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Abstract.—We attempted to discern the contributions of physical habitat, water chemistry, nu-
trients, and contaminants from historic lead—zinc mining activities on the riffle-dwelling benthic
fish community of the Spring River, a midwestern warmwater stream that originates in Missouri
and flows into Kansas and Oklahoma. The Spring River has a fish community that includes the
Neosho madtom Noturus placidus, a species federally listed as threatened. Although anthropogenic
factors such as contaminants limited populations and densities of fishes, an integrated assessment
of natural and anthropogenic factors was necessary to effectively estimate the influence of the
latter. Fish populations in the Spring River, especially Neosho madtoms, seem to be limited by
the presence of cadmium, lead, and zinc in water and in benthic invertebrate food sources and by
physical habitat. The population density and community structure of fish in the Spring River also
seem to be related to water chemistry and nutrients. Concurrently, diminished food availability
may be limiting fish populations at some sites where Neosho madtoms are not found. Many of
the natural factors that may be limiting Neosho madtom and other riffle-dwelling fish populations
in the Spring River probably are characteristic of the physiographic region drained by the upper
reach and many of the tributaries of the Spring River. Our results indicate that competition between
the Neosho madtom and other species within the riffle-dwelling fish community is an unlikely

cause of Neosho madtom population limitation in the Spring River.

Relationships between stream fish communities
and their habitats have been well documented (An-
germeier and Karr 1984; Matthews and Heins
1987; Kessler and Thorp 1993). Physical habitat
complexity has been correlated with fish species
diversity (Gorman and Karr 1978). Habitat factors
such as water depth, velocity, and substrate com-
position are important to stream fishes (Aadland
1993). Moreover, habitat utilization by stream fish-
es varies with community composition (Fausch
and White 1981; Finger 1982), and water chem-
istry and nutrients affect the distribution and abun-
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dance of stream fishes (Layher and Maughan 1985;
Layher et al. 1987; Maret et al. 1997). Habitat has
been the primary focus of studies that target factors
limiting the distribution and density of stream fish-
es, especially threatened and endangered fishes
(Kessler and Thorp 1993; Freeman and Freeman
1994).

The Neosho madtom Noturus placidus is a small
(<75 mm total length) ictalurid first described as
a species in 1969 (Taylor 1969). Neosho madtoms
have been found in the highest numbers in riffles
during daylight in late summer and early fall, after
young of the year are estimated to have recruited
to the population (Moss 1983; Luttrell et al. 1992;
Fuselier and Edds 1994). Neosho madtoms prefer
the interstitial spaces of unconsolidated pebbles
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FIGURE 1.—Sampling sites on the Neosho, Cottonwood, and Spring rivers in 1994. Triangles represent sites

where Neosho madtoms were collected; squares represent

and gravel, moderate to slow flows, and depths
averaging 0.23 m (Moss 1983). Neosho madtoms
feed on larval insects among stones at night (Cross
and Collins 1995). The Neosho madtom was listed
as threatened by the U.S. Fish and Wildlife Service
(USFWS) in May 1990, and a recovery plan was
approved in September 1991 (USFWS 1991). The
USFWS (1991) hypothesized that habitat and po-
tential fish competitors of the Neosho madtom,
such as other ictalurids, darters (Percidae), and
other riffle-dwelling benthic fishes, may limit Ne-
osho madtom populations. Currently, Neosho
madtoms are found in main stems of the Neosho,
Cottonwood, and Spring rivers in Kansas, Mis-
souri, and Oklahoma (Luttrell et al. 1992; Cross
and Collins 1995; Wilkinson et al. 1996) (Figure
1). The density of Neosho madtoms is much great-
er in the Neosho system (i.e., the Neosho and Cot-
tonwood rivers combined) than in the Spring River
(Moss 1983; Wilkinson et al. 1996). Cross and
Collins (1995) described the Spring River drainage

sites where they were not collected.

as supporting 20 fishes not found anywhere else
in Kansas. Except for one small population just
upstream of Baxter Springs, Kansas (Pflieger
1975; Barks 1977; Wilkinson et al. 1996), Neosho
madtoms have only been collected from the Spring
River upstream of the primary sources of pollution
from lead (Pb) and zinc (Zn) mining (Figure 2).
Studies of the effects of contaminants on fish
populations have generally focused on the contam-
inants (McCormick et al. 1994) and given little
attention to other concurrent factors (Neves and
Angermeier 1990; Hall et al. 1996; Scott and Hall
1997). Hall et al. (1996) assessed habitat factors
along with contaminants; however, they empha-
sized overall ecological health and biological in-
tegrity of the fish community, not specific popu-
lations of fish. Contaminants and physicochemical
characteristics differ between the Neosho and Cot-
tonwood rivers (Neosho system) and the Spring
River (Moss 1983; Spruill 1987; Allen and Black-
ford 1995). All are affected by similar anthropo-
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FIGURE 2.—Enlargement of the Spring River study area with sampling sites in 1994. Triangles represent sites
where Neosho madtoms were collected; squares represent sites where they were not collected. Lead—zinc mining

and processing occurred within shaded areas.

genic factors (agricultural runoff and municipal
waste inputs) (Allen and Blackford 1995; Kiner et
al. 1997). The Spring River is also impacted by
runoff from historic Pb—Zn mining and related ac-
tivities that have resulted in elevated levels of Pb,
Zn, and cadmium (Cd) (Barks 1977; Czarneski
1985; Spruill 1987; Smith 1988; Schmitt et al.
1993) and by industrial inputs from chemical man-
ufacturing and industrial facilities (Kiner et al.
1997). Lead, Zn, Cd, arsenic (As), iron (Fe), mer-
cury (Hg), and manganese (Mn) are also a concern
in the Neosho system. However, concentrations of
Pb and Zn in fish and sediments of the Neosho
system are much lower than those historically
found in Center and Turkey creeks, tributaries of
the Spring River. Further, As, Fe, Hg, and Mn have
relatively low concentrations in the Neosho system
(Spruill 1987; Smith 1988; Schmitt et al. 1993;
Allen and Blackford 1995). Most of the metals of
concern in the Neosho and Spring River systems
can be toxic to fish, and water quality standards
for protection of aquatic life have been established
for them (USEPA 1986); therefore, they must be

considered in any comprehensive evaluation of
these river systems. Previous studies (Moss 1983)
indicate the Spring River tends to be less turbid
and has lower un-ionized ammonia (NH,), chloride
(Cl), and sulfate (SO,) concentrations than the Ne-
osho system. Turbidity may provide protection to
the Neosho madtom from predators; NH;, Cl, and
SO, may have both natural and anthropogenic
sources (Wetzel 1983).

Detrimental effects of Pb, Zn, and Cd on fish
have been well documented, and all three can be
acutely toxic (USEPA 1986; Eisler 1988). Effects
have been documented for waterborne (Eisler and
Hennekey 1977; Weber 1993; Bryan et al. 1995)
and dietary exposures (Thomas and Juedes 1992;
Woodward et al. 1994). Lead affects heme syn-
thesis (Johansson-Sjobeck and Larsson 1979), res-
piration (Somero et al. 1977), and reproductive
behavior (Weber 1993) of fishes. High concentra-
tions of Zn cause hyperglycemia (Wagner and
McKeown 1982), behavioral avoidance (Wood-
ward et al. 1995, 1997), increased heterozygosity
of specific allozymes (Roark and Brown 1996),
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and reduced survival (Eisler and Hennekey 1977).
Cadmium can affect the immune system (Lemaire-
Gony et al. 1995), the kidney (Gill et al. 1989),
and behavior (Bryan et al. 1995).

The primary objective of this paper is to eval-
uate natural and anthropogenic factors that may be
limiting the Neosho madtom and other riffle-
dwelling benthic fishes in the Spring River. We
wanted to determine if lower densities of Neosho
madtoms in the Spring River than in the Neosho
system were a result of metals contamination, low-
er-quality physicochemical habitat, biotic inter-
actions, or some combination of these factors.

Study Area

The study area included the main stems of the
Neosho (Grand) and Cottonwood rivers in Kansas
and Oklahoma and the Spring River in Kansas,
Missouri, and Oklahoma (Figures 1, 2). All are
part of the Arkansas River system. Part or all of
the main stems of these rivers are in the Prairie
Parkland Province (Bailey 1995) and the Central
Irregular Plains (Omernik 1987). The Neosho sys-
tem and the lower Spring River drain mainly
mixed-grass prairie with mature riparian vegeta-
tion along some sections, whereas the upper Spring
River and many of its tributaries primarily drain
deciduous forests of the Ozark Uplands Province
ecoregion (Moss 1983). The Spring River and its
tributaries drain parts of the Tri-State Mining Dis-
trict in Missouri, Kansas, and Oklahoma (Spruill
1987), which was mined for Pb and Zn from 1850
to the 1960s (Barks 1977). The Spring River drains
approximately half the land area, has 70% of the
mean annual discharge and 1.7 times the gradient
of the Neosho system; however, all three rivers in
this study possess similar riffle—pool habitat (Moss
1983; Kiner et al. 1997). The Cottonwood and Ne-
osho rivers join near Emporia, Kansas; the Neosho
and Spring rivers join near Miami, Oklahoma, in
what is now Grand Lake of the Cherokees (Figure
1). The Cottonwood River, Neosho River upstream
of its confluence with the Cottonwood River, and
Spring River are fifth-order streams. Downstream
of its confluence with the Cottonwood, the Neosho
River is a sixth-order stream. The Neosho and Cot-
tonwood rivers are regulated by reservoirs. The
Spring River is essentially unregulated until its
confluence with Shoal Creek in Cherokee County,
Kansas, in a power plant cooling reservoir.

Methods

We quantified Neosho madtom distribution, Ne-
osho madtom habitat, and the benthic communities

associated with Neosho madtoms in the Neosho
system to compare them with those in the mining-
affected Spring River. We collected data on the
aquatic community (fish and invertebrate species
richness and density of potential competitors),
physical habitat (depth, velocity, and substrate
size), water chemistry (temperature, turbidity, pH,
dissolved oxygen, hardness, alkalinity, conductiv-
ity, SOy, and Cl) nutrients (un-ionized NHj, nitrite
plus nitrate [NO, + NO;], and phosphate [PO,]),
and metals and metalloids (As, Cd, Fe, Hg, Mn,
Pb, and Zn) in water, invertebrates, or both. This
list of measurements was compiled from what oth-
er researchers had previously identified as factors
of concern in the Neosho and Spring River sys-
tems, as discussed in the introduction (e.g., Barks
1977; Spruill 1987; Smith 1988; Allen and Black-
ford 1995; Kiner et al. 1997). We used an empirical
model based on physical habitat, water chemistry,
and nutrients measured in the Neosho system dur-
ing 1991 to predict the Neosho madtom distribu-
tion for that system and Spring River in 1994 with-
out information on metals or metalloids. We then
compared predicted and observed values from both
river systems and different years to assess the ex-
tent to which basic environmental quality and met-
als contamination limited Neosho madtom distri-
bution in the Spring River. We also used the 1994
data to compare the Neosho system to the Spring
River and to compare sites on the Spring River
with Neosho madtoms (madtom sites) to sites on
the Spring River without Neosho madtoms (no-
madtom sites). We compared differences in habitat
and benthic communities between the Neosho sys-
tem and the Spring River relative to differences in
madtom versus no-madtom sites within the Spring
River in an attempt to separate system differences
from within—Spring River differences.

The methods we used to model the Neosho sys-
tem are supported by the work of others (Layher
and Maughan 1985; Leftwich et al. 1997). Based
on previous research (Moss 1983; USFWS 1991;
Luttrell et al. 1992; Fuselier and Edds 1994), we
assumed that the abundance of Neosho madtoms
on gravel bars during daylight in late summer—
early autumn is an index of their overall abundance
at a site. The discrete nature of the summer—fall
distribution of the Neosho madtom and its com-
paratively specialized habitat requirements facil-
itated investigation and habitat modeling. Layher
and Maughan (1985) stated that habitat models are
generally more successful for species with narrow
niche requirements than for generalists, and that
they are better applied within than across ecore-

o
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gions. Because the lower Spring River represents
an ecotone, the model we developed should be
effective.

We selected sites on the Neosho, Cottonwood,
and Spring rivers that maximized the probability
of collecting Neosho madtoms. In the Neosho sys-
tem, 12 shoreline gravel bars comprising stones
generally less than 38-mm diameter and known to
harbor Neosho madtoms were selected by the
USFWS for monitoring Neosho madtom popula-
tions (USFWS 1991). All 12 sites on the Neosho
and Cottonwood rivers were sampled in 1991.
Eleven sites, many the same sites sampled in 1991,
were again sampled in 1994. In the Spring River,
20 gravel bars between the North Fork confluence
and Grand Lake of the Cherokees (most of the bars
in the river) were selected. In 1991 and 1994, sam-
pling at all sites occurred during daylight between
August and October.

At each 1991 site, three to five transects per-
pendicular to the river channel were spaced equal-
ly from downstream to upstream along the length
of the gravel bar. In most instances, five stations
were spaced equally but at least 2 m apart along
each transect. Fewer than five stations were estab-
lished when the river channel was less than 10 m
wide or when a station would be too deep to seine
(>1.25 m). Transects on each gravel bar were sam-
pled in order from downstream to upstream. On
each transect, stations were sampled in order of
their distance from the gravel bar. To minimize
impacts of samples on each other, sampling pro-
ceeded in the following order at each station: fish-
es, substrate, water depth, water velocity, and sur-
face water. Fishes were collected from a 4.5-m?2
area by disturbing the gravel substrate. We started
3 m upstream of a stationary seine (3.0-mm? mesh)
and proceeded downstream to the seine. All ictalu-
rids, including Neosho madtoms, were identified
(Pflieger 1975) and released back into the river.
Substrate was collected from an undisturbed area
adjacent to the fish sampling location with a 13-
cm-deep X 10-cm-diameter cylindrical grab sam-
pler. The substrate sample was sieved and cate-
gorized into five size-classes (<2 mm, 2 to <9
mm, 9 to <19 mm, 19 to < 38 mm, and =38 mm),
which were then weighed. Water depth and water
velocity at 60% of water depth were measured with
a Marsh-McBirney model 201 current meter. After
all station samples were collected at a site, a single
surface water grab sample was collected and an-
alyzed with a Hach model DREL/1C portable col-
orimeter for pH, alkalinity, hardness, conductivity,
turbidity, NH;, NO, + NO;, SO,, PO,, and CI.
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In 1994, the 1991 sampling procedures were re-
peated except that pore waters and benthic inver-
tebrates also were collected, and these samples
along with surface water samples were analyzed
for metals. Access to certain sites was limited and
we obtained complete data for only 6 of the 11
Neosho system sites. At each station, sampling
proceeded in the following order to minimize im-
pacts of samples on each other: fishes, benthic in-
vertebrates, substrate, pore water, water depth, and
water velocity. As in 1991, all ictalurids were iden-
tified in the field and released. Voucher specimens
of other taxa and unidentifiable fishes were pre-
served in ethanol for later identification. Benthic
invertebrates were collected in undisturbed sub-
strate adjacent to the fished area with a modified
Hess sampler (0.1- or 0.037-m? bottom area; the
smaller one was used for water depths generally
shallower than 0.19 m) with a 0.3-mm-mesh col-
lection bag. Substrate within the Hess sampler was
disturbed for 2 min. Benthic invertebrates were
preserved in 80% ethanol for later identification
to the lowest taxonomic level possible (Merritt and
Cummins 1984) except chironomids and oligo-
chaetes were not identified below the family level.
Pore water was extracted directly from undisturbed
substrate with a vacuum pump system upstream of
the Hess sample collection site and adjacent to the
fish collection site. A Hydrolab Surveyer II was
used to measure temperature, dissolved oxygen,
pH, and conductivity during pore-water extraction.
Pore-water samples were composited by transect
for subsequent analyses. Each composite sample
was distributed between two acid-cleaned, high-
density polyethylene bottles. One subsample was
analyzed by inductively coupled argon plasma
transmission spectroscopy (ICAP) for As, Cd, Fe,
Hg, Mn, Pb, and Zn. The second subsample was
analyzed for alkalinity, hardness, and Cl by titra-
tion; for turbidity with a Hach 2100A turbidimeter;
for NH; with an Orion EA940 meter; and for NO,
+ NO;, SO,, and PO, with a Hach DR 2000 spec-
trophotometer (APHA et al. 1992). All pore-water
sampling equipment was acid-cleaned between
sites. Water velocity at 60% of water depth was
measured with a Swoffer Instruments model 2100
current meter.

In 1994, after all station samples were collected
at a site, we collected surface water and benthic
invertebrate samples for metals analyses and mea-
sured geospatial coordinates. A surface water grab
sample was collected from the midpoint of the
center transect for analysis of metals and water
chemistry. Because pore water was extracted on
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TaBLE 1.—Riffle-dwelling fish taxa collected in the Ne-
osho, Cottonwood, and Spring rivers that were assumed to
be benthic competitors of the Neosho madtom based on
habitat use and feeding descriptions as given by Pflieger
(1975).

Family and scientific name Common name

Catostomidae
Cycleptus elongatus
Hypentelium nigricans
Moxostoma duquesnei
Moxostoma erythrurum
Moxostoma macrolepidotum
Moxostoma spp.

Sciaenidae
Aplodinotus grunniens

Cyprinidae

Blue sucker
Northern hog sucker
Black redhorse
Golden redhorse
Shorthead redhorse

Freshwater drum

Erimystax x-punctatus

Notropis spp. or Pimephales spp.

Phenacobius mirabilis
Pimephales notatus
Pimephales tenellus
Pimephales vigilax

Ictaluridae

Ictalurus punctatus
Noturus exilis
Noturus flavus
Noturus miurus
Noturus nocturnus
Pylodictis olivaris

Cottidae

Cottus carolinae

Percidae

Etheostoma blennioides
Etheostoma flabellare
Etheostoma nigrum
Etheostoma stigmaeum
Etheostoma spectabile
Etheostoma whipplei
Etheostoma zonale
Percina caprodes
Percina copelandi

Gravel chub

Suckermouth minnow
Bluntnose minnow
Slim minnow
Bullhead minnow

Channel catfish
Slender madtom
Stonecat
Brindled madtom
Freckled madtom
Flathead catfish

Banded sculpin

Greenside darter
Fantail darter
Johnny darter
Speckled darter
Orangethroat darter
Redfin darter
Banded darter
Logperch

Channel darter

Slenderhead darter
River darter

Percina phoxocephala
Percina shumardi

gravel bars from the same interstitial spaces where
Neosho madtoms are found and because surface
water and pore-water measurements were similar
(see Wildhaber et al. 1996), only pore-water con-
centrations are presented here. However, surface
water measurements were incorporated into esti-
mates of Neosho madtom densities because no
pore-water measurements were collected in 1991.
Benthic invertebrates for metals analyses were col-
lected from seines used for fish sampling, aug-
mented with kick-net collections when necessary.
Invertebrates were placed in acid-washed plastic
bags with acid-cleaned, Teflon-coated forceps.
They were analyzed by ICAP for the same metals
as pore waters except As and Hg were not ana-
lyzed. For metals, benthic invertebrate samples
were partitioned into ‘‘Decapoda™ (crayfish),

“Megaloptera’ (dobsonflies), and “‘others” (gen-
erally molluscs). Although Neosho madtoms
would not eat adults of these large taxa, these taxa
were selected to represent concentrations of toxic
metals in detritivorous and predatory invertebrates
upon which they do feed. Benthic invertebrate
samples of less than 5 g were analyzed for metals
without partitioning. Geospatial coordinates of the
gravel bar were determined with a Trimble Path-
finder Plus geographical positioning system.

Statistical Analyses

We analyzed the data at the site level to assess
differences between the Neosho system and the
Spring River and between madtom and no-madtom
sites in the Spring River. Arithmetic site means
were calculated for depth, velocity, and pore-water
chemistry and metals. For each metal, we included
only samples with concentrations above the de-
tection limit in the mean because we considered
these samples a measure of the maximum possible
exposure at a site. For benthic invertebrates, we
calculated species richness and Ephemeroptera,
Plecoptera, and Trichoptera richness (EPT) at each
site. Previous studies have demonstrated the ef-
fectiveness of these metrics for documenting en-
vironmental impacts (Kerans and Karr 1994). We
calculated site densities of Neosho madtoms and,
as a group, potential competitors (Table 1). We
calculated fish densities by dividing the total num-
ber of Neosho madtoms or potential competitors
collected at a site by the total area sampled with
the kick seine. We determined the list of potential
competitors based on habitat preferences and food
habits of each species, as described by Pflieger
(1975). For each site, we calculated species rich-
ness as a general measure of the natural and an-
thropogenic impacts on the fish community. Be-
cause species richness values depend highly on the
level of effort (sampling time, area, or both), we
also calculated species rarefaction, which adjusts
species richness estimates to a constant level of
effort (Hurlbert 1971; James and Rathbun 1981),
as suggested by Ludwig and Reynolds (1988):

()

S
ES) =21~ ———|;

o

E(S) = expected number of species;
n = total number of fish collected;
n; = total number of fish collected in species i;

N = sample size;
S = total number of species collected.
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We used rarefaction to calculate expected number
of species at a site [E(S)] when a given number of
fish (N) are collected. The number of stations per
site sampled for fish ranged from 10 to 25, so we
used species rarefaction to make species richness
comparable among sites. Comparable species rich-
ness values among sites were produced by using
the same sample size (N) for each site in all rar-
efaction calculations. The sample size (N) used in
all rarefaction calculations was the lowest number
of fish collected at any one site. We did not cal-
culate any similarity indices; these were reported
by Schmitt et al. (1997).

For substrate, we calculated size category means
at each site by dividing total weight of a size cat-
egory by total weight of all size categories. We
also calculated the substrate geometric mean and
fredle index (geometric mean adjusted for distri-
bution of particle sizes) at each site, as suggested
by McMahon et al. (1996), to characterize sub-
strate suitability for Neosho madtoms. The fredle
index relates potential permeability of sediment to
water and hence is an indirect index of dissolved
oxygen transport within sediment, and it has been
correlated with the emergence success of salmonid
alevins (Platts et al. 1983, citing other sources).
Composite site means for metal concentrations in
benthic invertebrates were calculated by summing
the product of metal concentration (pg/g) and bio-
mass of a taxonomic category (g) over all taxo-
nomic categories and dividing the sum by the total
biomass of all taxonomic categories combined (g).

We first checked site means for normality and
then tested homogeneity of variance for river sys-
tem differences using Levene’s test, as recom-
mended by Milliken and Johnson (1984). In 1994,
the number of madtom and no-madtom sites in the
Spring River were almost equal (9 and 11 sites,
respectively). Therefore, for tests between madtom
and no-madtom sites, we assumed that F-statistics
and ¢ tests for comparisons of normally distributed
variables would be effective whether or not vari-
ances were equal, as suggested by Milliken and
Johnson (1984). Any variable with nonnormal site
means was log,,-transformed. The absence of Ne-
osho madtoms (density = 0) at 11 of 20 sites in
the Spring River in 1994 made it impossible to
normalize densities through transformation even
with the addition of a constant before transfor-
mation. Thus, for 1994 data, we restricted corre-
lation and regression analyses to madtom sites,
which precluded development of multiple-regres-
sion models.

Stepwise multiple linear regression and Krus-
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kal-Wallis tests were used to compare observed
and predicted densities of Neosho madtoms from
the Spring River in 1994 based on observed den-
sities of Neosho madtoms from the Neosho system
in 1991 (SAS Institute 1990). Stepwise multiple
linear regression with forward selection was used
to develop a model based on physical habitat, wa-
ter chemistry, and nutrient measures from 1991
Neosho system data. The variable list used in-
cluded depth, water velocity, substrate size cate-
gories, geometric mean of substrate size, fredle
index, and surface water chemistry. Inclusion of
individual variables in the model was based on an
o = 0.15 criterion and a final model in which all
variables were significant at o = 0.05. The model
based on the 1991 data were used to estimate Ne-
osho madtoms densities at sites sampled in 1994,
Kruskal-Wallis tests were used to validate the
USFWS 1991 model from 1994 Neosho system
data and to assess distributional differences be-
tween observed and predicted 1994 Neosho mad-
tom densities in the Spring River upstream and
downstream of Center Creek (i.e., most upstream
source of mining-derived contaminants).

The statistical methods used to make primary
comparisons within 1994 data included analysis of
variance (ANOVA), correlation analysis, multi-
variate ANOVA (MANOVA), principal compo-
nents analysis (PCA), and discriminant analysis
(SAS Institute 1990). Separate one-way ANOVAs
were performed on site means for each variable
between river systems and between madtom and
no-madtom sites. Along with testing the composite
metal concentration for benthic invertebrates, we
tested if either of the major groups, Decapoda and
Megaloptera, biased our composite results. We
tested for differences in metal concentration be-
tween Decapoda and Megaloptera at sites where
both groups were represented. We also tested for
significant differences between river systems and
between madtom and no-madtom sites for Decap-
oda and Megaloptera concentrations separately.
Because log o-transformation of NO, + NO; pore-
water concentrations did not produce equal vari-
ances between river systems, NO, + NO; concen-
trations were analyzed with a Welch (1951) vari-
ance-weighted ANOVA. Correlation analyses
were used to assess relationships between nonzero
Neosho madtom densities and other variables. We
used the multivariate tests to verify the results of
the individual ANOVA tests and to determine if
the significant differences identified by ANOVA
effectively characterized river system and mad-
tom—no-madtom differences. In our discriminant
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X Neosho River system O spring River below Center Creek
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FIGURE 3.-—Predicted versus observed Neosho madtoms densities in Neosho and Spring river systems. Predicted
values are based on a regression model developed from 1991 USFWS data. Observed values were obtained during
1994 collections. Observed densities of the Neosho and Cottonwood rivers combined (Neosho system) were sig-
nificantly higher than densities found the Spring River below Center Creek (P = 0.0007; N = 21: all comparisons
here are from Kruskal-Wallis tests), whereas predicted values did not differ between river systems (P = 0.28; N
= 16). Observed and predicted Neosho madtom densities in the Neosho system were not significantly different
for observed and predicted densities, respectively, at Spring River sites above Center Creek (P = 0.057, N = 21;
P = 0.19, N =16). Observed Neosho madtom densities at Spring River sites above Center Creek were significantly
higher than densities at sites below Center Creek (P = 0.008; N = 20), whereas predicted values were not (P =

0.94; N = 20).

analyses, we used stepwise discriminant analyses
with forward selection followed by removal to pro-
duce a discriminant function. We then tested how
well the resulting discriminant function described
the observed data.

Because we were required to have more obser-
vations than variables before we did any multi-
variate analyses, we shortened the list of variables
used for MANOVA, PCA, and discriminant anal-
ysis in three ways. First, we excluded from mul-
tivariate analyses any metal that was detected at
fewer than 75% of our sites. Second, we used the
fredle index to represent all substrate categories.
Third, we used only variables with P-values less
than 0.05 in one-way ANOVAs.

Results

Predicted Neosho Madtom Densities

Stepwise regression with forward selection of
1991 USFWS data from the Neosho system pro-
duced the following equation for predicting Ne-
osho madtom densities from physical habitat, wa-
ter chemistry, and nutrient measurements:

— 10-1.447-0.892. 38)~0.0897-Cl.
D = 10-! 0.892-10g 0(G38)~0.0897-C1.

D = density of Neosho madtoms (number/
100 m?);
G38 = weight proportion of substraten = 38
mimn;
Cl = chloride ion concentration (mg/L).

For the equation, 2 = 0.72; N = 11; P < 0.017
for G3; and P < 0.0026 for Cl. Based on a Bon-
ferroni-adjusted a = 0.0025 (0.05/20 compari-
sons), Cl was highly correlated with SO, (r = 0.89;
P = 0.0003; N = 11), conductivity (r = 0.83; P
= 0.0015; N = 11), and hardness (r = 0.82; P =
0.0022; N = 11). As a result of these strong cor-
relations, only Cl significantly added to the vari-
ance in the 1991 data that was accounted for by
the overall regression model.

At the six 1994 sites where water quality and
substrate composition were measured in the Ne-
osho system, predicted Neosho madtom densities
ranged from 12.1/100 m? less to 42.6/100 m? more
than observed densities (Figure 3). Despite the
wide range, observed and predicted 1994 densities
for the Neosho system were not significantly dif-
ferent (Kruskal-Wallis test for distributional dif-
ferences: P = 0.92; df = 1). Likewise, predicted
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and observed densities of Neosho madtoms at
Spring River sites above Center Creek did not dif-
fer significantly. Below Center Creek, however,
observed densities were markedly lower than pre-
dicted. Of the combined 26 sites on the Neosho,
Cottonwood, and Spring rivers, the Spring River
sites at the mouth of Center Creek and downstream
at Willow Creek were predicted to have the two
highest densities of Neosho madtoms. The ob-
served average density of Neosho madtoms was
100% of the predicted average density above Cen-
ter Creek but only 1% of prediction below Center
Creek. Above Center Creek, the predicted average
density of Neosho madtoms was 13% of that pre-
dicted for the Neosho system, whereas below Cen-
ter Creek the average predicted density was 364%
of the density predicted for the Neosho system.

Neosho System versus Spring River

Fishes and invertebrates.—The aquatic com-
munities of the Neosho system and Spring River
differed, as illustrated by fish densities and by fish
and invertebrate community composition (Table
2). Nonzero Neosho madtom densities were higher
in the Neosho system than in the Spring River
(Table 2). Furthermore, Neosho madtoms were
collected at only 9 of 20 sites in the Spring River
as opposed to 10 of 11 sites in the Neosho system.
Density of potential competitors was also greater
in the Neosho system than in the Spring River. In
contrast, fish species rarefaction was greater in the
Spring River than in the Neosho system. Neither
species richness of fish and benthic invertebrates
nor EPT differed between river systems (Table 2).

Physical habitat, water chemistry, and nutri-
ents.—The Neosho system and Spring River differ
in their physical habitat, water chemistry, and nu-
trient concentrations. Most of the substrate mea-
surements and indices indicate that Spring River
substrate consists of coarser gravel than that of the
Neosho system (Table 2). Pore waters of the Ne-
osho system were warmer, harder, had higher NH,
and SO, concentrations, and were more conduc-
tive, alkaline, and turbid than those of the Spring
River (Table 2). Pore waters from all sites except
those on the Cottonwood River were typically al-
kaline (pH 7.5-8.5, alkalinity 100-160 mg/L) and
hard (150-220 mg/L); the Cottonwood River was
particularly high in alkalinity (about 200 mg/L)
and very hard (>330 mg/L) (Schmitt et al. 1997).
No doubt reflecting the dissolution of naturally
occurring gypsum in central Kansas (Spruill
1987), pore-water concentrations of sulfate were
more than twofold greater in the Cottonwood River
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(132-145 mg/L) than in the Neosho River (49-58
mg/L) and more than threefold greater than in
reaches of the Spring River and its tributaries not
affected by mining (Schmitt et al. 1997). In con-
trast, NO, + NO; concentrations were greater in
the Spring River than the Neosho system (Table
2). Depth, velocity, substrate 9 to <19 mm, and
pore-water pH, dissolved oxygen, PO,, and Cl did
not differ between river systems (Table 2).

Metals.—Concentrations of various metals in
pore waters and benthic invertebrates differed sig-
nificantly between the Neosho system and Spring
River. Concentrations of Fe and Mn in pore water
were higher in the Neosho system, Cd was only
detected in Spring River pore waters at the mouth
of Turkey Creek, and Pb was not detected in any
pore-water sample (Table 2). Concentrations of Cd
and Pb were higher in composite samples of ben-
thic invertebrates from the Spring River than in
those from the Neosho system (Table 2). Detect-
able concentrations of As, Hg, and Zn in pore wa-
ters and of Fe and Zn in composite invertebrate
samples did not differ significantly between river
systems (Table 2).

Except for a few inconsistencies among com-
posite, Decapoda, and Megaloptera metal concen-
trations, taxonomic group analyses generally sup-
ported the results of river system comparisons
based on composite samples (Table 2). Concen-
trations of Fe and Mn were significantly higher in
Megaloptera than in Decapoda (respectively: F =
62.57 and 9.86; P = 0.0001 and 0.0032; N = 42).
Concentrations of Cd in Decapoda were not quite
significantly different between river systems. Lead
was detected in the Neosho system at only one site
for Decapoda and at no sites for Megaloptera. Con-
centrations of Zn in Megaloptera were greater in
the Spring River than in the Neosho system

Physical habitat, water chemistry, nutrients, and
metals combined.—The shortened list of variables
used in multivariate analyses included pore-water
temperature, conductivity, turbidity, alkalinity,
and hardness; NH,;, NO, + NO,, SO,, and Mn
pore-water concentrations; the fredle index; and
Cd, Mn, and Zn concentrations in composite in-
vertebrate samples. Results of MANOVA dem-
onstrated a significant difference between river
systems (Wilks’ lambda: P < 0.002; N = 22). Prin-
cipal components analysis of the same variables
accounted for more than 63% of the variability in
the data with only the first two principal compo-
nents (Figure 4); the first component effectively
separated Neosho system sites from Spring River
sites. Based on the same 22 sites used in MAN-
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TaBLE 2.—Means and one-way analysis of variance test results (P-values) for comparisons between the Neosho River
system and Spring River and between Spring River sites with and without Neosho madtoms. Abbreviations used are:
ND = none detected; NA = not applicable; DL = detection limit or detection limit range.

Within-Spring River comparisons

Between-river comparisons

Neosho Neosho
Neosho Spring madtoms madtoms
system: River: P-value present: absent: P-value
Measurement mean (N) mean (N) (F) mean (N) mean (N) (F)
Community

Neosho madtom density (per 100 m?2) 12.00 (10) 3.26 (9) 0.042 (4.83) 3.26 (9) 0 (1) NA
Density of potential benthic fish

competitors (per 100 m?2) 301.94 (11)  120.89 (20)  0.0045 (9.46) 195.49 (9) 81.59 (11)  0.0094 (8.46)
Fish species rarefaction 6.18 (11) 8.10(20)  0.0053 (9.08) 8.11(9) 8.09(11) 098 (0.00)
Fish species richness 16.64 (11) 16.35(20) 0.88 (0.02) 19.22 (9) 14.00(11)  0.05 (4.42)
Invertebrate taxa richness 282 (5) 33.15(20) 0.17 (2.05) 37.00(9) 30,0011y  0.021 (6.46)
Emphemeroptera, Plecoptera,

Tricoptera (EPT) richness 18.40 (5) 17.65(20) 0.78 (0.08) 21.33 (9) 14.64 (11)  0.0038 (11.02)

Habitat

Water depth (m) 0.33(11) 0.35(20) 0.56 (0.35) 0.37 (9) 0.39(11) 054  (0.40)
Velocity at 60% of depth (m/s) 0.44(11) 0.47 20y 0.56 (0.35) 0.44 (9) 0.50(11)  0.28 (1.23)
Pore-water temperature (°C) 25.84 (6) 22.0520) 0.012 (7.40) 20.56 (9) 2326(11) 0055 (4.23)
Pore-water turbidity (nephelometric

units) 254.90 (6) 59.27 (20)  0.0007 (15.21) 86.83 (9) 43.37(11) 0.044 479
Substrate =38 mm (weight %) 12.64 (6) 2572(20) 0.026 (5.64) 22.05(9) 28.72(11) 025 (1.42)
Substrate <38 to =19 mm (weight %)  26.67 (6) 35.24(20)  0.030 (5.35) 36.85(9) 33.93(11) 046 (0.56)
Substrate <{19 to =9 mm (weight %) 23.71 (6) 17.66 (20) 0.052 (4.27) 19.10 (9) 1648 (11) 030 (1.13)
Substrate <9 to =2 mm (weight %) 23.08 (6) 14.52(20)  0.0085 (8.21) 14.56 (9) 1449 (11) 0.98 (0.00)
Substrate <2 mm (weight %) 13.90 (6) 6.86(20)  0.0009 (14.49) 7.44 (9) 639 (1) 057 (0.34)
Substrate geometric mean 11.74 (6) 20.83(20)  0.0034 (10.58) 19.34 (9) 22.05(11) 038 (0.81)
Fredle index 5.96 (6) 10.56 (20)  0.0079 (8.39) 10.09 (9) 1096 (11) 071 (0.15)

Pore-water chemistry
pH 7.85 (6) 7.84 (200 097 (0.00) 777 (9 790(1D) 035 (0.93)
Dissolved oxygen (mg/L) 8.36 (6) 7.36(20) 0.064 (3.77) 7.86 (9) 6.95(11)  0.093 (3.15)
Conductivity (pmhos/cm) 0.56 (6) 040 (20)  0.0019 (12.15) 0.39(9) 041 (1) 053 (040)
Alkalinity (mg/L) 165.61 (6) 135.90 (20)  0.0008 (14.78) 142.93(9) 130.15(11)  0.0092 (8.51)
Hardness (mg/L) 230.04 (6) 169.36 (20)  0.0005 (15.89) 17094 (9) 168.07 (11) 0.70 (0.16)
Un-ionized NH3 (mg/L) 0.12 (6) 0.04 (20)  0.0001 (29.89) 0.06 (9) 0.04 (11)  0.0053 (10.03)
NO; + NOj (mg/L) 0.22 (6) 1.47(20)  0.0006 (15.44) 1.33(9) 1.59(11) 046 (0.57)
504 (mg/L) 72.80 (6) 31.80(20) 0.0007 (15.11) 26.71 (9) 3668 (11) 0.11  (2.90)
PO, (mg/L) 0.23 (6) 034 (20) 0.074 (3.49) 0.34(9) 035(1y 091 (0.10)
C1 (mg/L) 16.20 (6) 16.39(20) 094 (0.01) 17.63 (9) 1545¢11) 032 (1.04)
Pore-water metals (jug/L)
As (DL = 12.3) 20.60 (2) 16.38 (4) 024  (1.94) 13.40(2) 19.35(2) 0.1l (7.64)
Cd (DL = 0.59) ND 0.73 (1) NA ND 0.73 (1) NA
Fe (DL = 6.52) 75.97 (4) 16.78 (T) 0.0045 (14.15) 13.93 (4) 21.50(3) 032 (1.22)
Hg (DL = 0.10) 0.22(3) 0.11 (2) 035 (1.23) 0.11(1) 0.10(1H NA
Mn (DL = 0.06) 83.21 (6) 32.55(20) 0.041 (4.65) 40.11(9) 2743 (11)  0.34  (0.96)
Pb (DL = 4.12) ND ND NA ND ND NA
Zn (DL = 10.9) 44.54 (6) 5534 200 027 (1.30) 47.72(9) 62.47 (11) 026 (1.33)
Benthic invertebrate metals (pg/g)

Cd (DL = 0.038-0.27)

Composite 0.10 (6) 023(16) 0.02 (6.34) 0.14 (6) 0.32(10)  0.021 (6.80)

Decapoda 0.10 (4) 0.23(12)  0.079 (3.60) 0.12 (5) 0.43(7) 0.016 (8.48)

Megaloptera 0.07 (4) 0.24 (13)  0.019 (6.92) 0.11 (4) 0.33(9) 0.042 (5.30)
Fe (DL = 3.81-27.02)

Composite 153.91 (6) 147.37 (20)  0.87 (0.03) 147.17(9)  147.54(11)  0.99  (0.00)

Decapoda 99.59 (5) 102.69 (18)  0.87 (0.03) 119.71(9) 88.10 (9) 0.092 (3.21)

Megaloptera 198.97 (4) 272.30(15)  0.16 (2.14) 296.99 (6)  256.98 (9) 0.53 (042

Mn (DL = 0.15-1.08)
Composite 47.73 (6) 11539 (20)  0.0021 (11.83) 130.31(9) 104.47(11) 040 (0.74)
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TABLE 2.—Continued.

253

Between-river comparisons

Within—-Spring River comparisons

Neosho Neosho
Neosho Spring madtoms madtoms
system: River: P-value present: absent: P-value
Measurement mean (N) mean (N) (F) mean (N) mean (N) (F)
Decapoda 40.19 (5) 94.10(18)  0.0085 (8.43) 110.89 (9) 79.85(9) 0.29 (1.22)
Megaloptera 54.51 (4) 207.01 (15)  0.0003 (20.25) 241.55(6) 186.81 (9) 042 (0.70)
Pb (DL = 0.38-2.70)
Composite 073 (2) 2.01(15) 0.021 (6.61) 1.58 (6) 2.36 (9) 0.17  (2.15)
Decapoda 0.68 (1) 1.90 (8) 0.15 (2.56) 1.46 (2) 2.07(6) 0.53  (0.45)
Megaloptera ND 271(10) NA 1.01 (2) 3.48(8) 0.11  (3.26)
Zn (DL = 0.76-5.40)
Composite 27.64 (6) 40.14 20y  0.18 (1.92) 26.64 (9) 56.13(11) 0.005 (10.24)
Decapoda 27.43 (5) 36.02(18) 0.32 (1.05) 2735(9) 47.47 (9) 0.032 (5.54)
Megaloptera 2424 (4 5534 (15)  0.023 (6.23) 32.64 (6) 78.65 (9) 0.0043 (11.87)

OVA, stepwise discriminant analysis produced a
list of four significant variables: pore-water al-
kalinity, NH;, SO,, and temperature. The resulting
discriminant function successfully categorized by
river system the 26 sites at which all variables were
measured (0% error rate).

Neosho Madtom versus No—Neosho Madtom Sites
in the Spring River

Fish and invertebrates.—The following metrics
were significantly greater at Spring River madtom
sites than at no-madtom sites: potential competi-
tors, fish species richness, benthic invertebrate
taxa richness, and EPT (Table 2). Fish rarefaction
did not differ between madtom and no-madtom
sites (Table 2).

Physical habitat, water chemistry, and nutri-
ents.—Water chemistry and nutrient measure-
ments revealed a few differences between madtom
and no-madtom sites, and no differences in phys-
ical habitat were evident. Madtom sites had higher
NH,;, alkalinity, and turbidity than no-madtom
sites (Table 2), but depth, water velocity, all sub-
strate size categories, temperature, pH, dissolved
oxygen, conductivity, hardness, NO, + NO,, SO,,
PO,, and Cl in pore water did not differ signifi-
cantly between madtom and no-madtom sites.

Metals.—Only concentrations of metals in ben-
thic invertebrates differed between madtom and
no-madtom sites. Cadmium and Zn concentrations
in benthic invertebrates were higher at no-madtom
sites than at madtom sites, whereas detectable con-
centrations of Fe, Mn, and Pb in benthic inverte-
brates did not differ significantly between madtom
and no-madtom sites (Table 2). As with the be-

tween-river systems analyses, concentrations of Fe
and Mn were significantly higher in Megaloptera
than in Decapoda (respectively, F = 57.60 and
11.98; P = 0.0001 and 0.0019; N = 28). Separate
analyses of invertebrate taxonomic groups pro-
duced the same results as the composite analysis
and thus supported use of the composite analyses.
As noted earlier, Cd in pore water was only de-
tected at the mouth of Turkey Creek, where no
madtoms were collected. Detectable concentra-
tions of pore-water As, Fe, Hg, Mn, and Zn were
not significantly different between madtom and
no-madtom sites. Although its concentrations did
not differ significantly between madtom and no-
madtom sites, Zn in pore water was elevated at the
mouths of Center Creek (116 pg/L) and Turkey
Creek (369 wg/L) (Schmitt et al. 1997).

Physical habitat, water chemistry, nutrients, and
metals combined.—The shortened list of variables
used in multivariate analyses included pore-water
turbidity, alkalinity, NH;, EPT (which paralleled
invertebrate taxa richness), and Cd and Zn con-
centrations in composite invertebrate samples. Re-
sults of MANOVA demonstrated a significant dif-
ference between madtom and no madtom sites
(Wilks’ lambda: P < 0.051; N = 16). Principal
components analyses of the variables used in
MANOVA accounted for more than 84% of the
variability in the data with only the first two prin-
cipal components; the first component effectively
separated most Neosho madtom sites from no-
madtom sites (Figure 5). Based on the same 16
sites used in MANOVA, invertebrate Zn concen-
tration was the only significant variable in stepwise
discriminant analysis. The resulting discriminant
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FIGURE 4.—Principal components (PC) analysis of
combined Neosho, Cottonwood, and Spring river data
based on the shortened list of variables used for MAN-
OVA. For the 22 sites at which all PC variables were
measured, detected, or both, PC1 accounted for 43% of
the variability in the data and PC2 accounted for over
19%. Correlations (or loadings) of the variables used for
PC1 were pore-water temperature (r = 0.17, P = 0.45),
turbidity (» = 0.72, P = 0.0002), alkalinity (» = 0.85,
P = 0.0001), hardness (r = 0.82, P = 0.0001), con-
ductivity (r = 0.71, P = 0.0002), NH; (r = 0.78, P =
0.0001), NO, + NO; (r = —0.69, P = 0.0004), SO, (r
= 0.61, P = 0.0024), Mn (r = 0.60, P = 0.003); fredle
index (r = —0.50, P = 0.017); and invertebrate Cd (r
= —0.67, P = 0.0007), Mn (r = —0.57, P = 0.006),
and Zn (r = —0.62, P = 0.002).

function based on invertebrate Zn successfully cat-
egorized as madtom or no-madtom sites 16 of the
20 Spring River sites (20% error rate).

Discussion

Through this study, we have shown that an in-
tegrated approach is necessary to differentiate the
effects of natural and anthropogenic factors on fish
populations and communities. Fishes of the Spring
River, especially the Neosho madtom, may be di-
rectly limited by the presence of Pb, Zn, and Cd
in water and indirectly limited by the concentra-
tions of these metals in benthic invertebrate food
sources as a result of historic Pb—Zn mining. In
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FIGURE 5.—Principal components (PC) analysis of
Spring River sites with and without Neosho madtoms
based on the shortened list of variables used for MAN-
OVA. For the 16 sites at which all PC variables were
measured, PC1 accounted for 63% of the variability in
the data and PC2 accounted for 19%. Correlations (or
loadings) of the variables used for PC1 were pore-water
turbidity (r = 0.60, P = 0.013), alkalinity (r = 0.84, P
= 0.0001), and NH; (r = 0.49, P = 0.056); EPT (r =
0.92, P = 0.0001); and invertebrate Cd (r = —0.88, P
= 0.0001) and Zn (r = —0.95, P = 0.0001).

the Spring River, Neosho madtom populations may
also be directly limited by lower benthic inverte-
brate abundance (i.e., food) at sites where Neosho
madtoms were not collected, possibly as an indi-
rect result of contaminants. The Neosho madtom
population numbers also appear limited by avail-
able physical habitat, they may be affected by ba-
sic water chemistry and nutrients in the Spring
River. In contrast, our results suggest that com-
petition between Neosho madtoms and other fishes
is not limiting Spring River Neosho madtom pop-
ulations.

According to estimates from the model gener-
ated for the Neosho system and based on habitat
and water quality of the Spring River, observed
Neosho madtom densities in the Spring River
above Center Creek were as expected (i.e., low),
whereas below Center Creek observed densities
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were much lower than expected (Figure 3). The
Spring River below Center Creek appears to con-
tain habitat that could support Neosho madtom
densities higher than was found, on average, in the
Neosho system. Thus, Neosho madtom densities
in the upper portion of the Spring River appear
limited only by habitat, whereas densities below
Center Creek appear limited not by physical hab-
itat but by the presence of contaminants. Further-
more, variation in the accuracy of predicted (rel-
ative to observed) densities of Neosho madtoms
in the Neosho system and Spring River above Cen-
ter Creek (Figure 3) suggest that other environ-
mental factors not accounted for in the model also
affect Neosho madtom densities.

Highest concentrations of Pb, Zn, and Cd in the
Spring River (all media) occurred below the con-
fluence with Center Creek at sites where Neosho
madtoms were not found (Wildhaber et al. 1996,
1997; Schmitt et al. 1997). In pore water, Pb was
never detected and the only detectable Cd was at
the mouth of Turkey Creek. The two highest Zn
levels in pore water occurred at the mouth of Tur-
key Creek (highest) and at the mouth of Center
Creek. Average concentration of Zn in pore water
at the mouth of Center Creek was 1.42 times great-
er than that of the next highest site. Concentrations
of metals in benthic invertebrates paralleled those
in water, invertebrates having their highest Pb, Zn,
and Cd levels at the mouths of Turkey and Center
creeks. During 1993, dissolved Zn concentrations
in the Spring River just below the confluence with
its North Fork were 2.5-80 pg/L during low river
flow and 50-80 w.g/L during high flow (Dames and
Moore 1993). Dissolved Pb was never greater than
1 wg/L, and Cd never historically exceeded 0.2
pg/L, but higher concentrations occurred in Tur-
key, Center, and Short creeks (Dames and Moore,
Inc., Denver, Colorado, unpublished data). Al-
though we did not detect either Pb or Cd by ICAP,
others have documented elevated concentrations
of these elements in the Spring River and its trib-
utaries by more sensitive analytical methods. In
the Spring River below Baxter Springs, dissolved
Pb averaged 70 pg/L from 1974 to 1978, and dis-
solved Cd averaged about 2 pg/L. From 1979
to1991, dissolved Pb averaged 24 pg/L and dis-
solved Cd averaged 3 pg/L (Dames and Moore
1993). The dissolved Zn concentration in Center
Creek was 264 pg/L in the summer of 1989
(Schmitt et al. 1993). Zinc concentrations as great
as 200,000 pg/L have been reported in Short Creek
(Spruill 1987).

Of the mining-derived metals, Zn concentrations
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in pore water were sufficiently high to be toxic to
Spring River fishes. Based on the USEPA (1987)
chronic water quality criteria for Zn, which is hard-
ness-dependent, pore-water concentrations of Zn
exceeded the chronic criterion by 78% at the
mouths of Center and Turkey creeks. Furthermore,
because toxicities of heavy metals may be cu-
mulative (Sprague and Ramsay 1965; Wildhaber
and Schmitt 1996), concentrations of Pb, Zn, and
Cd that may not be individually toxic may be cu-
mulatively toxic in the Spring River.

Higher metal concentrations in benthic inver-
tebrates and lower densities of potential compet-
itors at sites where Neosho madtoms were not
found suggest that Spring River fishes are exposed
to metals indirectly via their food as well as di-
rectly via the water. As with waterborne metal con-
centrations, Pb, Zn, and Cd concentrations in ben-
thic invertebrates were greatest at the mouths of
Center and Turkey creeks (Wildhaber et al. 1997).
Working with laboratory rainbow trout Oncorhyn-
chus mykiss fed a diet containing a mixture of Pb,
Zn, Cd, and copper (Cu), Farag et al. (1994) re-
ported scale loss and accumulation of metals in
pyloric caeca, and Woodward et al. (1994) dem-
onstrated reduced growth and tissue accumulation
of metals. The concentrations of Pb, Zn, and Cd
in invertebrates found by Farag et al. (1994) to be
detrimental to fish were less than those we ob-
served in benthic invertebrates at the mouth of
Center and Turkey creeks; the concentration of Cu
was slightly higher (Table 3). The concentrations
of Pb and Cd in food found to be detrimental to
fish by Woodward et al. (1994) were less than those
we observed in benthic invertebrates at the mouth
of Turkey and Center creeks; the experimental con-
centrations of Zn and Cu were 121% and 150% of
the concentrations we observed at the mouth of
Turkey Creek (Table 3). Other studies have dem-
onstrated detrimental effects of foodborne Pb
(Thomas and Juedes 1992) and Cd (Rhodes et al.
1985). We were not able to measure concentrations
of metals in fish and our invertebrate metal anal-
yses were done on taxa that may or may not be
food of Neosho madtoms. However, Czarneski
(1985) and Schmitt et al. (1993) reported elevated
concentrations of Pb, Zn, and Cd in black redhorse
from Center Creek, and it is therefore likely that
other benthic fishes are similarly contaminated.
Consequently, our results and those of the studies
cited here suggest that dietary metals play a role
in constraining the Spring River Neosho madtom
population.

In the Spring River, depauperate invertebrate
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TaABLE 3.—Concentrations of selected metals in invertebrate food sources from this study, Farag et al. (1994), and
Woodward et al. (1994). The concentrations presented for Farag et al. (1994) and Woodward et al. (1994) are the
minimum levels at which a detrimental effect on fish was observed. Concentrations are given as pg/g wet weight (wet)

or pug/g dry weight (dry).

Location or study:

measurement type Cadmium Copper Lead Zinc
Turkey Creek: wet 0.72 21.20 4.22 104.29
Turkey Creek: dry 3.04 90.14 17.93 443.47
Center Creek: wet 1.15 18.77 6.06 126.85
Center Creek: dry 4.26 69.29 22.36 468.35
Farag et al. (1994): wet 0.24 26.13 1.77 68.99
Woodward et al. (1994): dry 1.20 109 9.69 655

abundance may directly limit riffle-dwelling ben-
thic fishes, including the Neosho madtom. Most of
the riffle-dwelling benthic fishes in Spring River
feed on benthic invertebrates, including the young,
small instars of those used in the EPT index (Pflie-
ger 1975; Mayden et al. 1980; Burr and Mayden
1982; Starnes and Starnes 1985). Our data illus-
trate the greater numbers of EPT invertebrates at
madtom sites than at no-madtom sites (Wildhaber
et al. 1996). The similarity in habitat and the dif-
ferences in contaminant concentrations between
madtom and no-madtom sites suggest that ob-
served benthic invertebrate patterns resulted from
contaminants. Phipps et al. (1995) demonstrated
sensitivity of aquatic invertebrates to waterborne
Pb, Zn, and Cd with Zn concentrations only 21
and 35% of the surface water concentration we
observed at the mouths of Turkey and Center
creeks, respectively (see Schmitt et al. 1997 for
actual values).

Depth, velocity, and substrate are important to
Neosho madtoms (Moss 1983; Fuselier and Edds
1994). Our study showed no significant differences
in either depth or velocity between river systems
or between Spring River madtom and no-madtom
sites. However, our study differs from previous
investigations in that our analyses are based on
overall site means and not microhabitat values,
which may vary greatly within a site. The specific
substrate composition needs of fishes have been
demonstrated by many researchers (Moyle and
Vondracek 1985; Wood and Bain 1995) and some
studies have focused on threatened and endangered
species (Kessler and Thorp 1993; Freeman and
Freeman 1994), including other madtoms (Simon-
son and Neves 1992). Substrate particle size in the
Neosho system tended to be smaller than in the
Spring River, but there was no difference in par-
ticle size distribution between madtom and no-
madtom sites within the Spring River (Table 2).
Our observation of smaller substrate sizes in the

Neosho system than in the Spring River parallels
previous observations of a preference for moder-
ate- to fine-grained substrate by the Neosho mad-
tom (Moss 1983; Fuselier and Edds 1994). The
larger average particle size in the Spring River and
the significant negative regression coefficient for
particle sizes larger than 38 mm in the model used
to predict Neosho madtom densities suggest sub-
strate limitations for the Neosho madtom and other
riffle-dwelling benthic fishes in the Spring River,
especially above Center Creek. Perhaps the larger
interstitial spaces in Spring River gravel do not
afford as much protection from predators or as
much food for Neosho madtoms as the Neosho
system provides, but offers habitat and food for
other species such as stonecats.

Basic water chemistry and nutrients differed be-
tween river systems; most important are those that
differed between madtom and no-madtom sites
(alkalinity, NH;, and turbidity). The water chem-
istry and nutrient patterns we observed in the two
river systems parallel those observed by Moss
(1983). We know little about the importance of
alkalinity and NH; to Neosho madtoms. The high
correlation found among the various water chem-
istry and nutrient measurements makes any dis-
cussion of the importance of alkalinity and NH;
by themselves highly speculative. However, the
potential importance of basic water quality to Ne-
osho madtoms populations is suggested by the in-
clusion of Cl, which was highly correlated with
conductivity, hardness, and SO,, in the predictive
model for Neosho madtom densities and by the
significant differences between madtom and no-
madtom sites in alkalinity, NH;, and turbidity.
Like other prairie stream fishes (Layher et al.
1987), Neosho madtoms seem to prefer higher tur-
bidities. Higher turbidities may afford Neosho
madtoms more protection from predators and more
opportunity to capture prey with good visual acu-
ity. There was significantly higher turbidity at
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Spring River madtom sites than at no-madtom sites
but the difference was minimal compared to the
fourfold greater turbidity in the Neosho system
than in the Spring River.

Many of the physical habitat, water chemistry,
nutrient, and community differences observed be-
tween the Neosho system and the Spring River
likely are due to the physiographic regions
drained. Although the main-stem reaches we sam-
pled in these three rivers are all found in the Prairie
Parkland Province ecoregion, the upper reach and
many of the tributaries of Spring River drain the
very different Ozark Uplands Province (Bailey
1995). This ecoregional effect, which has been
documented by others (e.g., Layher and Maughan
1985; Rabeni and Sowa 1996; Leftwich et al.
1997), is an important consideration in understand-
ing how Neosho madtom populations are being
affected in the Spring River. The reach of the
Spring River supporting Neosho madtoms is the
most prairie-like because it is influenced by the
North Fork of the Spring River and Cow Creek,
which are prairie streams (Figure 1). The Ozark
Uplands Province, part of which is drained by
some Spring River tributaries and the upper reach-
es of the main stem, has many spring-fed streams
and is composed of limestone that contains large
quantities of coarse chert and flint, unconsolidated
chert acting as a water filter (Pflieger 1975). More
than one-third of Missouri fishes have their dis-
tribution centered in the Ozark Uplands (Pflieger
1975). The spring-fed nature, coarse substrate,
clear water, and high species diversity of the Ozark
Uplands are the likely reasons why Spring River
has lower temperature, larger substrate, lower tur-
bidity, and higher fish species rarefaction, respec-
tively, than the Neosho system.

The Neosho and Spring River systems differ
substantially in soil types and land use (Moss
1983), differences that are reflected in variables
such as conductivity, hardness, alkalinity, SO,,and
metals such as Mn. The comparatively high con-
centrations of dissolved constituents in the Cot-
tonwood River reflect the rocks and soil in its wa-
tershed (Hem 1985) and the contribution of the
Chase-Council Grove aquifer, the waters of which
are characteristically high in SO, and other ions
(Baker and Hansen 1988). Consequently, naturally
high SO, concentrations are typical of the Neosho
River system (Kenny and Snethen 1993). In the
carbonate-dominated Spring River, some elevation
of SO, occurs from the weathering of pyrite (iron
sulfide) in the Pennsylvanian-age shales that over-
lie the western part of its watershed (Spruill 1987).
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In the Tri-State District, ground and surface waters
in the Spring River drainage are affected by mining
to varying degrees, and SO, is an indicator of min-
ing-derived water pollution (Barks 1977; Spruill
1987). In these areas, SO, results from the oxi-
dation of pyrite as well as from the weathering of
sulfide ore minerals (sphalerite and galena).

Contrary to what the USFWS (1991) suggested,
the observed fish community pattern suggests that
interspecific competition is not limiting Neosho
madtoms. Fish species richness of Spring River
madtom sites was higher than that of no-madtom
sites, which is likely due to the lower fish densities
at no-madtom sites. After species richness was ad-
justed for density by rarefaction, there was no dif-
ference between Spring River madtom and no-
madtom sites. The Spring River did have greater
rarefaction than the Neosho system, as expected
from descriptions by Cross and Collins (1995).
The significant positive correlation between Ne-
osho madtom density and potential competitors as
a group indicated that Neosho madtom densities
increase along with the density of other fishes. If
interspecific competition was a primary factor lim-
iting Neosho madtom populations, Neosho mad-
tom densities should have decreased as densities
of potential competitors increased. Previous re-
search has supported (Gilliam et al. 1993; Winston
1995) and refuted (Angermeier 1982; Grossman
and Freeman 1987) interspecific competition as a
determinant of fish community structure. A likely
scenario is one of alternating interspecific com-
petition (density-dependent factors) and environ-
mental impacts such as flooding or pollution (den-
sity-independent factors) as determinants. Inter-
specific competition becomes important when den-
sity-independent factors are not limiting (Strange
et al. 1992); currently, Neosho madtoms seem to
be limited by density independent factors such as
contaminants and habitat quality. More detailed
studies and analyses of interspecific relationships
between the Neosho madtom and other species are
necessary to further define the role of competition
in regulating Neosho madtom populations.

Other factors not measured could affect Neosho
madtom populations. We focused on the benthic
aquatic communities of gravel bars where Neosho
madtom are found and did not attempt to assess
communities in pools or other habitats. This de-
cision was based on our primary focus of collect-
ing fishes with similar environmental preferences
and the scarcity of Neosho madtoms in any other
habitat (Fuselier and Edds 1994). Our focus on
riffle-dwelling benthic fish species precluded col-
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lecting any data on fish predators. Predators (i.e.,
black and temporate basses) in all three rivers are
similar (Pflieger 1975; Cross and Collins 1995),
but we do not know if predator density differs
between rivers. If it does, it could have influenced
some of the patterns we have documented.

Conclusions

When one evaluates limiting factors for rare
fishes such as the Neosho madtom, it is important
to consider anthropogenic factors as well as phys-
ical habitat, basic water chemistry, and nutrients.
Knowledge of either low habitat quality or envi-
ronmental contamination alone does not necessar-
ily lead to effective management decisions that
will stop suspected declines of fish populations.
Habitat improvement may not improve population
status or community composition in a stream if the
stream is also heavily contaminated. Conversely,
removal of contaminants may also not affect spe-
cies of concern because physical habitat or basic
water quality may be marginal for those popula-
tions or communities.

Our results suggest that anthropogenic and nat-
ural factors limit Neosho madtom populations in
the Spring River. Where metals contamination is
minimal, Neosho madtom densities seem to be lim-
ited primarily by physical and chemical habitat
quality and availability. Where contamination has
occurred, Neosho madtoms seem to be limited pri-
marily by the presence of contaminants acting di-
rectly (via mortality or avoidance) or indirectly (by
suppressing, contaminating, or both the benthic
invertebrate food base).

Future research into understanding the popula-
tion dynamics of the Neosho madtom should in-
clude a more detailed look at regional and local
factors. A regional factor that may be important
to Neosho madtom populations is the regulation
of water levels through impoundments on the Ne-
osho and Cottonwood rivers. Local factors include
more comprehensive investigations of the effects
of microhabitat-scale environmental quality on
Neosho madtom distribution across a gravel bar
and an evaluation of fish communities, including
predators, found in all habitats associated with
gravel bars where Neosho madtoms are found.
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