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Abstract
The Blue River Main wastewater treatment facility (WWTF) discharges into the upper Blue River
(725 km2), and is recently upgraded to implement biological nutrient removal. We measured biotic condition upstream and downstream of the discharge utilizing the macroinvertebrate protocol
developed for Kansas streams. We examined responses of 34 metrics to determine the best indicators for discriminating site differences and for predicting biological condition. Significant differences between sites upstream and downstream of the discharge were identified for 15 metrics
in April and 12 metrics in August. Upstream biotic condition scores were significantly greater than
scores at both downstream sites in April (p = 0.02), and in August the most downstream site was
classified as non-biologically supporting. Thirteen EPT taxa (Ephemeroptera, Plecoptera, Trichoptera) considered intolerant of degraded stream quality were absent at one or both downstream sites. Increases in tolerance metrics and filtering macroinvertebrates, and a decline in ratio of scrapers to filterers all indicated effects of increased nutrient enrichment. Stepwise regressions identified several significant models containing a suite of metrics with low redundancy (R2 =
0.90 - 0.99). Based on the rapid decline in biological condition downstream of the discharge, the
level of nutrient removal resulting from the facility upgrade (10% - 20%) was not enough to mitigate negative effects on macroinvertebrate communities.
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1. Introduction

Streams flowing through heavily developed areas have received considerable attention in recent years because
the human population is becoming more urban, and continued population growth will increase infrastructure
needs [1]-[3]. It is estimated that by 2025, more than 60% of the global population will be living in urban areas,
and this estimate is even higher for Europe and the Americas [4] [5]. Stream corridors in urban landscapes have
often been transformed into conduits altered to efficiently remove excess stormwater runoff from developed
areas and as a conveyance for sediment and waste products [6]-[8]. However, urban waterways also provide
valuable ecosystem services such as aesthetic and recreational opportunities, water supply for agriculture and
industry, and disposal of wastewater from both municipal and industrial discharges [9]-[11]. In urban areas, residential property values are higher when streams or rivers are nearby, especially if the aesthetics of stream corridors are maintained [12] [13]. Urban streams are the foci for many outdoor activities, including education opportunities and intangible human values that are sometimes difficult to quantify [14]-[16].
Understanding of current stream conditions and the impacts of urbanization on those streams is critical for the
protection and remediation of aquatic resources in both small and large metropolitan areas. Urbanization is the
second leading cause of stream impairment in the U.S. [2] [17], and this land use change is known to negatively
affect the ecology of streams at both small and large spatial scales [18]. Nutrient enrichment in the form of
excess nitrogen and/or phosphorus is also a leading cause of stream impairment, in both Kansas [19] [20] and
the U.S. as a whole [21]. Nutrient enrichment may cause nuisance algal growth in aquatic environments, which
can lead to habitat degradation and secondary ecological effects such as substrate clogging or fouling [22]-[24],
aesthetic concerns [25] [26], and decreased dissolved oxygen concentrations during organic matter decay [27][29]. Nutrient enrichment also can alter leaf-litter breakdown rates [30], food web components [31] [32], and
stream metabolic processes such as nutrient attenuation, uptake, and assimilation rates [33]-[35]. Direct effects
of excessive nutrient loading on aquatic organisms in streams can range from relatively benign increases in
biomass or abundance, to more severe effects resulting in loss or displacement of indigenous taxa [36]. Specifically for aquatic macroinvertebrates, declines in sensitive species and loss of EPT (Ephemeroptera, Plecoptera,
Trichoptera) taxa are among the most widely reported effects due to nutrient enrichment [2] [8] [37]-[39].
In rapidly urbanizing areas such as eastern Kansas, municipal wastewater treatment facilities (WWTF’s) are
one of the most common and prominent sources of excess nutrients in urban streams, and in many urban watersheds the discharges associated with these facilities may be the most significant point source [40] [41]. The
Kansas Department of Health and Environment (KDHE) estimates that, among the major sources of water quality impairments in Kansas streams, 63% of impaired stream miles in urban waterways are attributed to wastewater discharges, equating to approximately 805 stream miles [20]. However, these discharges provide the best
opportunity to reduce nutrient loads in the environment because WWTF’s can upgrade to new technologies that
are available for nutrient removal [19]. Effects of WWTF discharges on stream macroinvertebrate communities
have been documented in several studies, and include declines in total and EPT richness [42] [43], shifts to
greater dominance of filtering taxa [44], and changes in abundance or diversity of specific functional feeding
groups [45]-[47]. In addition, WWTF effluent can alter in-stream aquatic habitat [2] and food availability to terrestrial predators [48]. Wastewater discharges are also one of the main causes of noxious odors found in urban
areas [49].
Macroinvertebrate community-level responses are commonly used for evaluating biological condition, longterm monitoring, diagnosis of specific sources and causes of stream impairment, measuring the success of restoration activities, and developing biological criteria in support of water quality compliance and regulation [50]
[51]. Macroinvertebrate communities have also been widely used as an indicator of stream quality in urban watersheds [2] [37] [52]. Abundance and diversity information is used to calculate specific indicators representing
community-level attributes (i.e. metrics) to describe the data. However, very few urban stream studies have included steps to identify combinations of metrics that best predict changes in biotic condition at the local (reach
or segment) scale. Even though there is a wealth of information on effects of urbanization on aquatic communities and their habitats, specific responses of some macroinvertebrate indicator metrics to urban-related stressors
have not been fully explored in these environments. Further, core macroinvertebrate metrics that state agencies
use to evaluate stream impairment have similar responses to many different kinds of disturbances, and therefore
may not be diagnostic enough to provide cause-effect relationships or identify clear pathways between degradation and indicator responses. Diagnosing the causes and sources of stream degradation in urban environments is
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especially difficult because these watersheds often have multiple co-occurring stressors [53] [54]. There is a
need to identify metrics that are more diagnostic of degradation causes and to further characterize their responses in urban environments. Relatively few studies have examined specific reach-scale metric responses in an
urban stream system where one clear point source of nutrients has the potential to impair a downstream reach.
Even though upstream-downstream site comparisons represent one of the most simplistic approaches for characterizing these responses, it is likely that most stream systems flowing into urbanized areas that receive pointsource WWTF discharges have also experienced some degree of watershed-scale change in land use.
Some macroinvertebrate assessments have attempted to identify a suite of indicator response metrics that can
be assembled into an integrated index such as the Invertebrate Community Index [55] [56] and the Benthic Index of Biotic Integrity (B-IBI) [57]. These bioassessment tools were designed to be robust and have applicability
for detecting stream degradation across a wide range of stressors [58] [59] and across gradients in land use [60]
[61], ecoregions [62], or individual watersheds [63]. However, there is some indication that typical multimetric
assessment approaches for evaluating the health and impairment status of wadeable streams may not be as sensitive or appropriate when applied to urban waterways, because stressor responses of several metrics have not
been fully characterized in these environments. To improve the ability of this assessment approach, several papers have alluded to the a priori metric selection process as an important step in assembling a multimetric index
that meets certain goals or criteria [57] [64]. Literature suggests that this approach in metric selection is necessary to achieve an index that not only correlates well with measures of degradation causes, but also is important
for reducing redundancy among metric components [56] [65]. Several screening or filtering steps applied to the
data have been suggested as a process for selecting metrics, including correlations between environmental variables [18] [38], regressions [66] [67], empirical methods associated with water quality [44] [65], and conformation with environmental gradients measured across multiple sites or spatial scales [61] [68]. However, we are
unaware of any literature that has utilized local-scale metric responses to predict changes in biotic condition in
urban waterways receiving a significant point source of nutrients.
In 2007, the Blue River Main WWTF in Johnson County, Kansas upgraded to increase capacity and implement biological nutrient removal. The U.S. Geological Survey (USGS), in cooperation with Johnson County
Wastewater, conducted a study to evaluate the effects of post-expansion wastewater discharges on the upper
Blue River. Data were collected to allow assessment of chemical and ecological characteristics upstream and
downstream of the discharge. Assessments included stream habitat, periphyton and macroinvertebrate communities, stream metabolism, and water quality parameters to define average and total annual concentrations and
loads of nutrients. This paper reports the specific results of the macroinvertebrate portion of the assessment, and
documents metric responses and simple predictive models that can be utilized for evaluating other urban streams
in the Kansas City metropolitan area. This study can be used to help achieve permit requirements and has implications on land use planning, best management practices (BMP’s), and wastewater and stormwater management
in urban areas. Specifically, the objectives of this portion of the overall study were to: 1) examine responses of
macroinvertebrate indicator metrics to the wastewater discharge with statistical comparisons between sites upstream and downstream of the discharge, 2) identify the best macroinvertebrate indicator metrics for detecting
these site differences, and 3) determine combinations of metrics that can be used to predict changes in stream
quality within the reach. Pre-expansion water-quality and biological data collected by USGS from the Blue River watershed were used to supplement analyses and interpretation. The approach and results from this study provide a useful tool for evaluating the health of urban stream systems and monitoring trends in area streams that
receive wastewater discharges. Most of the data and results from the overall study are reported in [69] and
available at http://pubs.usgs.gov/sir/2010/5248/pdf/sir2010-5248.pdf.

2. Description of Study Area
Johnson County is the fastest growing county in Kansas, and with a current human population of 534,093 is part
of the greater Kansas City metropolitan statistical area in Kansas and Missouri [70]. In Johnson County, both
small and large capacity WWTF’s often discharge treated wastewater into small streams rather than into larger
receiving systems nearby such as the Kansas or Missouri Rivers. The county has 14 facilities that meet this description [71]. This study was conducted in the Blue River watershed (725 km2) which includes portions of
Johnson and Wyandotte Counties in Kansas and Jackson and Cass Counties in Missouri. The headwaters are located in Johnson County, Kansas and the stream flows northeast into the Missouri River. Land use in headwaters
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is predominantly rural; however, urban land use increases in the downstream direction as the river flows through
the Kansas City metropolitan area (Figure 1). The Blue River Main wastewater treatment facility (WWTF) discharges treated wastewater effluent (point source) into the Upper Blue River via Negro Creek in Johnson County, Kansas (hereafter referred to as “discharge”). The WWTF underwent upgrades during 2005-2007 to increase
capacity and implement biological nutrient removal. This facility is currently the second largest of three
WWTF’s in the watershed and contributes about 25 percent of the total effluent based on 2007 and 2008 data
[72] [73]. Expansion and upgrades increased average daily design flow from 3 million gallons per day (mgd) to
10.5 mgd and extended aeration activated sludge was replaced with a biological nutrient removal activated
sludge system. The implemented biological nutrient removal is a modification of traditional biological treatment
processes that enhances the removal of nitrogen and phosphorus [74]. To ensure protection of water quality and
aquatic life, the National Pollutant Discharge Elimination System (NPDES) permit for the expansion and upgrades to the Blue River WWTF requires an evaluation of effluent impacts on the receiving stream after upgrades are complete (Kansas NPDES permit number M-MO26-0006).
State agencies in Kansas and Missouri have listed several Johnson County and Jackson County streams as
impaired waterways under section 303(d) of the Clean Water Act [75] [76]. Kansas lists two impaired uses for
the upper Blue River in Johnson County, upstream of the WWTF discharge: dissolved oxygen is listed as an
impairment of aquatic life and mercury is listed as an impairment of food procurement [77]. In Jackson County
Missouri, the Blue River is not listed as impaired within the study reach [76], however previous studies indicate
that water quality in the lower portion of this reach is moderately to severely degraded [41] [78].
To characterize water-quality and biological community response to the WWTF discharge, we sampled three
sites along a 10.2 kilometer segment of the Blue River (Figure 1): Kenneth Road (site 1) in Johnson County,
Kansas (approximately 3.2 kilometers upstream of the WWTF discharge location and hereafter referred to as the
“upstream site”); 151st Street (site 2) in Jackson County, Missouri (approximately 0.4 kilometers downstream of
the WWTF discharge location, and hereafter referred to as one of the “downstream sites”); and Blue Ridge
Boulevard (site 3) in Jackson County, Missouri (approximately 6.6 kilometers downstream of the WWTF discharge location and hereafter referred to as the “furthest downstream site”). Within the study reach, urban land
use increases from about 20.7% at site 1 to 25.8% percent at site 3, and impervious surface area increases from
about 5.8% to 7.7% [69]. The overall study included discrete and continuous water quality monitoring, seasonal
sampling of algae and macroinvertebrate communities, determination of stream metabolism, and a stream habitat assessment. This paper reports the results of the macroinvertebrate community assessment, and the remaining
data on other parameters can be found in [69].

Figure 1. Location of upper Blue River study sites sampled for macroinvertebrate communities in 2008 during spring and late summer time periods. Site 1 =
Kenneth Road; Site 2 = 151st Street; Site 3 = Blue Ridge Boulevard.
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3. Previous Investigations

Blue River sites 1 and 3 have been included in several water quality studies of Johnson County streams or largescale assessments within the watershed [40] [41] [71] [78]-[80]. Continuous streamflow and water-quality data
have been collected at two sites upstream of the discharge location (including our site 1) since 2004 and streamflow data have been collected at site 3 since 2001. These studies have indicated that during low-flow conditions
(<than base flow), effluent from WWTF discharges may represent more than 99 percent of streamflow [40] [41]
[78] [80]. During base-flow conditions, concentrations of nutrients, dissolved solids, pharmaceuticals, and organic wastewater compounds are higher at sites downstream from the WWTF dischargeas compared to sites upstream. Because of the diluting effect of wastewater, sediment and bacteria concentrations and turbidity are typically lower downstream from these discharge locations [40] [41] [78] [80]. Reference [41] [78] found that in
the Upper Blue River watershed, more than 70% of the total nitrogen and phosphorus loads and a majority of
sediment, bacterial, and biochemical oxygen demand loads, were contributed by nonpoint sources during precipitation runoff events (hereafter referred to as “stormwater”). At base flow, the Blue River Main WWTF contributes about 28 percent and 16 percent to total nitrogen and phosphorus loads, respectively [41] [78] [80]. Reference [78] also used toxicity test data to determine that diminished aquatic organism health through exposure to
contaminants is likely due to chronic long-term exposure, rather than short-term acute toxicity.
Biotic condition assessments using macroinvertebrates have been regularly conducted in the Blue River watershed since 2002 [41] [78] and in Johnson County streams since 2003 [71] [79] [80]. Assessments of habitat
quality, algae and periphyton communities have also been previously conducted at upper Blue River sites, including site 1 and 3 in this study [69] [79] [80]. Sites in the upper Blue River watershed upstream of the WWTF
discharge have consistently attained among the highest in habitat quality assessment scores within the Blue River watershed and Johnson County, Kansas [78] [80], indicating that on a regional scale, habitats at these sites are
least impacted by human activities. However, habitat scores decline in the downstream direction as the watershed becomes increasingly urban. Sites in Johnson County Kansas that are most highly influenced by urbanization factors consistently score the lowest in macroinvertebrate biotic condition scores, while sites that are located in more rural areas, including Blue River sites upstream of WWTF discharge, consistently have among the
highest macroinvertebrate biotic condition scores [71] [79] [80]. At site 3 downstream from the Blue River Main
WWTF discharge, biotic condition scores are typically lower than sites located upstream of the WWTF; however, scores at this site are higher than at sites located further downstream in the increasingly urban portions of the
watershed.
Between site 1 and 3, an increase in nitrogen heterotrophic diatoms and algae taxa associated with eutrophication has been documented [69]. This study also confirmed that within our study reach, ecoregion-based nutrient
criteria are always exceeded. Among Johnson County stream sites, chlorophyll concentrations exceeded the
nuisance threshold of 100 mg/m2 at about half of the sites studied, including site 1 in the present study [80].
However, stream metabolism in the present study reach is known to be impaired only in the summer months
during low flow conditions [69]. Overall, previous biological studies indicate that biological condition of
streams is related to several urbanization factors including percent urban land use, percent impervious cover, and
organic enrichment resulting from a combination of wastewater discharges and non-point source runoff. Current
and historical streamflow and continuous water-quality data are available online at:
http://waterdata.usgs.gov/nwis.

4. Materials and Methods
4.1. Macroinvertebrate Sample Collection
Macroinvertebrate community samples were collected from multiple habitats at the three sites (Figure 1) during
base flow conditions on April 1-2 and Aug. 26-28, 2008. All samples were collected in triplicate to allow determination of statistical differences in biological communities between sites. No runoff events occurred during the
10-day period prior to sample collection. Macroinvertebrates were sampled using a 23 cm × 46 cm rectangular-frame kicknet (500 µm mesh) and the KDHE protocol designed for evaluating aquatic life status of Kansas
streams [81]. This protocol is a “rapid” assessment method designed to quickly inventory macroinvertebrates in
a systematic fashion to generate estimates of taxonomic richness and relative abundances at a site [81]. The protocol includes timed, systematic sampling from multiple habitat types to generate one pooled 200-organism
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sample. Two independent 100-organism samples were collected simultaneously from multiple habitats by two
scientists for no more than one hour each. If 100 organisms were not obtained by each collection in the allotted
time period, sampling ended. Riffle habitats were sampled by physical disturbance of the substrate upstream
from the net, and in pool and shoreline habitats, the net was used with a sweeping or scooping motion. These
habitats included coarse gravel and cobble in riffles, fine gravel and sand/silt substrates near stream margins or
in runs, leaf packs in riffles and organic matter accumulations in pools, vegetation and undercut banks around
snags and pool margins, and large moveable objects such as logs or rocks where handpicking may reveal additional taxa. A white sorting tray (31 in. × 25 in. × 2.75 in.) elevated on a portable stand at streamside filled with
a small amount of water was used to enhance the visibility of the organisms during sorting and organism removal. With the aid of a hand counter and forceps, organisms were removed (picked) from each individual net sample placed into the tray, then placed in sample bottles containing ethanol preservative. To improve consistency
between sample collections and minimize sorting bias, the following stipulations were applied to the protocol: 1)
net samples were taken across a relatively uniform coverage of the habitats available at the site, 2) any organisms appearing different in size, shape or color compared to those previously picked from the tray were included
in the sample in an attempt to maximize taxonomic richness, 3) multiple individuals of commonly encountered
taxa were picked from each successively sorted tray sample to assure that samples adequately represented the
frequency of occurrence (and approximate relative abundance) of each taxon at the site, and 4) not more than 25
percent of the organisms sorted and removed came from any one of the available habitats. To enhance statistical
comparisons among sites, the same sampling protocol was applied three successive times (one at each of three
separate riffle-pool sequences) within the study reach at each site, beginning with the most downstream and
working upstream. For each replicate, data from both independently collected 100-organism samples were
pooled before analysis to minimize differences in sorting bias between the two scientists performing the collections, as indicated in the Kansas Protocol [81]. All of the 100-organism samples were field preserved in 125 ml
wide mouth polyethylene bottles containing 80 % ethanol. Identification and enumeration of macroinvertebrate
samples were performed by the USGS National Water Quality Laboratory (NWQL) in Lakewood, Colorado.
Each macroinvertebrate specimen was identified to the lowest possible taxonomic unit, usually genus or species,
using all available keys and literature. Standard taxonomic references used for macroinvertebrate identification
include [82] for insects, and [83] for non-insect macroinvertebrates. Other references used for specific taxonomic groups are given in reference [84] [85]. Macroinvertebrate samples and laboratory-prepared slides were
processed, identified and enumerated within one year from the date of collection. Quality assurance and quality
control measures for macroinvertebrate identification, enumeration and data entry followed those outlined in
[84].

4.2. Calculation of Metrics
Thirty four metrics were initially chosen to represent the macroinvertebrate data. These included core metrics
used in Kansas and Missouri for determining aquatic life impairment status of streams [75] [76], those used for
multimetric site scoring in [79] and [71] [80], and an additional 23 metrics selected from the Rapid Bioassessement Protocols [86]. We chose metrics known to be sensitive and reliable for measuring stream degradation or
impairment status, and those that would allow comparisons with data from previous Blue River studies. Metric
values were generated by the Invertebrate Data Analysis System (IDAS) developed for the National Water
Quality Assessment Program [87], or in cases where a metric was not included in this program, were calculated
directly from the data as described in [86] or [79]. Metrics were placed into one of six categories based on [79]
and available literature (Table 1).

4.3. Site Scoring
Community data were used to generate site scores that represent an integrated numerical rating of relative biotic
condition. Two different types of scores were generated for this study: 1) aquatic life scores based on a point
system and KDHE criteria [75], and 2) a biotic condition attainment score based on the 10 metrics used to evaluate regional streams during previous studies that included sites within the Blue River watershed [71] [79] [80].
The aquatic life score was used to determine impairment status of the study sites, and was determined by an average of individual metric scores across the four KDHE metrics. A fifth metric, percent mussel community loss,
was not used in this score because we were unable to determine if our sites met the criteria of having at least five
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Table 1. Macroinvertebrate metrics calculated for assessment of biological condition in the upper Blue River, Kansas and
Missouri, April and September 2008. Use: 1 = utilized in previously published bioassessments conducted in the region; 2 =
from Rapid Bioassessment Protocols; 3 = core metric in state bioassessment programs in KS and/or MO.
Abbreviation

Metric Category

Use

Response to
Stress

Chironomidae richness

Chirrich

Richness

2

Decrease

Diptera richness

Diptrich

Richness

2

Decrease

Ephemeroptera richness

Ephrich

Richness

2

Decrease

Ephemeroptera + Plecoptera + Trichoptera richness

EPTrich

Richness

1, 2, 3

Decrease

Plecoptera richness

Plecrich

Richness

2

Decrease

Total taxa richness

TTrich

Richness

1, 2, 3

Decrease

Trichoptera richness

Tricrich

Metric

Richness

2

Decrease

Chircp

b

Composition/%

2

Increase

% Corbicula

Corbcp

b

Composition/%

2

Increase

% Diptera

Diptcp

b

Composition/%

2

Increase

Ephcp

b

Composition/%

2

Decrease

EPcp

b

Composition/%

1

Decrease

EPTcp

b

Composition/%

1, 2, 3

Decrease

HydTcp

b

Composition/%

2

Increase

ODNIcp

b

Composition/%

2

Increase

% Oligochaeta

Oligocp

b

Composition/%

1, 2

Increase

% Plecoptera

Pleccp

b

Composition/%

2

Decrease

Tanycp

b

Composition/%

1, 2

Decrease

Triccp

b

Composition/%

2

Decrease

% Chironomidae

% Ephemeroptera
% Ephemeroptera + Plecoptera
% Ephemeroptera + Plecoptera + Trichoptera
% Hydropsychidae Trichoptera
% Other Diptera + Non-insects

a

% Tanytarsini midges
% Trichoptera
Clinger richness

ClingRfh

Functional/Habitat

2

Decrease

% Clingers

ClingPfh

Functional/Habitat

2

Decrease

% Filterers

Filtfh

Functional/Habitat

2

Increase

% Predators

Predfh

Functional/Habitat

2

Increase

% Scrapers

Scfh

Functional/Habitat

1, 2

Decrease

% Shredders

Shfh

Functional/Habitat

2

Decrease

IntKBItol

Tolerance

1, 2

Decrease

Kansas Biotic Index

KBItol

Tolerance

1, 3

Increase

Macroinvertebrate Biotic Index

MBItol

Tolerance

1, 3

Increase

% Dominant taxon

DT1dd

Dominance/Diversity

2

Increase

% of 2 dominant taxa

DT2dd

Dominance/Diversity

2

Increase

% of 5 dominant taxa

DT5dd

Dominance/Diversity

2

Increase

Shannon Diversity Index

SDIdd

Dominance/Diversity

1, 3

Decrease

EPT/Chironomidae ratio

EPTCratio

Ratio

2

Decrease

Scraper/Filtering collector ratio

ScFcratio

Ratio

2

Decrease

% Intolerant taxa (KBI tolerance < 3.0)

a

b

Excludes Chironomidae; Percent (%) relative abundance.
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mussel species [75]. The biotic condition score (hereafter defined as biotic condition attainment score) was calculated for each replicate sample by implementing the “percent (%) of best value” approach commonly used by
previous biological assessment research studies [62] [88]-[90]. Metric data from all stream sites in the Blue River watershed that have been previously sampled with the KDHE protocol since 2003 [71] [79] [80] were examined to identify the best values attained among these sites for each metric (best value = the highest observed
value available for metrics that decrease with increasing perturbations, and the lowest observed value for metrics
that increase with increasing perturbations). These metric values were compared with metric values from sample
data generated by the current study to calculate individual percentages of these best metric values. Mean percent
attainment was determined by a summation of individual percentages for each of the 10 metrics to obtain an
overall site score that represented relative stream quality for each sample replicate. This attainment score
represents the degree of attainment for each site and can either be expressed as a non-weighted average (mean)
across all 10 metrics (%) or a summation of percentages, the only difference being location of the decimal (i.e.
score of 849 = 84.9% average attainment). This biotic condition attainment score was utilized for relative site
comparisons, further statistical analyses, and was treated as the response (dependent) variable for metric selection and assemblage of regression models.

4.4. Data Analysis
All analyses were conducted using release 9.2 of the Statistical Analysis System for Windows [91]. Analyses
were performed independently for the April and August 2008 sampling periods. A non-parametric analysis of
variance (ANOVA) was used to test for statistical differences among sites (p-value < 0.05) for individual metrics and the biotic condition attainment score. Since ANOVA does not identify which means are significantly
different when more than two means are involved, we used least-squares means (α = 0.05) and simultaneous
confidence intervals to make pairwise comparisons among site means to determine which were significantly
different [92]. To select the best metrics for detecting site differences and develop models for predicting the
percent attainment score of a site, data were entered into a stepwise multiple regression procedure (PROC REG,
selection = STEPWISE) and included all interaction variables. This procedure was performed with two separate
steps: 1) STEPWISE generated a list of the best metrics for detecting site differences (i.e. metrics that add significantly to the predicted outcome), with a model entrance criteria of p = 0.15, and 2) the REG procedure generated models that represent those statistically significant combinations of metrics that would accurately predict
the percent attainment score of a site. Since our analyses included all 34 metrics as independent variables, the
multiple regression procedure was expected to generate a large number of significant models, and in many cases
include metrics which are redundant or correlated with one another. Therefore, we screened the results so that
the selected “best” models not only had the highest R2, but also fit the following criteria: 1) only models including three, four, and five metrics with no interaction terms were considered, 2) included metrics must be either
those with statistical ANOVA significance among sites for at least one time period, chosen by the STEPWISE
procedure, or found in at least 50% of the models that had significant R2 values, and 3) only one metric is included from each metric category listed in Table 1 to reduce the degree of redundancy among model components. We assumed that if a model included no more than one metric within a category, then those models would
be least likely to include metrics which would be redundant or correlated with one another.

5. Results
5.1. Changes in Composition and Dominance
In this study, 210 macroinvertebrate taxa were collected across the three Blue River sites in 2008, 31 of which
were non-insect taxa (mostly mollusks, worms, leeches, and crustaceans). Also, 124 of these taxa were collected
during the April 2008 sampling and 111 taxa were collected during the Aug. 2008 sampling. Total richness of
macroinvertebrate taxa within a sample replicate ranged from 36 - 54 across sites. Among the 179 insect taxa,
37 of these were among the three dominant orders of insects that are normally associated with healthy stream
communities (Ephemeroptera, mayflies; Plecoptera, stoneflies; and Trichoptera, caddisflies). The number of
EPT taxa ranged from 6 to 14 across samples and sampling periods, and EPT abundances in samples ranged
from 23.7% - 33.8% in April and 8.4% - 15.7% in August. There were also 45 midge (Diptera: Chironomidae)
taxa, and 8 non-midge Diptera taxa. In addition to these, our Blue River study sites generally contained a wide
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diversity of other aquatic macroinvertebrates, including dragonflies and damselflies (Odonata), riffle beetles
(Coleoptera: Elmidae) and aquatic heteropterans (Hemiptera).
Differences in the most dominant taxa among sites (based on mean abundance estimates for the three sample
replicates) were more pronounced during the April sampling period. The mayfly Stenonema femoratum (Ephemeroptera: Heptageniidae) was among the five most dominant macroinvertebrates at all of the sites in April.
Midges in the Cricotopus/Orthocladius species complexes were also among the five most dominant taxa in
April at all three sites, and relative abundance increased downstream of the WWTF discharge. Also in April, the
mayfly Acerpenna pygmaea was among the five most dominant taxa at the upstream site but was absent at site 3.
The riffle beetle Stenelmis spp. was among the five most dominant taxa at two of the three sites in April and all
three sites during August. The caddisfly Cheumatopsyche spp. was among the five most dominant taxa at the
furthest downstream site (site 3) in April, and at all three sites in August. The midge Polypedilum spp. was also
among the five most dominant at all three sites in August. Also in August, the damselfly Enallagma spp. was
among the five most dominant taxa at the two upstream sites, and the mayfly Baetis spp. was among the five
most dominant taxa at the two sites downstream of the WWTF discharge.
In April, tolerant net-spinning caddisflies (Hydropsychidae) and the mayfly Tricorythodes were more abundant at downstream sites, and the more sensitive Plecoptera (five species) and the caddisfly Rhyacophila lobifera (Trichoptera: Rhyacophilidae) were less abundant at site 2 and absent at site 3. In August, four caddisflies
(Trichoptera) present at site 1 were absent at both downstream sites. Four mayflies and the hellgrammite Corydalus (Megaloptera: Corydalidae) were present at the upper two sites, but were absent at site 3. Total mayflies in
the family Heptageniidae were less abundant below the WWTF effluent, whereas two of the midge (Chironomidae) taxa (Dicrotendipes and Cricotopus/Orthocladius) increased [69]. In all, 13 EPT taxa (4 mayflies, 5
stoneflies, and 4 caddisflies) present at site 1 were absent at one or both sites downstream of the effluent discharge location.

5.2. Metric Responses
Values for metrics in which significant differences were detected among sites are given in Table 2, and include
15 metrics in April and 12 metrics in August. A total of 12 metrics did not show significant differences between
sites in either sampling period. Significant differences existed among sites during both sampling periods for five
metrics, including EPTcp, ScFcratio, IntKBItol, EPTCratio and Corbcp (Table 2). At site 1, EPT richness (EPTrich, all
p ≤ 0.01), percent shredders (Shcp, p ≤ 0.02) and the relative abundance and richness of stoneflies (Pleccp and
Plecrich, both p < 0.0001), were significantly higher than at the two sites downstream of the WWTF discharge in
April. Data from the April sampling period also showed that site 1 had significantly lower values than the two
downstream sites for two of the dominant taxa metrics (DT1dd, p ≤ 0.01; DT2dd, p ≤ 0.01), percent of caddisflies
that were Hydropsychidae (HydTcp, p ≤ 0.01), and the Kansas Biotic Index (KBItol, p ≤ 0.01). Similarly, percent
scrapers (Scfh, p = 0.004) and the scraper/filterer ratio (ScFcratio, p = 0.02) had significantly higher values at site
1 as compared to the two sites downstream of the WWTF discharge location in August (Table 2).

5.3. KDHE Aquatic Life Support Scores
The KDHE integrates responses of four metrics to determine the impairment status and ability of a stream site to
support aquatic life: MBItol, KBItol, EPTrich, and EPTcp [81]. Only site 1 attained a fully supporting rating for any
of the four metrics, and these were KBItol in April and EPTrich during both sample periods. All three sites were
rated non-supporting for the EPTcp metric during the August sampling period. Among sample replicates, the
KDHE multimetric score based on these four metrics ranged from 1.6 to 2.4 in April and 1.3 to 1.9 in August. In
April, all three sites attained a partially supporting aquatic life status, although scores at the two downstream
sites (site 2 and 3) were significantly lower (p < 0.01) than the score at the upstream site (site 1). Scores at all
sites were lower in August than in April; however the upstream site and furthest downstream site (site 3) attained a partially supporting aquatic life status, while the site immediately downstream of the wastewater discharge (site 2) was non-supporting. Results for the upstream site (site 1) were similar to that from previous studies, where a partially-supporting status was reported in both 2003 and 2004 [79] and again in 2007 [80]. In
contrast, the most downstream site (site 3) was reported as partially-supporting in 2003 and non-supporting in
2004 [79]. However, previous studies have indicated that biological condition of upper Blue River sites in Kansas (including site 1 in this study) are generally among the least impacted by human disturbance as compared to
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Table 2. Macroinvertebrate metric analysis results (p values in parentheses) for assessment of biological condition in the
upper Blue River, Kansas and Missouri, April and August, 2008. Metric abbreviations are defined in Table 1. Site numbers
are as follows: 1 = Kenneth Road, 2 = 151st Street, 3 = Blue Ridge Boulevard. NS = not significant.
Metric

April 2008
ANOVA Significance

August 2008
ANOVA Significance

Chosen by Stepwise

Chirrich

NS

NS

X

Diptrich

NS

NS

Ephrich

NS

NS

EPTrich

1 > 2 = 3 (0.017)

NS

X

Plecrich

1 > 2 = 3 (0.003)

NS

X

TTrich

NS

NS

X

Tricrich

NS

1 > 2 = 3 (0.035)

X

X

Chircp

NS

NS

Corbcp

1 < 2 = 3 (0.007)

1 < 2 < 3 (0.008)

Diptcp

NS

NS

Ephcp

NS

1 = 2 > 3 (0.018)

EPcp

NS

1 = 2 > 3 (0.018)

EPTcp

1 > 3 only (0.046)

1 = 2 > 3 (0.0003)

X

X

HydTcp

1 < 2 = 3 (0.001)

NS

ODNIcp

NS

1 < 2 = 3 (0.018)

X

X

Oligocp

NS

2 < 1 = 3 (0.046)

X

Pleccp

1 > 2 = 3 (0.005)

NS

X

Tanycp

NS

NS

Triccp

1 = 2 > 3 (0.003)

NS

X

ClingRfh

NS

NS

X

ClingPfh

NS

NS

Filtfh

2 > 1 = 3 (0.002)

NS

Predfh

NS

NS

Scfh

NS

1 > 2 = 3 (0.010)

Shfh

1 > 2 = 3 (0.030)

NS

IntKBItol

1 > 2 = 3 (0.002)

1 > 2 = 3 (0.019)

KBItol

1 < 2 < 3 (<0.0001)

NS

X

X

MBItol

NS

1 < 3 only (0.013)

X

X

DT1dd

1 < 2 < 3 (0.004)

NS

DT2dd

1 < 2 = 3 (0.035)

NS

DT5dd

NS

NS

SDIdd

NS

NS

EPTCratio

1 = 2 > 3 (0.042)

1 > 2 = 3 (0.020)

ScFcratio

2 < 1 = 3 (0.0008)

1 > 2 = 3 (0.040)
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other stream sites in Johnson County, Kansas and Jackson County, Missouri [79]. This is further supported by
the results from recent 2007 sampling in other streams of Johnson County, Kansas; only one of the 20 stream
sites examined in that study had a rating of fully supporting based on the KDHE aquatic life score, and that site
(Camp Branch) is located in the upper Blue River watershed [71] [80].

5.4. Biotic Condition Attainment Scores
Among all replicates, the biotic condition attainment score ranged from 599 to 865 (mean % attainment of 59.9 86.5) in April and 669 to 849 (mean % attainment of 66.9 - 84.9) in August. In April, mean condition at the upstream site (site 1) was significantly higher than the two downstream sites (1 > 2 = 3, p = 0.03). Even though
these site differences were not statistically significant during the August sampling period (p = 0.45), mean biotic
condition scores were higher at the upstream site during this time period (Figure 2).

5.5. Regression Models
Considering both April and August time periods, regression analysis generated statistically significant models
that included 68 three-variable models, 68 four-variable models, and 64 five-variable models. A total of 27 metrics fit the criteria of either ANOVA significance among sites, chosen by STEPWISE, or were a component of
at least 50% of the significant regression models in one or both time periods (Figure 3). The STEPWISE procedure selected 14 metrics for detecting site differences in the biotic condition attainment score (Table 2).
Among these, four were not significantly different across sites based on the ANOVA results for either time period (Chirrich, TTrich, ClingRfh, DT5dd), and only six of these metrics were included in the best selected regression
models (Table 2, Table 3, Figure 3). Among the 13 metrics that were included in at least one of the regression
models chosen, only the Tanycp metric did not have ANOVA significance in either time period and was not
chosen by the STEPWISE procedure. However, this metric was included in the highest overall percentage of
significant models generated by the regression analysis (Figure 3), and was a component of the best 3-metric
model in April based on R2 (Table 3). The April metric data generated models with highly significant regression
coefficients (p < 0.0001), as did the 4- and 5-metric models for August (Table 3). All models included no more
than one metric within a metric category. Even though we did not quantify metric redundancy, our goal was to
select model components that met certain criteria to reduce redundancy and co-correlation in the suite of metrics

Figure 2. Mean biotic condition scores at three upper Blue
River sites sampled during 2 time periods in 2008. Scores
were determined by summation of the % of best attained metric values within the Blue River watershed determined from
previous studies [70] [77] [78]. S.E. = standard error.
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Figure 3. Frequency (% occurrence) in which metrics were included in significant multiple regression models used to
predict biotic condition score in the upper Blue River sampled in 2008. All 27 metrics were either significantly different among sites (ANOVA) for at least one time period, were chosen by STEPWISE as among the best metrics for predicting biotic condition score (model entrance criteria of p = 0.15), or were included in over 50% of the significant
multiple regression models. Metric abbreviations are defined in Table 1.
Table 3. Metric models and statistics from multiple regression analysis of 34 macroinvertebrate metrics for predicting effects
of wastewater discharge on biotic condition in the upper Blue River, for two periods sampled in 2008. Models chosen have the
highest R2 among those with the maximum number of metric categories represented (see Table 1). SCORE = summation of
percent (%) attainment.
# of Metric a
ANOVA p
Model R2
Categories
Value

Model Equation
April 2008
SCORE = 13613 (Tanycp) + 21.51 (Plecrich) – 417.4 (Filtfh) + 619.9

3

0.97

<0.0001

SCORE = – 603.9 (KBItol) – 3169 (Oligocp) – 62.57 (Plecrich) – 1811 (PDT1dd) + 2783

4

0.99

<0.0001

SCORE = 1335 (KBItol) + 5809 (Scfh) + 22.61 (Ephrich) – 517.3 (PDT2dd) – 753.6 (HydTcp) – 2756

5

0.99

<0.0001

SCORE = 298.6 (ScFcratio) + 24.36 (Tricrich) + 18.54 (ODNIcp) + 89.72

3

0.90

0.0019

SCORE = – 148.6 (MBItol) + 32.63 (EPTrich) – 40.34 (PDT2dd) + 17.77 (Filtfh) + 1778

4

0.99

<0.0001

SCORE = 1033 (KBItol) – 5.88 (EPTcp) + 231.2 (ScFcratio) + 12.64 (Tricrich) + 5.72 (ClingRfh) – 2376

5

0.99

<0.0001

August 2008

a

2

adjusted R given from the PROC REG procedure.

included in each of the models. Among the six selected models, richness metrics were represented in all models,
composition/% metrics were represented in all but one model, and both functional/habitat and tolerance categories were represented in four models each (Table 3). In addition, richness metrics included in these models were
all associated with EPT insect orders (Ephrich, Plecrich, Tricrich, and EPTrich). Among the six models, the Kansas
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Biotic Index (KBItol) was a component in 3 models, and five other metrics were a component in two models
(Plecrich, Tricrich, Filtfh, PDT2dd, ScFcratio). Five of the six models chosen also had one metric related to abundance of filtering collectors (Filtfh, HydTcp, or ScFcratio, Table 3). Considering all metrics that fit the criteria and
significant models generated by the regression analysis, the Plecoptera-related metrics Pleccp, Plecrich, and EPcp
were exclusive to significant models in April only (Figure 3), and the diversity/dominance and functional/
habitat-related metrics appeared to be more important in predicting biotic condition attainment score during the
August time period (Figure 3, Table 3). For this study, our model results would be valid for projecting mean
percent attainment only within the range of scores observed for each season (April = 59.9% - 86.5%; August =
66.9% - 84.9%), and assuming that individual metrics in each of the models are independent indicators of biotic
condition.

6. Discussion
Features associated with urbanization have caused a variety of ecological impacts to streams and their aquatic
communities, and the well- studied Blue River system of the Kansas City metropolitan area is no exception. Urban stream segments containing one clearly defined nutrient point source with the absence of either reach-or
watershed-scale changes in habitat or land use upstream, are probably a rare occurrence in most metropolitan
areas of the U.S. Our study reach of the upper Blue River fits a more likely scenario where a WWTF discharge
is the only distinct point source continuously affecting water quality that differs between study sites. In addition
to reporting stream conditions associated with WWTF upgrades, our secondary objectives were to improve our
understanding of macroinvertebrate indicator responses resulting from a point-source wastewater discharge, and
to identify suites of multiple indicator metrics that can collectively predict changes in stream quality under these
conditions. We included responses for additional metrics that may have potential in improving diagnostic capabilities, because screening-level metrics utilized in previous stream quality evaluations can respond to a wide
variety of stressors and may alone not be effective at identifying causes of aquatic life impairment.
Our data indicates that macroinvertebrate communities in the Blue River are responding to longitudinal
changes in stream conditions. Reference [39] concluded that some impacts on aquatic communities observed in
urban streams, including species loss and shifts in dominance to more tolerant taxa, may occur earlier at the beginning of development or at the low end of the urban gradient. Based on macroinvertebrate data from our site 1
and data from two previously studied sites upstream and within the predominantly rural portions of the upper
Blue River watershed, this stream reach is known to have among the highest biotic condition of streams in
Johnson County, Kansas [71] [79] [80], which suggests that the upper portions of our study reach represents the
low end of this urban gradient. This is further evidenced by changes in dominance and composition and the loss
of some sensitive EPT taxa at sites downstream of the WWTF discharge. Including both sampling periods, a total of 13 EPT taxa (4 mayflies, 5 stoneflies, and 4 caddisflies) considered intolerant of degraded stream quality
were present at the upstream site (site 1) and were absent at one or both of the downstream sites (sites 2, 3). Loss
of EPT taxa, shifts in dominance towards more filtering taxa, and a decrease in sensitive taxa, have all been reported in other studies as a response to nutrient increases associated with WWTF discharges in urban areas [34]
[93]. The Biological Condition Gradient (BCG) conceptual model also supports the presumption that our study
reach represents the lower end of the urban gradient, because loss of sensitive taxa and declines in species richness are among the first biological responses observed when stream degradation is progressing towards greater
levels of impairment [94]. Because the BCG model also identifies expected community changes beyond this
level of impairment, our study reports responses of other metrics not associated with EPT insect orders, including several of the RBP metrics related to habitat and macroinvertebrate functional feeding groups [86] that have
not typically been included in previous urban stream evaluations. Taken together with the reach and landscape
scale changes in habitat and land use reported in [69], it appears that our relatively short study reach (10.7 km)
represents the stream segment of the upper Blue River in which rapid and distinct effects on aquatic communities have occurred either in recent past or are presently occurring.
Along our study segment of the Blue River, the concentrations of nutrients we observed increased from upstream to downstream, and were accompanied by a corresponding increase in diatoms associated with nutrient
enrichment and eutrophication [69]. Nutrient enrichment can lead to secondary effects on riffle macroinvertebrates, such as excessive algae growth, increases in suspended fine particulate organic matter and sediment retention [95], and subsequent declines in interstitial living space [22] and food quality [96]-[99]. Correspondingly,
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several macroinvertebrate metric responses we observed indicate the effects of these higher nutrients downstream of the WWTF discharge. These include greater dominance of Hydropsychidae Trichoptera (HydTcp), a
decline in the scraper/filtering collector ratio (ScFcratio), and increases in biotic index values (KBItol and MBItol).
Even though these effects may be secondary responses to greater algal biomass caused by the nutrient increase,
the response of these metrics to nutrient loading is expected because increased algal growth leads to increases in
water column seston, which is fed upon by filtering taxa such as the net-spinning Trichoptera (Hydropsychidae).
Filtering Trichoptera taxa are generally more pollution tolerant than the other Trichoptera taxa found at our upstream site (site 1), and their dominance increased below the WWTF discharge. This is also supported by our
April data for abundance of filtering macroinvertebrates (Filtfh), which was significantly greater at the site directly below the WWTF discharge (site 2, p = 0.002, Table 2) as compared to the other two sites. Further, the
two biotic indices included in this assessment (KBItol and MBItol) responded in the expected direction (values
increased with increasing nutrient enrichment), and both are calculated based on macroinvertebrate tolerances to
nutrient loading in streams [100] [101]. We found all of the aforementioned metrics to be important components
in at least one of the significant regression models selected for predicting degree of attainment in biotic condition (Table 3).
Several studies have reported effects of wastewater discharges on macroinvertebrate communities, and some
of these are related to documenting recovery after facilities were upgraded from primary to secondary treatment
[93] [102] [103] as opposed to measuring conditions after implementation of advanced biological nutrient removal as in our study [69]. Reference [103] concluded that EPT taxa richness was the best indicator response
metric to measure recovery of the White River when Indianapolis, IN upgraded their WWTF’s to advanced
treatment in the 1980’s. Even though some studies have documented an overall increase in macroinvertebrate
biomass or abundance below WWTF discharges [104], most studies have reported negative effects on species
richness and composition. These include declines in scraper/grazers [105], declines in EPT taxa [43], increases
in Hydropsychidae Trichopera [45], and increases in abundance of nutrient-tolerant taxa such as the tendipid
midge Dicrotendipes and orthoclad midges in the Cricotopus/Orthocladius species complexes [106]-[108], all of
which we observed at our two study sites downstream of the discharge. In addition to macroinvertebrates, these
discharges are also known to cause species loss and/or decrease of diatoms [93], alteration of microbial activity
[109] and a decline in food quality for terrestrial insectivores such as bats [48]. Overall, the available literature
suggests that WWTF discharges stimulate autotrophy and heterotrophy, leading to loss of aquatic macroinvertebrate taxa and increase in dominance of tolerant species [34] [93].
Even though previous studies have indicated that much of the nutrients entering urban watersheds originate
from periodic stormwater runoff (precipitation) events, this nutrient source is not continuous as is the case with
wastewater discharges. Reference [44] found that stormwater runoff was more important than WWTF’s in explaining observed increases in contaminants, which can often be associated with these discharges [110] [111].
Reference [99] found that changes in resource quality may favor faster growing or shorter-lived species, and a
negative relationship between diversity and nutrient concentrations. Other researchers have also indicated that
nutrients originating from stormwater have less chance of being utilized as an energy source because runoff
events often coincide with periods of high turbidity which can reduce photosynthetic and metabolic processes.
In fact, nutrient research indicates that a majority of nitrogen in the turbid lower Missouri River passes through
to the Mississippi River without being utilized [112] [113]. This is further supported by [34], who reported low
nutrient retention downstream of WWTF’s in relation to the high concentrations present. Reference [93] found a
similar response in the Little Miami R. in Ohio, with a percent effluent (15% - 35%) similar to that observed
during base flows in our study [69]. In contrast, discharges from WWTF’s provide a continuous source of clarified nutrient-rich water during dry conditions, leaving more opportunities for localized excessive algal growth
and substrate fouling, two of the conditions we observed at our most downstream site during our evaluation of
stream habitat quality that accompanied the overall study [69]. Other macroinvertebrate studies conducted below
WWTF discharges indicate that except during higher flows that dilute these discharges, low flow conditions are
unfavorable for survival of some EPT taxa [114]. We did not attribute loss of EPT taxa or changes in composition to water temperature because of the small magnitude in site differences we observed; under most conditions
and seasons, differences between site 1 and site 3 were approximately 1˚C or less [69].
In addition to nutrient loading, factors such as sedimentation and habitat instability are also known to alter the
functional composition of macroinvertebrates in streams, and some responses of macroinvertebrate functional
feeding group metrics we observed in this study at least partially supports this conclusion. Literature indicates
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that altered fluvial processes as a result of urbanization and resulting habitat degradation may be more important
than toxicity or organic loading [115], and that sedimentation associated with urbanization may cause more
widespread effects than nutrient increases [116]. Reference [22] found even moderate levels of sedimentation
can cause a decline in some scraper/grazer taxa. Further, scrapers are known to be negatively affected by other
stressors associated with increased urbanization, even in streams that do not have WWTF discharges [79] [117].
Habitat scores for canopy cover and riparian buffer widths were lower at the most downstream site [69], and
previous research suggests that streams with more open canopy cover, increased sunlight availability and concentrations of nutrients, should yield a decrease in shredder abundance and an increase in scraper/grazer abundance [118]-[120]. We did observe lower abundance of shredders at our most downstream site in April, however
scraper abundance declined at downstream sites in comparison to the upstream site based on August data.
These changes may be secondary responses to nutrient loading, because excess nutrients can reduce shredder
food availability through increased leaf litter breakdown rates [3] [30] [121] and increases in algae growth can
result in higher food availability for scraper/grazer macroinvertebrates [118] [120]. Available literature suggests
that scrapers do increase at intermediate levels of algae biomass, but when this growth increases to the point
where periphyton becomes embedded with fine sediment particles, this food source becomes less palatable to
scraper macroinvertebrates [122]. Similarly, substantial decreases in scraper abundance have been demonstrated
as a result of chemical contamination in periphytic algae [123] and fungal growth on leaf surfaces [124] [125],
both of which are fed upon by macroinvertebrates belonging to this functional group. These conclusions, taken
together with our overall study results, suggests that the decline in scraper macroinvertebrates at site 3 may be a
secondary toxic response related to water column contamination of substrate food materials (periphyton and/or
aquatic fungal growth), excessive algal growth in riffles due to nutrient increases and a more open canopy, or a
combination of both. We also documented responses in percent filterers (Filtfh), which significantly increased at
the site immediately downstream of the discharge (site 2) in April.
Reference [96] found that urban streams mainly support macroinvertebrates adapted to rapidly changing flow
and unstable, erosional substrates, or those that use low-quality transient food sources. This is supported by our
significant decline in the ratio of scrapers to filtering collectors (ScFcratio) directly downstream of the WWTF
discharge during both time periods (Table 2). For the same reasons, we also expected a response in metrics associated with macroinvertebrate clingers (richness = ClingRfh, abundance = ClingPfh) which commonly colonize
root mats and overhanging vegetation along stream margins. A decline in these metrics at sites downstream of
the WWTF discharge might be expected due to our estimates of greater exposed channel substrates during base
flow conditions at these sites [69]. It is possible that root mats and overhanging vegetation along stream margins
may either become frequently disturbed during scouring periods of higher runoff, or may not be inundated long
enough to provide habitat for clinging macroinvertebrates during low flows. Even though the ClingRfh metric
was chosen by STEPWISE and included in one of the significant regression models, we did not observe statistically significant differences among sites for the two clinger metrics during either time period.
Watershed scale parameters associated with land use are important in shaping aquatic community assemblages in streams [44] [65] [126] [127]. Available literature has documented declines in macroinvertebrate species
richness in the absence of WWTF discharges, both with increases in urban land cover [122], impervious surfaces [8] [60] [61] [128] [129], urban intensity [39] [130], habitat loss [131] and nutrient enrichment from sources
other than WWTF discharges [99] [132]. In their study of streams receiving WWTF discharges, [43] found significantly fewer mayfly taxa, total taxa, and Tanytarsini midges in urban streams as compared to rural streams,
suggesting that simultaneous land use changes associated with urbanization may contribute additional nutrients
when these sources occur simultaneously. Supporting literature indicates that even in the absence of elevated
concentrations of toxins, nutrient increases due to urban runoff can still cause elimination of sensitive species
and increase in dominance of nutrient-tolerant taxa [132]. Other studies have suggested that previous land use
changes that occurred before modern approaches in bioassessments were implemented may mask the effects of
other stressors, and that these legacy effects may be much longer lasting than currently observed impacts [39].
Similarly, reference [133] found that land use in the 1950’s was the best predictor of present-day diversity in
stream ecosystems. However, these studies may not be directly applicable to local scale changes that might be
expected from distinct point sources, and land cover variables such as impervious surfaces are often considered
as surrogates for predicting responses at the watershed scale [134] [135].
Among studies where degradation of aquatic communities has been documented in urban streams, some have
reported thresholds at which biological effects begin to occur. For example, thresholds for percent impervious

1209

B. C. Poulton et al.

surface cover range from as low as 5% - 7% for coldwater streams [61] [136]-[138] and a range of 8% - 15%
among studies conducted in warmwater streams [60] [139]-[143]. Our estimates of impervious surface cover
between site 1 (5.8%) and site 3 (7.7%) fall within the lower range of these studies [69] and suggests that this
threshold may be considerably lower than the 10% level most commonly reported in several of these studies.
Therefore, the WWTF discharge in our study may be lowering the expected threshold for effects of other watershed variables. Similarly, thresholds for reach or segment-scale variables have also been reported, including
nutrient assimilation [119] and habitat quality measures [115] [144]. In our study, nutrient concentrations at the
two downstream study sites [69] were comparable to thresholds ranging from 0.86 - 1.92 mg total nitrogen
(TN)/L determined by other research studies [99] [145] [146], whereas the 0.61 mg/L value reported by [119]
was closer to values we observed at our upstream site. Similarly, previous investigators have demonstrated that
localized reach-scale parameters and riparian land use in the immediate radial buffer zone are better predictors
of biological effects than watershed-scale land cover measurements [38] [127] [147]. Our results at least partially support this conclusion, because urban land cover and impervious surface cover change rapidly in the localized region adjacent to our 10.7 km study reach. We calculated these parameters for the intervening area [69] to
demonstrate this localized land use change and provide comparisons with overall watershed-scale estimates.
Within the intervening area (defined as the watershed area contributing to the stream between site 1 and site 3),
impervious surfaces were nearly twice that of the total watershed area above site 3 (13.7% vs. 7.7%), and urban
land cover was nearly 10% higher (34.3% vs. 25.8%), indicating that these land cover variables are rapidly
changing within our study segment. Even though the observed differences in watershed-scale estimates of these
parameters between the upstream and most downstream site do not appear large, these localized changes may be
contributing to an increase in stormwater runoff within our study reach. However, we did not quantify the degree of stormwater connectivity within the intervening area, which may have improved our interpretations regarding the causes and sources of these contributing stressors and corresponding biological effects we observed.
Considering these factors, it is likely that biological effects associated with the nutrients contributed by the
WWTF discharge may be confounding any conclusions related to impervious surface thresholds. Further, it is
apparent that our study would have benefitted from a more detailed examination of stormwater runoff patterns
and the partitioning of connected vs. non-connected impervious surface cover, as has been suggested by other
research studies conducted in urban streams [129].
Stream quality evaluations in urban waterways often suffer from limitations associated with the presence of
multiple co-occurring stressors [53] [54] and the fact that individual metrics often lack the diagnostic ability
needed to effectively identify specific causes and sources of impairment in these streams [67]. For example, simultaneous increases in nutrients and fine sediments resulting from both point and non-point sources are often
the most commonly observed consequences resulting from urbanization, yet several macroinvertebrate indicator
metrics respond similarly to both of these stressors along with a wide variety of other sources of stream degradation [86]. A common approach to this problem has been to integrate several response metrics and develop a
multimetric index such as a Benthic Index of Biotic Integrity (B-IBI), to provide a method of scoring or rating
the biological condition of a stream site relative to other sites. In comparison to assessments that utilize only one
or two metrics, this approach of integrating several metrics into an index not only provides a more robust evaluation, but also may improve diagnostic capability while minimizing metric redundancy and bias [51] [148]-[151].
Previous investigators have suggested utilizing a systematic approach to carefully select metrics for inclusion
into an index, so that the negative effects these shortcomings have on assessment results can be reduced. In previous studies, the index development process has included filters or screening tools [67] [152], empirical methods [65] [127] or modeling approaches [44] [66] to determine which indicator metrics best respond to certain
stressors. However, most of these studies include indicator response data from many stream sites over large
geographic areas to develop multimetric indices that ultimately have broad applicability. Considering this, multimetric indices may also obscure the ability to differentiate causes of individual stressors on biota. In our study,
we utilized a 10-metric macroinvertebrate score developed for evaluating eastern Kansas streams because these
biotic condition scores for the upper Blue River system were included in previous stream quality evaluations
conducted with the same KDHE sampling protocol and during the same seasons of collection [71] [79] [80], and
therefore were deemed more appropriate for smaller scale studies such as ours.
In this study, we used responses of indicator metrics to collectively predict the overall level of attainment in
biotic condition at the local scale based on optimum conditions (i.e. best documented metric values from previous studies) within the Blue River watershed. Results indicate that our sampling reach attains a biological
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quality ranging from 59.9% to 86.5% of the best conditions known to exist within the watershed, and that scores
at the site upstream of the discharge indicate that it is most similar in biotic condition to these higher quality
sites [71] [79] [80]. This can partly be explained by the presumed loss of 13 EPT taxa downstream of the discharge, because many of these same taxa are present at these previously studied upstream sites that attain the
best metric values and scores. In our study, macroinvertebrate metrics related to EPT insect orders were frequently identified in significant site differences, metric selection steps, and multiple regression models. This
supports results of other research studies that have concluded both total and EPT taxa richness measures are
among the best indicators for factors associated with urbanization [38] [39] [103] [138]. Our significantly higher
estimates of intolerant taxa abundance (IntKBItol) upstream of the WWTF discharge during both sampling periods is also supported by others who have found tolerance metrics to be among the most sensitive indicators of
nutrient enrichment [66]. Even though this metric was not included in any of the significant regression models
we chose to report here, substituting this metric with the other tolerance metrics that were included in our assessment (KBItol and MBItol) generated highly significant regression coefficients that were only slightly lower
than those reported in Table 3. We recognize that relative abundance (composition/%) metrics may have a
higher spatial or temporal variation than metrics in other categories because of the qualitative nature of the
KDHE sampling protocol [81]. However, only five metrics from this category were included in the models, and
stipulations associated with the field sampling and Kansas protocol outlined in our methods were intended to
reduce sorting bias and improve the sample variance and usefulness of relative abundance metrics. Our results
indicate that each suite of indicator metrics (i.e. model components) we selected for predicting percent attainment do meet our original goals of representing a wide diversity of community attributes, yet reduce metric redundancy concerns that have been identified by previous multimetric studies [65]. Other studies have also documented responses of several of these metrics to various factors associated with urban streams, including Tanycp, Oligocp, HydTcp, and EPTcp [43] [102].
This study utilized the combined percentages of best metric values within the watershed determined from a
continuum of 10-metric biotic condition scores in previous macroinvertebrate studies [71] [79] [80] to represent
an integrated measure of stream condition and overall biological response for comparatively scoring our study
sites. This approach also provided the basis for identifying significant combinations of indicator metrics with
relatively low redundancy that can effectively predict the ability of an urban stream site to attain a biotic condition similar to the best known conditions within the watershed. Our observed responses were generally more
pronounced in April, partly because some stoneflies (Plecoptera) and caddisflies (Trichoptera) have univoltine
and relatively short life cycles with dormant egg stages during summer months [153] [154], and therefore had
already emerged from the stream before late summer samples were taken. This seasonality of life cycles may
also explain the lack of significant site differences in August for many of the metrics associated with these two
insect orders that were significant in April (Table 2). In addition, our significant regression models include
combinations of several indicator metrics not previously reported below WWTF discharges, including those related to effects from decreased habitat quality and changes in functional feeding groups (Filtfh, SCfh, ClingRfh,
ScFcratio), and those related to changes in dominance (PDT1dd, PDT2dd) or relative abundance of specific indicator groups of macroinvertebrates (Tanycp, Oligocp, HydTcp, ODNIcp). Even though the regression coefficients of
the models we chose are relatively high (>0.95), percent attainment as defined in this paper is not directly correlated to the individual metric values themselves. Therefore, we partially attribute this to the short range in percent attainment values across the metrics we tested. Our goal was to identify meaningful combinations of indicator metrics with low redundancy that are useful for determining percent attainment based on benchmark values from the best available sites in the watershed. The metric combinations and models may be useful for either
projecting changes in biotic condition occurring over a relatively short stream segment with a distinct nutrient
point source, or eventual development of a multimetric index for evaluating the degree of attainment in biotic
condition based on least-disturbed or best available sites within urbanized watersheds. Because of this, our model results may especially be useful in cases where only the downstream reaches of a watershed are urbanized,
because upstream and least-disturbed sites within undeveloped, rural areas (as is the case with the Blue River)
would be available for making site comparisons similar to ours.
Our data indicates that macroinvertebrate communities in the upper Blue River are responding primarily to
longitudinal changes in organic nutrient enrichment, which is further supported by the algae and water quality
results from the overall study [69]. The responses we observed suggest that the WWTF discharge is the primary
nutrient source within our study reach, even though other stressors related to land use, habitat quality and hy-
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drology may be contributing factors to these responses. At our two most downstream sites, the poor rating of riparian bank protection and subsequent increase in stream substrates exposed in the stream channel during base
flow conditions, as well as the higher periphyton biomass, conductivity, turbidity, and water column nutrients
[69] are also likely associated with the WWTF discharge. However, the increases in percent urban land cover
and impervious surfaces within our study reach, both at the watershed scale and locally within the intervening
area, indicate that there are other potential sources of stressors not related to the WWTF discharge. It is possible
that our observed longitudinal increases in nutrients may be due to both of these sources occurring simultaneously along the study reach. However, since the WWTF discharge is continuous and other potential nutrient
sources such as urban stormwater are intermittent, we would not expect the combined effect of these sources to
occur except during precipitation-based runoff events. In addition, biotic condition at our furthest downstream
site may also be negatively affected by lower habitat scores for canopy cover and average buffer width. Other
studies have reported macroinvertebrate responses to changes in watershed land use, increased impervious surfaces, and habitat conditions that were similar to our study [131] [147] [155]. However, in comparison to these
studies, the observed magnitude of change in many of these parameters within our study reach was relatively
small.
Based on loss of sensitive EPT taxa and changes in dominance or abundances of ecologically important
groups of indicator macroinvertebrates, there is an upstream-to-downstream decline in stream quality indicating
a gradient in overall biological condition within our 10.7 km study segment. Our resulting site scores indicated
that during the spring season, relative biological condition at the upstream site (site 1) was significantly greater
than the two sites downstream of the WWTF discharge. In addition, the results from the August sampling period
identified the site directly downstream of the WWTF discharge as non-supporting of aquatic life based on the
multimetric score determined from the four KDHE metrics (Figure 2). This study did not include macroinvertebrate data collection before implementation of biological nutrient removal at the WWTF, which would have allowed temporal comparisons in communities. Reference [102] documented a three year aquatic community recovery period after implementation of advanced treatment, so it is possible that stream conditions may not have
reached equilibrium at the time of sampling. However, because part of the WWTF upgrade included a capacity
increase as well as biological nutrient removal, the total loading of nutrients was essentially the same as that
prior to upgrades [69]. Theoretically, the resulting larger volume of effluent containing lower concentrations of
nutrients may counteract the adverse effects of lower flows during summer months, or at least lessen their severity. This premise is supported by other studies that have documented either a lower severity of effects from
WWTF discharges when effluent is more diluted [114], or a greater severity during summer months and periods
of low flow [44]. One result from our overall study also supports this conclusion, in that at sites downstream of
the discharge, stream metabolism was altered by nutrient enrichment only during the summer months when
lower flows predominated [69].

7. Conclusion
Overall, our study results have potential implications related to the effectiveness of currently available biological
nutrient removal technologies. Even though nutrient concentrations were found to be below NPDES permit targets after the upgrades [69], present-day discharges from this facility do not provide an adequate level of aquatic
life protection, especially for preventing the loss of EPT taxa. This conclusion is similar to other studies that
have documented that urban streams often do not meet warmwater aquatic life criteria [134], especially when
WWTF discharges make up a significant portion of the base flow in these streams [40] [41] [156]. Another implication resulting from this study is that combinations of indicator metrics with low redundancy can effectively
predict the degree to which an urbanized stream reach can attain the highest known biological condition in a
watershed. These metric combinations represent a wide variety of community attributes that respond either directly or indirectly to urban-related stressors, including changes in habitat quality, land use, and functional
composition. Also it is the fact of ecological significance that macroinvertebrate communities within our study
reach of the Blue River system currently have the ability to recover if a greater level of nutrient removal from
WWTF discharges becomes possible in the future. This is because upstream portions of the watershed remain
primarily rural, with reaches of relatively high biological condition and containing many of the same taxa not
found downstream of the WWTF discharge [69] [71] [79] [80]. Even though our study helped the facility meet
permitting requirements associated with the upgrade, it was not designed to evaluate or monitor long-term tem-
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poral effects of the discharge. However, our data taken after implementation suggest that concentrations of nutrients downstream of the WWTF discharge currently remain significant enough to cause adverse effects on macroinvertebrate community structure, and that future implementation of technologies that remove a larger quantity of nutrients from effluent may be required to protect aquatic life in urban waterways that receive these discharges.
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