diet [11] and is not the result of pas-
sive absorption from water. However, Se is known to be 
transferred from adults to the eggs [11–14] and thus can act 
as a reproductive toxicant [11]. This toxicity on fish repro-
duction has caused the EPA to develop a chronic exposure 
criterion for aquatic life [15]. The elevated levels of Se in 
the Lower Fountain Creek Watershed (LFCW) in southeast-
ern Colorado have a significant environmental impact as 
the Creek empties into the Arkansas River, on the east side 
of the city of Pueblo, Colorado, and is a major source of 
the Se in the Arkansas River [9]. The geological sources of 
the Se are the shale deposits that underlie the waterways in 
various areas in Colorado [9]. We have carried out studies, 
characterizing and monitoring sites along the Lower Foun-
tain Creek for Se content arriving from the Pierre Shale in 
the LFCW [16] during 2007–2009. The reported Se levels 
in Fountain Creek for total and dissolved Se ranged from 
1.3 to 64.4 µg/l, with mean values of 5.4 µg/l [9]. The mean 
value exceeds the EPA’s past (5.0 µg/l) and new recom-
mended values of 1.2 µg/l for Se in water [7, 9] and also 
exceeds the State of Colorado’s recommended water level 
of 4.6 µg/l [8].

Se bioaccumulation has been reported in birds in the 
Kesterson National Wildlife Refuge (KWF) in California 
underlining the importance of reports of elevated levels of 
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Se in fish consumed by resident birds [17]. The EPA’s cur-
rent fish tissue exposure limits are given as 15.8 mg Se/kg 
for egg/ovary, 8.0 mg Se/kg whole body and 1.2 µg Se/L 
for water [15]. The Arkansas River in southeastern part of 
the State of Colorado has been identified as an area of con-
cern to the Central Flyway [17]. For example, the eastern 
Colorado Lower Arkansas River portion of the Central Fly-
way contains approximately 400 species of birds [18, 19]. 
The Se levels vary dramatically, and accordingly, reports 
have been prepared to describe some of the inhospitable 
environments in these rivers. Indeed, these reports detail 
the teratogenic deformities or birth defects in fish as a 
result of Se in the eggs or chronic exposure to high Se lev-
els [12–14, 17, 20–22]. Observed deformities in these stud-
ies and others typically include lordosis, scoliosis, kypho-
sis, missing or deformed fins, missing or deformed gills or 
opercula, abnormally shaped head, missing or deformed 
eyes, and deformed mouths [12–14, 20–22]. Acute toxic Se 
exposure in fish results in edema, exophthalmos, and cata-
racts which was observed in Red Shiners (Notropis lutren-
sis) [20]. However, other fish species are found to tolerate 
higher levels of Se and show no adverse effects with a key 
example being the Cutthroat Trout (Oncorhynchus clarki 
lewisi) [21]. The reported literature speaks to different 
chemical forms being toxic with species-dependent effects 
[1, 12–14, 21, 22]. Furthermore, high levels of Se accumu-
lation have been reported in apparently healthy fish species 
[21, 23–26].

Se is directly below sulfur in the periodic table and as a 
result many of its properties are similar to sulfur’s [27, 28]. 
The oxidized forms of Se, selenite (SeO2−

3
) and selenate 

(SeO2−

4
), are the most common forms of Se in environmen-

tal settings although the reduced form  H2Se and its salts 
exist in the earth’s crust and is co-located with sulfur [4]. Se 
levels in aqueous environments are generally between 1 and 
5000 nmol/L. Se is most soluble in aqueous solution under 
oxidizing conditions and such conditions can enhance its 
solubilization from rock [29]. A number of methods have 
been reported describing the analytical methods available 
to carry out speciation studies [1, 2, 6, 30, 31]. Pourbaix 
diagrams suggest that selenous acid  (H2SeO3) is favored at 
the conditions that are normally found in oxidizing natural 
stream waters (pE ≈ 13.5) at a pH 3.0 [28] Hydrogen sel-
enite (HSeO−

3
) is favored in the same oxidizing conditions 

up to about pH 5.0. Above pH 5.0, selenate (SeO2−

4
) is the 

most favored Se species. Using the information in Pour-
baix diagrams, it would follow that in less aerated waters 
(pE ≈ 13.5) at pH values between 3 and 8, hydrogen sele-
nite, HSeO−

3
 is the favored species [32]. Because the redox 

potential determines whether HSeO−

3
 or SeO2−

4
 forms, 

which species predominates between pH 3–8 depends on 
the pE. The pE measurement reported often assumes the 
water is aerated because the water is in contact with air. 

However, in waters that are not surface waters the amount 
of aeration is less, therefore, the assignment of Se in this 
pH range should be in the form of Se(IV). In naturally aer-
ated waters, the conversion of Se(IV) (selenite, SeO2−

3
) to 

Se(VI) (selenate, SeO2−

4
) is kinetically slow and non-equi-

librium conditions predominate [33]. Other dissolved met-
als can also affect the process of oxidation and highlight 
the need to experimentally measure the Se species present 
in environmental samples under consideration [32].

The Simpson Species Richness Index (SSRI) [34–38] 
is used to characterize the sites sampled in Fountain Creek. 
The SSRI is an index measure based on the abundance of 
fish species present at a given site as well as the number of 
individuals of a given fish species at a site compared to the 
probability of encountering the species at any site in the study 
area [34–37]. Se(II), Se(IV) and Se(VI) are known to facili-
tate several modes of action including forming adducts with 
cysteine residues, selenoproteins, and serving as cofactors for 
the reduction of antioxidant enzymes [39–43] and function of 
other critical enzymes such as MAP kinase [44] and protein 
phosphatases [45, 46]. Indeed, differential action of selenite 
and selenate have been reported with regard to cellular uptake 
by phosphate transporters [47], effect on tumor progression 
[48] and in general impact on fresh water organisms [38]. 
Knowing the oxidation state of Se is very important in begin-
ning to elucidate the mode of action of the Se compound.

In this manuscript, we analyze the effects of Se on the 
diversity of fish populations in a series of sites along the 
Fountain Creek. The analysis shows that Se content can be 
important for diversity in fish species although other variables 
play a role as well. The analysis underlines the importance 
of measuring the oxidation states of the environmental Se if 
a full understanding of the watershed sites is desired. When 
speciation measurements were done, a distinct variance in 
Se(IV) and Se(VI) levels in different sites was observed. 
Importantly, the low Se(IV) levels are consistent with low 
toxicity at sites where total Se content was much higher than 
the EPA-recommended level. These studies demonstrate the 
importance of determining both Se(IV) and Se(VI) in the 
aqueous samples, and illustrate the need for such analysis 
should a complete understanding of the system be desired.

Experimental

Materials

The chemicals were purchased from Sigma-Aldrich unless 
specified otherwise. The HPLC solvents were HLPC 
grade and purchased from Fisher Scientific. The chemi-
cals were also purchased ultra-pure grade and used without 
purifications.
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Sample collection

Water samples were collected from Lower Fountain 
Creek, near Pueblo, Colorado see Fig. 1. Sites for sam-
ple collections were selected based on map locations 
and information reported previously on the sites UF-1 
to UF-3, MC-1 to MC-5 and LF-1 to LF-5 [16]. Water 
samples were collected according to United States 

Geological Survey (USGS) water sampling protocols 
[46] with some modifications [51]. The samples were 
placed on ice in the field to prevent selenite oxidation to 
selenate. After returning from the field the samples were 
split into 5 ml of aliquots with the first aliquot analyzed 
immediately upon returning to the lab. The remaining 
aliquots were stored at −20 °C under nitrogen for future 
use.

Fig. 1  Map of study area and 
sample sites showing areas of 
Se rich Pierre Shale deposits 
[49]. The inset shows the loca-
tion of the study area in the 
State of Colorado [50]
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Methods for sample analysis

Total water Se was measured by ICPMS using EPA Method 
200.8 on an Agilent 7500ce Inductively Coupled Plasma 
Mass Spectrometry (ICPMS) [52]. The chromatographic 
separation of the selenium species was carried out on a 
Thermo–Dionex ICS-5000 coupled to an Agilent 7500ce 
ICPMS. The analytical column used was a Dionex AS-7 
anion exchange column. Separation of hydrogen selenite 
[Se(IV)) and selenate (Se(VI)] was adapted from Ge et al. 
[53] and Bednar et al. [54]. Improved chromatographic sep-
aration was accomplished using a 17.5 mM citrate buffer 
at pH 5.2 as the mobile phase. Furthermore, methanol (2% 
v/v) was used in the mobile phase to enhance the Se signal 
[55]. Mobile phase was isocratically delivered at 300 µl/
min during the HPLC separation. After separation, the spe-
cies was identified using Agilent 7500ce ICPMS.

Electrochemistry

Redox (pE) measurements of collected water samples were 
carried out on a Microlab F-522 system using the electro-
chemical interface and pH probe reference. The redox data 
obtained from the Microlab interface were normalized for 
temperature and to the E0 of a standard hydrogen electrode 
(SHE) hydrogen electrode standard since the Microlab uses 
a Ag/AgCl electrode. The E0 data were then converted to 
pE [56, 57]. pH measurements were obtained using the 
Microlab F-522 pH interface with a Microlab electrode.

Statistical analysis

All samples were prepared in triplicate and averages are 
reported. These averages are reported with their standard 
errors shown. This was done both for the data previously 
reported and the new data obtained as a result of the analy-
sis carried out here. The Simpson Species Richness Index 
(SSRI) was used to compare the diversity of fish and rela-
tive number of each species at each site [38].

Simple canonical correlation analysis (SCCA) [58] was 
used to examine the possibility of a relationship between 
dissolved Se, biologically available Se as bryophyte Se, 
fish species number and fish diversity [59–61]. The variable 
silt/clay percentage was also added as the silt/clay content 
could have a significant effect on fish reproduction.

Results and discussion

Data analysis

In Table 1, we list the Se content in Fountain Creek Water-
shed [16] and compare the Se content with the number of 
fish species at these sites, the number of fish species found 
at a site divided by the probability of finding a fish at this 
site (PI) and the SSRI factor  PI2. It is an objective to use the 
SSRI index and the SSRI factor  PI2 to derive conclusions 
regarding fish diversity. The data from the previous studies 
[16] along the Fountain Creek in Colorado was subjected to 

Table 1  Se content and fish sampled in Fountain Creek Watershed reported previously [16] Simpson Species Richness Index Factor  (PI2)

SSRI values for each reach: UF SSRI = 0.010, LF SSRI = 0.025, MC SSRI = 0.054
a PI is the probability of finding a given species at a given location and is based on observed data
b PI2 is the square of PI the sum of which is equal to the SSRI for a given reach of the creek

Sample sites Water Se  
(µg/l)

Standard error 
water Se

Plant: H. ochraceum  
Se (mg/kg)

Standard error 
plant Se

Number of fish 
species

PIa PI2b

UF-1 0.193 0.011 400.940 43.071 1.000 0.043 0.002

UF-2 0.140 0.011 528.660 33.366 1.000 0.052 0.003

UF-3 0.673 0.004 867.520 75.233 1.000 0.043 0.002

UF-4 1.323 0.021 934.680 61.917 2.000 0.052 0.003

MC-1 0.207 0.011 738.260 43.288 2.000 0.104 0.011

MC-2 0.277 0.048 746.400 52.137 3.000 0.122 0.015

MC-3 0.343 0.017 426.300 56.580 2.000 0.148 0.022

MC-4 0.443 0.029 736.760 82.547 3.000 0.052 0.003

MC-5 1.863 0.028 410.200 11.400 1.000 0.052 0.003

LF-1 2.050 0.142 907.460 119.82 3.000 0.052 0.003

LF-2 2.780 0.011 1305.800 108.17 2.000 0.061 0.004

LF-3 3.290 0.011 1096.680 58.88 2.000 0.043 0.002

LF-4 9.687 0.004 2033.880 510.77 3.000 0.104 0.011

LF-5 7.910 0.021 937.620 60.431 2.000 0.070 0.005

References [16]  This work [16] This work  [16] This work This work



755J Biol Inorg Chem (2017) 22:751–763 

1 3

this analysis. The calculated  PI2 values are listed in Table 1 
with the data used for these calculations [16]. The use of 
the SSRI index for the three reaches of Fountain Creek 
shown below Table 1 indicate that conclusions regarding 
fish diversity cannot be made for the data in Table 1 with 
respect to dissolved Se water levels. The idea that high Se 
levels should be detrimental to fish diversity and health 
is not reflected in the SSRI values for each reach as evi-
denced by the medial value of SSRI in the high Se reach of 
Lower Fountain Creek. The higher SSRI values of Monu-
ment Creek and Lower Fountain Creek suggest the need 
for additional information that is speciation analysis, which 
was therefore carried out in this manuscript.

Simpson Species Richness Index (SSRI)

Our previous study identified some sites to contain high 
concentrations of Se in the Fountain Creek shown in 
Table 1 [16]. High levels of Se in creek water generally cor-
respond to high level of Se in the aquatic (bryophyte) plant 
[16]. However, there is a surprising difference in water Se 
content between some sites with similar Se in the plants 
(UF-4, LF-1 and LF-5). These results support the interpre-
tation that the varying Se levels are real, and point to the 
need for additional data analysis and possibly a new analyt-
ical approach. The Simpson Species Richness Index (SSRI) 
[37] is a weighted index measure based on the abundance 
of fish species present at a given site as well as the num-
ber of individuals of a given fish species at a site compared 
to the probability of encountering the species at any site in 
the study area. The SSRI value increases when both species 
number and population of a given species increase [38]. 
In the following, we will include the fish diversity in the 
Fountain Creek data in the analysis.

The SSRI for the sites sampled in Fountain Creek pro-
vide a new aspect of the observations regarding Se con-
tent in aqueous samples and in the plants. The table indi-
cates what is expected at the Monument Creek sites (MC) 
which are among the lower containing Se sites in the aque-
ous samples series. The Se content in the water and in the 
native bryophyte species Hygrohypnum ochraceum is rela-
tively low. The lower Se levels would suggest an area of 
favorable fish health in a reach of stream where fish habitat 

is similar. The SSRI values for MC (SSRI = 0.054), LF 
(SSRI = 0.025) and UF (SSRI = 0.010) demonstrate that 
the greatest diversity of fish is in Monument Creek fol-
lowed by Lower Fountain Creek.

The  PI2 values were used as a predictor of diversity 
at each site for statistical analysis. The MC-1–MC-3  PI2 
values of 0.011, 0.015, and 0.022, respectively, are accu-
rate predictors of the higher SSRI value of MC.

The Lower Fountain Creek sites (LF) also share similar 
habitats and are more sand-based than Monument Creek 
and Upper Fountain Creek [10]. The unexpected high  PI2 
value at LF-4  (PI2 = 0.011) is interesting since it is the 
highest value in the LF reach and it is equivalent to the third 
highest  PI2 value in the entire Fountain Creek Watershed. 
This high  PI2 level is unexpected in an area where the water 
Se is dramatically above EPA and CDPHE water stand-
ards. In addition, this reach of the creek also has the second 
highest SSRI level (0.025) in a reach that routinely posts 
Se values above EPA and CDPHE water standards. At these 
sites (LF), the concentration of Se measured in H. ochra-
ceum are the highest of all sampled sites, indicating that 
Se was readily internalized by plants and was thus avail-
able to the food web. The aforementioned reported levels 
of water Se [16] are well below the 10 µg/kg level reported 
as teratogenic [20]. These observations do have precedent 
in a report in 2009, where the highest fish whole body Se 
values of 3393 µg/kg dry weight and 906 µg/kg wet weight 
were found and there was no evidence of teratogenic effects 
on any fish sampled [16]. These observations point to an 
interesting paradox between water and fish Se levels and 
the expected outcome on fish health and diversity. Further 
analysis was thus carried out to include the fish diversity in 
the SSCA analysis.

Simple Canonical Correlation Analysis (SCCA)

A simple canonical correlation analysis (SCCA) [58] was 
used to examine the possibility of a relationship between 
dissolved Se, biologically available Se as bryophyte Se, 
fish species number and fish diversity. The variable silt/
clay percentage was also added as the silt/clay content 
could have a significant effect on fish reproduction. The 
results are summarized in Table 2. These results, based on 

Table 2  The simple canonical correlation analysis on dissolved selenium and fish diversity of the data reported previously [16]

Name Quality Mass Inertia Component 1 (water–bryophyte) Component 2 (number of fish species)

Coord. Correlation Contribution Coord. Correlation Contribution

Number of fish species 1 0.002 0.168 0.191 0.202 0.040 −0.379 0.798 0.946

Se in water 1 0.003 0.825 −0.888 0.993 0.958 −0.073 0.007 0.039

Se in bryophyte 1 0.995 0.002 0.002 0.748 0.002 0.001 0.252 0.003

PI2 0.403 0.000 0.005 0.385 0.081 0.000 −0.767 0.322 0.012
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previous data, statistically support the conclusion that two 
main components contribute to fish diversity in Fountain 
Creek. Component 1 is described as the available sele-
nium in water and is indicated by the high correlation of 
Se in water and Se in bryophyte shown in Table 2 (corre-
lation 0.993, 0.748). The second component (Component 
2) describes the fish species diversity and is indicated by 
the strong correlation between fish species number and 
diversity index in Table 2 (correlation 0.798, 0.322). This 
SCCA analysis provides two parameters, Component 1 and 
Component 2, which can be used to further understand the 
nature of the Se levels and the Fountain Creek sites.

The SCCA results presented in Table 3 indicate that 
Component 1 in these results is similar to the results pre-
sented in Table 2. There is a high degree of correlation 
between dissolved Se in water, Se in bryophyte and the 
Se species Se(IV) and Se(VI). There is also a small cor-
relation with the silt/clay content which is probably related 
to the silt/clay content affecting the dissolution of the Se 
forms into the water. The major contributions to Compo-
nent 1 come from dissolved Se in water (0.41) and the pre-
dominant Se(VI) (0.547). Component 1 in this table can be 
thought of as Se in water.

Component 2 in these results shows a high correlation 
of fish species number (0.798) to silt/clay content (0.27) 

in the creek bed and provides the greatest contributions to 
this component.

The Row plot shown in Fig. 2a has Component 1 and 
Component 2 on the X- and Y- axis. This plot splits the 
sites into four distinct quadrants each reflecting the simi-
larity of the diversity in fish species by site. The four 
regions also correspond to the three areas of Pierre shale 
found in the Fountain Creek Watershed (FCW). There 
exist hydrological and geochemical similarities between 
the Lower Arkansas River (LAR) and the Fountain Creek 
(FC) [17]. The source of the LAR Se is Se-rich tributaries 
with high Se effluent such as FC [17]. The Se source in 
FC is Pierre Shale, Se-rich shale that was deposited in the 
late Cretaceous period [62]. This shale is also exposed in 
the Lower Fountain Creek Watershed (LFCW) in south-
eastern Colorado and results in elevated levels of Se in 
Lower Fountain Creek water and in natural springs that 
feed the Creek [63]. The two left quadrants describe sites 
with generally higher levels of Se content in the aqueous 
samples and in the biosamples. The two right quadrants 
separate out the samples with the greater  PI2, and are 
predominantly populated by the samples from the Upper 
Fountain Creek. The elevated levels of Se in the LFCW 
have a significant environmental impact as the creek 
empties into the Arkansas River on the east side of the 

Table 3  The simple canonical correlation analysis on dissolved selenium species and fish diversity of the data reported previously [16]

Name Quality Mass Inertia Component 1 Component 2

Coord. Correlation Contribution Coord. Correlation Contribution

Number of fish species 0.849 0.002 0.064 −0.086 0.051 0.004 0.343 0.798 0.739

Dissolved Se water 0.987 0.003 0.367 0.759 0.986 0.41 −0.022 0.001 0.004

Se in bryophyte 0.978 0.992 0.004 −0.005 0.966 0.005 0.000 0.012 0.001

PI2 0.339 0.000 0.000 0.198 0.282 0.000 0.089 0.056 0.000

Silt/clay 0.59 0.000 0.063 −0.56 0.32 0.023 −0.515 0.27 0.247

Se(IV) 0.692 0.000 0.015 0.483 0.658 0.012 −0.11 0.034 0.008

Se(VI) 0.997 0.003 0.485 0.914 0.997 0.547 0.012 0.000 0.001

Fig. 2  a Row plot show-
ing the Se content in water 
and bryophyte (Component 
1) compared to fish diversity 
(Component 2) highlight the 
relationship between the differ-
ent shale types at sites; b Row 
plot showing the Se(IV) species 
content in water and Se content 
in bryophyte (Component 1) 
compared to fish diversity and 
Se(VI) content in the water 
(Component 2) highlights the 
relationship between the differ-
ent shale types at sites
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city of Pueblo, Colorado, and is a major source of Se in 
the Arkansas River [9].

Figure 2b separates the Se species from total dissolved 
Se in the water in the FCW. The figure clearly indicates 
that predominant Se species found in the Lower Pierre 
Shale have little to no effect on fish species diversity while 
the Upper Pierre Shale has a positive effect on fish spe-
cies diversity. The continuous Pierre Shale has a negative 
effect on fish species diversity. These effects on fish species 
diversity could be due to the form of Se dissolving from the 
parent rock material and the dissolved Se interactions that 
depend on local environment and water chemistry.

Plotting the results of the SCCA in a loading plot 
(Fig. 3a) with Component 1 on one axis and Component 2 
on the other axis, the relationship between different param-
eters used in the simple canonical correlation analysis is 
illustrated. Group 1 is Se found in H. ochraceum (abbrevi-
ated Se Bry) and number of fish species (Num Spp). Group 
2 is a correlation between  PI2, Se (IV)  (SeO3) and total dis-
solved Se (Se D Water). The results show that the variable 
of silt/clay percentage which was thought to be a major fac-
tor in fish diversity in Fountain Creek is nearly orthogonal 
in relation to the other lines. The interpretation of this result 
is that the silt/clay variable is independent of fish diversity 
while the other variables are correlated in two groups.

In contrast, the Se levels in the H. ochraceum (Se Bry) 
are responding similarly as the number of fish species 
(Num. Spp.) at each site. These two variables are different 
from the correlation between  PI2, Se (IV) levels (HSeO−

3
 ) 

and total dissolved Se (Se D Water), which all respond 
similarly. Together, analysis of this data demonstrates that 
fish species diversity is related to Se levels with the Se lev-
els in the bryophytes related more closely to fish species 
number, the Se(IV) in the aqueous phase and the total dis-
solved Se. This correlation follows the mapping of Pierre 

Shale deposits found in this watershed. The source of the 
Se in the watershed comes from three Pierre Shale depos-
its known as upper, lower and continuous. Each of these 
deposits is represented in the Row plot (Fig. 2) along with 
the associated level of fish species diversity. The Se does 
increase in the fish with increasing dissolved Se water 
levels. No teratogenic effects were found in these high Se 
areas (LF-4 and LF-5) even though the Se levels are more 
than double the EPA-recommended water limit of 5.0 ppb.

Plotting the results of the SCCA Se speciation analy-
sis in a loading plot (Fig. 3b) with Component 1 on one 
axis and Component 2 on the other axis the relationship 
between different parameters used in the simple canonical 
correlation analysis is illustrated. Group 1 is Se found in H. 
ochraceum (abbreviated Se Bry), the number of fish species 
and Se(IV). Group 2 is a correlation between  PI2, Se (VI) 
and total dissolved Se (Se D Water). The indicates that the 
variable of silt/clay percentage is independent of the other 
groups shown by nearly orthogonal position in relation to 
the other lines. The interpretation of this plot infers that Se 
species are important in determining fish health and diver-
sity in the watershed. This statement is supported by the 
grouping of Se(IV) with fish species number and Se(VI) 
with the SSRI predictor  (PI2).

In Fig. 4, the  PI2 factor is shown as a function of the 
Se concentration for Monument Creek and Lower Foun-
tain Creek sites. As shown in Table 1, the Upper Fountain 
Creek sites show little change. Monument Creek shows 
an upward trend in diversity except for the sites with Se 
>0.005 nM, Fig. 4a. When the Se concentration is higher 
than 0.005 nM, the sites have higher Se(IV) concentra-
tions and fish diversity is lower. In contrast, the sites 
along the Lower Fountain Creek show a different pattern 
with diversity increasing as a function of total Se concen-
tration. As shown in Fig. 4b, there is a linear relationship 

Fig. 3  a Loading plot illustrating the relationship between First and 
Second Components describing the relationship between the differ-
ent variables at the Fountain Creek sites; b Loading plot, including 

Se(IV) and (VI), illustrating the relationship between First and Sec-
ond Components describing the relationship between the different 
variables at the Fountain Creek sites
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with R2 = 0.743. At these sites there is a higher Se(VI) 
concentration.

Speciation has been reported to be important in interac-
tions with other elements and influences not only uptake 
but also biological responses to different species that may 
differ in geometry, charge and oxidation state for elements 
[64–66]. It has been reported that the toxicity effects of 
Se are dependent on a compound’s oxidation state and 
presumably on the bioavailability of the chemical species 
[67]. That is, the Se(IV) has been reported to be more toxic 
than Se(VI), which may be surprising since many benefi-
cial effects particularly related to the antioxidant effects are 
mainly observed with Se(IV) [39–43]. The Se availability 
from the aqueous samples varies with the pH and concen-
tration according to the speciation diagrams [28]. Thus, the 
observed toxicity is likely site-specific and may be related 
to the specific Se speciation chemistry occurring at each 
site. Because some of the differences in fish diversity may 
be related to the uptake and nature of the internalized spe-
cies, more information on Se speciation at each sample 

collection site is desirable. Given the potential relationship 
between Se species, uptake, and toxicity, we subsequently 
investigated the oxidation state of the Se in water samples 
recently collected at each site to determine whether site-
specific speciation of Se in the Fountain Creek samples fac-
tors in the observed variation in fish diversity between sites.

Sample collection from Fountain Creek

Water samples were collected at each of the sites labeled in 
Fig. 1 with the exception of MC-1–MC-3. The reason these 
sites were not collected was the inability to access the pri-
vate property at MC-1 and the closure of the restricted areas 
of the United States Air Force Academy (MC-2 and MC-3). 
The water samples were collected according to USGS sur-
face water sampling protocols [68]. Samples were collected 
in clean 250-ml high density polyethylene containers. The 
water samples were obtained by rinsing the containers at 
the site with creek water to equilibrate the container and the 
samples were taken with nonisokinetic sampling methods. 
The containers were immediately placed on ice for trans-
port. In addition, pH, specific conductance and dissolved 
oxygen were measured on site. In the lab, the samples were 
fractionated into total, dissolved fractions. The dissolved 
fractions were filtered using a 0.45-micron syringe filter. 
The dissolved fractions were separated into 5 ml of specia-
tion aliquots. One aliquot was used for total dissolved anal-
ysis and one was used for Se speciation. The remainder of 
aliquots were frozen for stability and future use. The total 
and dissolved fractions used for EPA 200.8 analysis were 
acidified with optima grade nitric acid. Hardness was cal-
culated from ICPMS data.

Method for determining both Se(IV) and Se(VI) 
oxidation states

To explore Se speciation, a new study that would allow spe-
ciation to be determined was designed. Water samples con-
taining Se were collected from the Lower Fountain Creek, 
near Pueblo, Colorado. The sites sampled have the highest 
levels of Se recorded in the Creek and have a high bryo-
phyte Se concentration as shown in a previous study [69]. 
Although the samples were collected according to USGS 
water sampling protocols [46], recent reports suggest that 
these samples may not be as stable as previously antici-
pated [16, 70].

Due to the high levels of Se in the water and the fact 
that fish living in these waters seem to be unaffected, it 
is important to determine the speciation of the Se at each 
site. The chromatographic separation of the selenium 
species is readily accomplished using ICPMS after chro-
matographic separation of the Se(IV) and Se(VI). Using a 
Dionex AS-7 anion exchange column, the separation was 

Fig. 4  a, b The SSRI factor  PI2 is plotted as a function of nM Se for 
Monument Creek and Lower Fountain Creek. The symbol for Monu-
ment Creek is a solid square and the symbol for Lower Fountain is a 
solid circle
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readily accomplished using a mobile phase of 17.5 mM 
citrate buffer at pH 5.2. The buffer improved the separa-
tion presumably through the interaction between Se and 
citrate, and 1H NMR studies confirmed that complexes do 
form between selenate and citrate (unpublished). Further-
more, the Se signals were enhanced using 2% aqueous 
methanol in the mobile phase as reported previously for 
arsenic [55, 71].

Se(IV) and Se(VI) speciation of Se in Fountain Creek 
water samples

Samples were collected from 11 different sites along the 
Fountain Creek. Initially, we measured the speciation of 
samples along the entire Creek and in Table 4 we show the 
data for measurement of not only total Se, but the distri-
bution of the Se as selenite, Se(IV), and selenate, Se(VI), 
and the pH of the respective samples. The Se content in 
the samples is very similar in the sites examined except 
for the MC-4 site; the amounts are higher in this recent 
study. Because the Se content varies with seasonal and 
weather/precipitation patterns, variations would have been 
anticipated from the previous study, however, very few are 
observed [16].

For the purposes of the SCCA, the readings for Se(IV) 
and Se(VI) at sites UF-1, UF-2, and UF-3 that went 
below the instrument detection limits were estimated 
using the regression with the total Se as a single predic-
tor. Due to the uneven distribution of data in the range 
of available values, the readings had to be transformed 
to the logarithmic scale in the case of Se(IV) and square 
root scale for Se(VI). In two cases such estimates yielded 
values above the detection limit and were trimmed at the 
limit values: 0.023 and 0.034 µg/L for Se(IV) and Se(VI), 
respectively.

The Upper Fountain Creek sites were reported to have 
the lowest total Se, Se(IV) and Se(VI) and collectively 
the highest percentage of Se(IV). As seen from the data 
in Table 1, the Upper Fountain Creek sites also had a less 
diverse fish habitat (except for the UF-4). Once the water 
flows down to the Monument and Lower Fountain sites, the 
majority of the Se had oxidized to selenate. Since selenite 
at neutral pH readily oxidizes to selenate, and the oxida-
tion is more likely to happen at lower concentrations and 
at higher salinity levels in the presence of nitrate, conver-
sion of Se(IV) to Se(VI) is expected [32, 72]. The presence 
of a higher concentration of Se(VI) at the Lower Fountain 
sites was, therefore, anticipated although this could be due 
to additional oxidation of Se(IV) or dissolution of more 
Se(VI) from the shale or a combination of both oxidation 
and dissolution processes to form more Se(VI). Indeed, the 
data in Table 4 confirm that in all but one Lower Fountain Ta
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sites more than 90% of the Se was in the form of selenate, 
Se(Vl).

The results for the LF-4 and UF-4 sites were different 
than that of the others in that the standard errors were a lit-
tle higher for these sites. This increase in standard error at 
higher concentration is most likely due to the increase in 
dissolved solids and is the result of a matrix effect caused 
by a combination of easily ionized elements that are abun-
dantly present and the more difficult to ionize Se. The Se 
species are measured after a column separation resulting in 
a cleaner sample entering the plasma of the ICPMS.

Using speciation analysis, we considered the specia-
tion using the known constants reported for the distri-
bution of species in aqueous solution [28]. In Fig. 5 we 
calculated the equilibrium concentrations of solutions at 
the concentrations measured at the sites we were inves-
tigating (UF, LF-1 and LF-4). As shown in Fig. 6 the 
equilibrium concentrations favor selenate as the major 
form because the pH was near 8 in these sites. As the 
concentration of the Se increased although more Se(IV) 
was present, the difference in the concentration between 
the Se(IV) and Se(VI) species was less. At the neutral to 
basic concentrations observed in the Fountain Creek sites; 
the deprotonated selenate and selenite were the major 
species. A small amount of monoprotonated selenate was 
found at the site with the higher Se(VI) concentration. 
This is interesting because the pKa values for selenite are 
higher, however, because the concentration of Se(IV) is 
100-fold less there would be more HSeO−

4
 than HSeO−

3
 at 

this site if equilibrium conditions existed. Although the 
conversion of Se(IV) to Se(VI) may be slow, it is of inter-
est to investigate the system further, and at least establish 
what is expected should the system be governed by the 
thermodynamic stability. 

The Pourbaix diagram describes the thermodynami-
cally stable forms of Se in a graphical form shown 
in Fig. 6. In this figure, it is shown that the conditions 

controlling the major species of Se at neutral pH are com-
plicated, and depending on the redox potential the ther-
modynamic stable form which may be Se(IV) or Se(VI). 
To investigate the nature of the aqueous redox environ-
ment, the electrochemical potential of samples, LF-4 and 
LF-5, which contained the highest observed levels of 
oxidized Se(VI), were measured. These studies were per-
formed to determine whether the high levels of observed 
Se(VI) are due to oxidation reactions in the water, or to 
unchanged Se (VI) from the shale.

The E0 data were converted to pE and these values 
are shown in Table 5. pH data were also obtained using 
the Microlab F-522 pH interface with a Microlab elec-
trode. As shown in Table 5, sampling the Lower Foun-
tain Creek sites LF-4 and LF-5 in April gave a pH value 
that was slightly above neutral. Determining the E0/pE 
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Fig. 5  Speciation diagrams were calculated for three different sites along the Fountain River. The low concentration UF sites with  [Se]tot 
1.27 × 10−10 M, with LF and MC sites with  [Se]tot 2.65 × 10−9 M and with LF-4 with  [Se]tot 5.05 × 10−7 M

Fig. 6  The Se Pourbaix diagram of Se in water reported previously 
[73] was added the specific conditions of the LF samples investigated 
in the Spring of 2016 where the crosshairs intercept. The Pourbaix 
diagram was reproduced with permission
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and pH data allows us to reference sample data with a 
Pourbaix diagram which describes the thermodynami-
cally state species of the Se. This allows us to determine 
whether the sample contains Se(VI) or Se(IV). For low 
concentrations of Se at neutral pH and pE below 7/8, the 
Pourbaix diagram predicts that the thermodynamically 
stable form is Se(IV). It was surprising that the pE for 
the LF samples collected in the spring of 2016 had values 
of 6.35/6.37. This suggests that in the creek water sam-
ples the stable form of the Se in LF-4 and LF-5 sites is 
Se(IV). However, because it was experimentally deter-
mined that Se(VI) was the major component, it is likely 
that the predominance of the Se(VI) form is dependent on 
other environmental factors and supports the findings of 
Mast et al. [70].

Using the SSRI predictor data  (PI2) data in Table 3 
SCCA was carried out and the results show that a Se spe-
cies effect on diversity exists and that effect is independ-
ent of the silt/clay content of the creek bed material pre-
sent at the sites. The Se species effect can be positive or 
negative depending on the origin of the creek bed parent 
material. This is most notable between the LF-3, LF-4, and 
LF-5 sites compared to the UF-3 and UF-4 sites, the latter 
of which has a higher percentage composition of Se(IV). 
Thus, this analysis confirms that there is less observed tox-
icity at the LF-3–LF-5 sites despite the higher total Se-lev-
els. Although this analysis does not prove that the Se(VI) is 
less toxic to the fish, the analysis does provide a statistical 
basis to suggest that the toxicity effect is correlated with 
observed oxidation state.

Previously, a report on Se-levels in the Fountain Creek 
fish study did indicate increased levels of Se in ovarian and 
liver tissue of the fish [16]. The Se level increase in these 
tissues may be a result of increasing levels of Se contain-
ing enzymes. The Se level increase in ovarian tissue may 
explain teratogenic effects in new hatchlings if the Se levels 
continue to rise. The most common mode of toxicity of Se 
is oxidative damage [38]. This type of toxicity requires that 
Se be internalized and assimilated into the organs and the 
fish. Se is generally nontoxic when it is stored in a “safe” 
form, and either because it cannot be absorbed or trans-
ported, it is rapidly excreted or is not metabolized. How-
ever, some transporters prefer Se(IV) over Se(VI) [47]. The 
high Se water levels at several sites and the lack of obser-
vation of teratogenic levels in the fish raise the question of 

how Se levels in this biota can be so high without causing 
toxic effects in fish. The data provided here show that there 
are significant differences in the speciation in the creek 
water and the lack of teratogenic response to the Se level 
may be because the Se is in the Se(VI) form which is less 
toxic than Se(IV).

In summary, current speciation studies with Se generally 
investigate only one oxidation state; however, as described 
in this manuscript, speciation studies of the water at rep-
resentative Fountain Creek sites demonstrate that total Se 
levels cannot fully describe the interactions of Se in the 
complex environmental system and will require additional 
analyses in the future. Our experimental data show that a 
correlation exists between fish species diversity and dis-
solved Se in Fountain Creek water and this is backed up by 
statistical analyses. The increase in fish diversity with the 
dissolved Se may be a result of a limited amount of total Se 
or particular Se species in other areas of the watershed [16, 
28]. Se is known to have protective effects such as reduc-
ing oxidative stress and is a required component of some 
enzymes [12–14, 21, 22]. The high diversity at the LF-4 
site where the dissolved Se concentration is well above 
EPA limits may be consistent with a low amount of Se(IV) 
and high amount of Se(VI) observed at these sites. EPA and 
other studies have indicated that Se(IV) is the more toxic of 
the two forms [38].

Conclusion

Based on previous data on the Se levels along the Fountain 
Creek [16], a canonical correlation analysis was done to 
examine the possibility of a relationship between dissolved 
Se, biologically available Se as bryophyte Se, fish species 
number and fish diversity. The analysis revealed that two 
different components were involved and that diversity in 
fish species was related to the total dissolved Se levels in 
the creek water samples. Because some sites were found to 
contain high levels of Se and high fish diversity when the 
opposite was expected for some sites, we investigated the 
possibility that such differences between sites could arise 
due to Se speciation differences. As a result, we designed 
and performed studies where we measured the amounts 
of two different Se species [that is Se(IV) and Se(VI)] as 
well as total dissolved Se content at selected sites along 

Table 5  Se content and redox potential for Lower Fountain Creek sites with the highest Se  levelsa 

a Samples were collected in April, 2016

Site pH Temperature (°C) pE Se(IV) (µg/L) Se(VI) (µg/L) Se(IV) percentage of total Se Se(VI) percentage of total Se

LF-4a 7.47 8 6.35 0.89 11.30 7.3 93

LF-5a 7.52 8 6.37 0.79 9.88 7.4 93
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the Fountain Creek, and determined the oxidation state of 
the Se. The speciation studies showed a distinct variance 
in Se(IV) and Se(VI) levels in the different sites consistent 
with the observations that low toxicity is observed when 
low levels of Se(IV) are present at the sites. Although these 
studies do not prove that the level of selenite in the water 
is the principal factor for toxicity they do provide the data 
consistent with this interpretation. These studies underline 
the importance of determining both Se(IV) and Se(VI) 
in the aqueous samples, and the need for such speciation 
analyses should a complete understanding of the complex 
system be desired.
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