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ABSTRACT: To protect streams in agricultural watersheds, best management practices (BMPs) are
implemented to reduce or prevent contaminated runoff from reaching surface waters. Over the course of three
growing seasons (2000-2002), this study assessed physical, chemical, and biological indicators of water
quality at 13 total stream sites in two agricultural watersheds (Garvin Brook, Whitewater River) in
southeastern Minnesota USA, where BMPs have been used for over 50 years prior to the study period. Some
sites in both watersheds exhibited impaired water quality due to high turbidities, high levels of total suspended
solids (TSS) and fecal coliform bacteria, and low fish and benthic macroinvertebrate biotic integrities. Non-
metric multi-dimensional scaling of water quality indicators and principal components analysis of fish and
invertebrate communities highlighted varying degrees of differences between watersheds. On average, Garvin
watershed sites exhibited better water quality during 2000—2002 than sites in the Whitewater watershed, likely
because more headwater reaches were surveyed in Garvin Brook. A fish community index biotic integrity
(IBI) was significantly negatively correlated with turbidities, TSS, and fecal coliform bacteria levels, but the
benthic macroinvertebrate community IBI was not correlated to any water quality indicator or to the fish IBI.
More recent studies in these watersheds and current impaired waters listings continue to indicate significant
and ongoing water quality issues, so continued water quality monitoring is needed in these two watersheds to
highlight and prioritize problematic subwatersheds for future conservation efforts to reduce or prevent
agriculture-related runoff from reaching the stream networks.

Keywords: Agriculture; Trout streams; Coldwater; Fish IBI; Benthic macroinvertebrates; Turbidity; Fecal
coliform bacteria; BMPs

1. Introduction

Intensive agricultural practices (e.g., crop and livestock production) can have strong, negative effects
on surface waters within agricultural watersheds [1—4]. Streams and rivers that drain croplands, livestock
pastures, and feedlots often are subjected to contaminated runoff containing eroded soils, livestock wastes,
and a myriad of agricultural chemicals (fertilizers, pesticides, herbicides, fungicides) that reduce water
quality, alter lotic habitats, and impair aquatic life [1,2,5-10]. The high percentage (often exceeding 80%)
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of agricultural land uses within many rural watersheds strongly suggests that negative impacts to stream
and river systems are likely to occur [11-14]. This may be especially true in regions with karst geology,
where cracks and fissures in underlying bedrock formations can serve as direct conduits between surface
activities and groundwater, and between groundwater and spring-fed stream systems [15,16].

To lessen the direct and indirect impacts of agriculture on surface waters, Best Management Practices
(BMPs) are typically implemented within watersheds to reduce runoff, prevent soil erosion, and better
manage livestock waste storage and application [17-21]. The extent and placement of BMPs are crucial to
their success, as too few or poorly located BMPs may not reduce runoff sufficiently to produce a measurable
positive change in stream habitat or lotic communities [22-26]. This is especially true in watersheds where
a threshold-level response may limit observable effects of BMPs on stream conditions until a certain
proportion of the landscape has been brought under control [27]. Deciding what type(s) of BMPs to use,
how many BMPs to use, and where to locate them requires knowledge of (1) the numbers and types of
activities that may impact streams and rivers draining a watershed, (2) the locations where potentially
contaminated snowmelt or stormwater runoff are most likely to enter drainage networks, and (3) the extent
to which surface water quality may be compromised by that runoff [18,21].

BMP selection and implementation can be highly complex due to the wide variety of variables (e.g.,
type of contaminant, landscape topography, soil conditions, costs, maintenance needs, projected lifespan
of the BMP, changing climates, landowner willingness, others) that may influence the effectiveness of the
various BMPs [18]. Consequently, the types, numbers, siting, and potential effectiveness of BMPs (both
planning/pre-implementation and post-implementation) often is estimated by various types of modeling
tools (e.g., Storm Water Management Model (SWMM), Soil and Water Assessment Tool (SWAT),
Variable Source Loading Function (VSLF)), hopefully to determine the best approach(es) among various
alternatives to maximize contaminant runoff control while also maximizing cost-effectiveness [28—39].
Although modeling tools can often estimate potential contaminant reductions without local data on in-
stream contaminant concentrations, including such localized contaminant data for model calibration and
validation greatly improves the accuracy of reduction estimates [33,36,38].

Even as BMPs are implemented in watersheds to counteract land use impacts, there is a continuing
need to both monitor the effectiveness of the BMPs already in place (although it might require years to
decades after BMP implementation to detect the effects of the BMP) [40,41] and to determine where
additional BMPs might be needed to further protect streams and rivers from on-going activities [42—46].
To accomplish these, regular (or at least periodic) water quality and aquatic community assessments are
needed [45,47,48]. These data are used to validate and calibrate models designed to simulate the complex,
ever-changing agricultural outputs within watersheds and to estimate their potential contributions to
pollutant transport and fate [33].

The present study was conducted to assess water quality indicators in two watersheds in southeastern
Minnesota where targeted BMPs have been utilized for many decades to protect coldwater streams and
rivers from agricultural runoff. Physical/chemical water quality data spanning three growing seasons
(2000-2002) were collected regularly at multiple stream sites more than 20 years ago to add to the regional
water quality database, but were never analyzed independently. Consequently, I used the 2000-2002 data
to evaluate, at the subwatershed level, the general effectiveness of BMPs already in place in the watersheds
by the early 2000s. Aquatic communities (benthic macroinvertebrates, fish) also had been surveyed at these
same sites, and their biotic integrities were used as additional measures of BMP effectiveness. Viewing
through the lens of more recent studies within these watersheds [49-52], | hypothesized that: (1) watersheds
would exhibit poor water quality despite the widespread implementation of many BMPs before the year
2000, (2) water quality should not differ between watersheds due to their close proximity, similar
agricultural activities, and underlying karst geology (although watershed size may have some effect), and
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(3) both fish and benthic macroinvertebrate community integrity would be significantly correlated with
physical/chemical water quality variables.

2. Study Area

The study was conducted in two adjacent watersheds (Whitewater River, Garvin Brook/Rollingstone
Creek) in southeastern Minnesota, USA (Figure 1), within the Driftless Area ecoregion [15], a region
bypassed by recent glaciation events and spanning over 62,000 km? across southeastern Minnesota, west-
central Wisconsin, northeastern Ilowa, and northwestern Illinois [53]. The Driftless Area is underlain by
karst geology, resulting in a network of over 600 cold, groundwater spring-fed streams and rivers that
extend for over 9300 km and drain to the upper Mississippi River [53]. These coldwater streams variously
support naturally reproducing populations of native brook trout (Salvelinus fontinalis) and non-native
brown trout (Salmo trutta), plus stocked rainbow trout (Oncorhynchus mykiss) that sustain Driftless Area
recreational angling activities valued at over US $1 billion per year [53].
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Figure 1. Maps of the two study watersheds in southeastern Minesota USA with stream sites designated by numbers: (A) Garvin
Brook watershed (1—Peterson Creek, 2—Garvin Brook Upper, 3—Unnamed tributary, 4—Stockton Valley Creek, 5—Garvin
Brook Stockton, 6—Garvin Brook Lower, 7—Rollingstone Creek, 8—Garvin Brook Minnesota City); (B) Whitewater River
watershed (1—North Fork Carley, 2—North Fork Fairwater, 3—Logan Creek, 4—Middle Fork Quincy, 5—South Fork Crystal
Springs). Blue lines represent designated coldwater trout streams, and red lines indicate reaches available for public angling
access. A small inset map shows the proximities and boundaries of the two watersheds.

Streams within the Driftless Area are impacted by a variety of human activities (e.g., several small
cities with populations <5000 with permitted municipal wastewater treatment discharges), but agriculture
(row crops, haylands, livestock grazing, confined feedlots) dominates most regional watersheds [49,54—58].
The Garvin Brook watershed (12,432 hectares) was one of 21 rural watersheds in the USA selected during
the 1980s to evaluate the effects of agricultural best management practices (BMPs) in controlling nonpoint
source pollution and protecting both surface water and groundwater resources [59]. In the Whitewater River
watershed (83,059 hectares), >1000 documented BMP sites/practices have been implemented to reduce the
impacts of agriculture on water and soil health, some dating back to the 1930s [49]. Despite these ambitious
efforts, surface water quality issues persist in both watersheds, and there is a continuing need for additional
fine-tuning of BMPs (i.e., locations, types, magnitude) to protect and restore water quality to the greatest
extent possible.

In general, streams in both watersheds are largely free-flowing and contain only modest hydrotechnical
structures. Both watersheds contain dozens of small earthen check dams situated high in small valleys to
capture and manage surface water runoff [16], but neither watershed contains in-channel dams or canals
that might limit or alter stream flows. Numerous road and railway crossings in the watersheds require
streams to flow through various galvanized metal or concrete culverts sized to allow for free water
movement during all but the most extreme runoff events. The downstream portion of the Whitewater River
contains a complex of diked pools and marshes within a wildlife management area that can be filled or
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drained for waterfowl habitat management [15]; none of the sampling for this study was conducted within
or near these diked pools.

3. Methods

This study was conducted during May through October 2000 and May through August 2001 and 2002.
Within the Whitewater River watershed, the same five sites (North Fork-Carley, Logan Creek, North Fork-
Fairwater, Middle Fork-Quincy, and South Fork-Crystal Springs) were monitored during each of the three
years (Figure 1). Within the Garvin/Rollingstone watershed, three sites (Garvin upper and lower, Stockton
Valley Creek) were monitored during 2000, four additional sites (Peterson Creek, Unnamed tributary to
Garvin Brook, Garvin Brook-Stockton, Garvin Brook-Minnesota City; seven sites total) were monitored in
2001, and one additional site (Rollingstone Creek; eight sites total) was monitored in 2002 (Figure 1). Sites
were chosen in consultation with personnel from the Minnesota Pollution Control Agency to represent
reaches within subwatersheds where additional water quality data were needed to determine whether legal
water quality standards were being met.

3.1. Fieldwork

Stream sites were visited weekly during the study period, plus on additional days associated with rain
events. During each visit, three separate grab water samples were collected for analysis of total suspended
solids (TSS), fecal coliform bacteria, and chlorophyll a. Samples were held on ice until delivery to a local
analytical testing lab within a few hours after collection.

In addition to collecting water samples, several other stream water variables were assessed during each
site visit. Water temperature (°C) and pH were measured with a portable meter (HI 8314 pH/temperature
meter, Hanna Instruments, Woonsocket, RI, USA), turbidity (NTUs) was measured with a portable
turbidimeter (DRT-15CE with a 0.02 NTU reference standard, HF Scientific, Inc., Fort Myers, FL, USA),
water transparency was measured with a 60-cm (in 2000) or 100-cm (in 2001 and 2002) transparency tube,
and stream discharge (m?/s) was calculated as the product of stream width, mean depth (based on depths
measured at 12 equally spaced locations across the stream transect), and mean current velocity (based on
measurements at 0.6-depth at same 12 locations as depth, using a Marsh-McBirney Model 2000 Flo-Mate
portable velocity meter, Frederick, MD, USA).

During 2002, fish communities in a 150-m reach at each of the 13 stream sites were surveyed via single-
pass (downstream to upstream) electrofishing using one or more backpack electrofishing units (Smith-Root
Type VII, 12-B POW, LR-24, or LR-20B, Vancouver, WA, USA) and dip nets. All fish collected were
identified, counted, and returned alive back into the stream. Single-pass electrofishing is sufficient for
documenting the fish communities at sites in small streams such as those in this study [60—-63].

Also, during 2002, benthic macroinvertebrate communities were surveyed at the 13 stream sites.
Separate macroinvertebrate samples were collected in each of three successive riffle habitats at each site by
using a D-frame aquatic dip net (0.5-mm mesh). The net was placed against coarse substrates on the stream
bottom, and the substrate upstream from the open net mouth was kicked for 30 s to dislodge invertebrates,
which drifted downstream into the net. A single sample consisted of all the invertebrates collected during
two 30-s kicks, one in a “fast” section of the riffle and one in a “slow” section. The net contents
(invertebrates plus debris) were washed into a sample jar and preserved in the field in 70% ethanol until
the samples could be processed in the laboratory.
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3.2. Laboratory Procedures

Stream water samples were tested for TSS, fecal coliform bacteria, and chlorophyll a at a local certified
surface water and wastewater testing lab (Southeast Minnesota Analytical Service, Department of
Chemistry, Winona, MN, USA). All analyses followed standard testing protocols required for certified
facilities at the time of the study (2000-2002) [64].

In the laboratory, benthic macroinvertebrates in each sample were hand-picked from sample debris
with the aid of an illuminated magnifier (10x magnification; Taber Luxo-Lighting, Strathmore, CA, USA).
Invertebrates were counted and identified to the lowest practical taxonomic level (usually genus) [65—68]
with the aid of a dissecting microscope (8 to 50% magnification; Nikon SMZ645, Nikon Instruments Inc.,
Melville, NY, USA). Midge larvae and pupae (Chironomidae) were identified only to the family level.

3.3. Data Analyses

Stream site physical/chemical and water quality variables (pH, water temperature, turbidity,
transparency, discharge, TSS, total coliform bacteria, and chlorophyll @) were analyzed in a variety of ways.
Initially, data were combined across all sites and years within each watershed to create two separate
watershed datasets for comparison to one another. Values for each variable were sorted into varying
numbers of bins (e.g., 1 °C bins for water temperature, 0.25 pH unit bins for pH, and so on; see figures in
Results for specific bins for each variable). Different bins for some variables were set to correspond to
either meeting or exceeding existing state water quality standards (e.g., coldwater stream turbidity < 10
NTUs; coliform bacteria < 1000 colony-forming units/100 mL) [69]. The distributions of counts across
bins were compared between the Garvin/Rollingstone and Whitewater watersheds with a contingency table
Chi-square test for each variable, to determine if there were significant differences in the distributions for
each variable between watersheds (i.e., values skewed higher or lower between basins).

Next, physical/chemical and water quality data were compiled and summarized (median values)
separately for each site/year combination to examine potential differences among sites within each
watershed and between watersheds. Using median values for these eight variables, principal components
analysis (PCA; JMP Pro 18, JMP Statistical Discovery LLC, Cary, NC, USA) was used to visualize and
compare relationships among the 33 site/year combinations within the two watersheds. Possible
correlations among the physical/chemical and water quality variables were assessed using multivariate
analysis based on Spearman rank correlation coefficients (rho) in JMP Pro 18.

Various metrics were used to assess the fish and benthic macroinvertebrate communities present at the
13 stream sites in the two watersheds. These metrics included simple taxa richness (number of species
present), Shannon and Simpson community diversity indices [70], and separate indices of biotic integrity
(IBI) for fish (regional coldwater IBI) and benthic macroinvertebrates (benthic IBI) [71,72]. These two IBIs
assessed fish and benthic macroinvertebrate community characteristics and scored them compared to best
possible conditions, to evaluate the collective impact of a variety of stressors (e.g., urbanization, agricultural
activities, logging, construction activities, natural disturbances, elevated water temperatures) to stream
habitat and water quality [71,72]. The fish IBI was based on values and scoring of 12 coldwater fish
community metrics (Table 1) to rate stream conditions on a scale of 0 (very poor) to 120 (excellent) [68],
whereas the benthic invertebrate IBI utilized 10 metrics (Table 2) to assess stream sites on a scale of 0 (very
poor) to 100 (excellent) [72].

Each of these five indices was compared between the eight Garvin and five Whitewater watershed
stream sites with separate Mann-Whitney tests (VassarStats: vassarstats.net; accessed on 15 January 2026).
Collective fish and benthic macroinvertebrate communities (i.e., all fish collected at all sites within a
watershed, all invertebrates collected at all sites within a watershed) within the two watersheds also were
compared between watersheds with several community similarity indices (Sorensen index, Renkonen
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percentage of similarity index, Bray-Curtis community similarity index, Canberra metric, Morisita’s index
of overlap, Horn index of community overlap [all ranging from 0 = no similarity, to 1 = complete similarity]
using Quantan (Quantitative Analysis in Ecology, May 1997 version) software [70]. Because fish sampling
effort (i.e., electrofishing time) was variable among sites due to differences in stream area and habitat
complexity, fish taxa richness values were standardized (taxa/1000 s electrofishing time) across sites prior
to statistical comparisons. Similarly, individual fish species abundances were standardized
(individuals/1000 s electrofishing time) prior to calculating diversity and similarity values. Because benthic
macroinvertebrate sampling effort did not vary among stream sites, no standardization was needed for either
taxa richness or species abundances.

Fish and benthic macroinvertebrate data were analyzed separately with non-metric multi-dimensional
scaling (NMDS using Bray-Curtis dissimilarity; JMP Pro 18 software) on transformed fish and invertebrate
count data (Hellinger transformation; square root of relative abundances at each site) [73]. Two ordination
plots (separate plots for fish and invertebrates) were created to visualize the level of community
dissimilarity and potential site clustering among the 13 stream sites within the two watersheds. Spearman
rank correlation coefficients (JMP Pro 18) were then used to compare each of the fish and invertebrate taxa
individually to each dimension of the respective fish and invertebrate NMDS models, to assess which
species were most related to the ordination space in each model.
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Table 1. Coldwater fish index of biotic integrity (IBI) metric values, scoring, and total integrity scores and ratings for stream sites in the Whitewater River and Garvin Brook watersheds
in 2002. Stream site designations as in Figure 1.

‘Whitewater Sites

Garvin Sites

3 4 5 8
. Valu Sco Val Sco Val Val Sco Val Sco Val Sco Val Sco Val Sco Val Sco Val Sco Val Sco Val Sco Val Sco

Coldwater IBI Metrics Score

e re ue re ue ue re ue re ue re ue re ue re ue re ue re ue re ue re ue re
Number of Species 9 5 4 10 7 0 7 5 5 5 3 5 3 10 2 5 3 5 3 10 3 10 6 5 12 0
Number of Coldwater Species 2 5 2 5 2 5 3 5 2 5 3 10 3 5 2 5 1 0 2 5 1 0 1 0 2 5
Number of Minnow Species 3 5 1 10 3 0 3 5 1 10 0 10 0 10 0 10 0 10 0 10 0 10 2 5 2 5
Number of Benthic Species 4 0 3 0 3 0 3 0 2 5 1 5 1 5 1 5 2 0 1 10 2 5 4 0 6 0
Number of Tolerant Species 4 0 1 10 2 0 3 5 2 5 0 10 0 10 0 10 1 10 1 10 1 10 2 5 0 10
?f(ﬁm Salmonids as Brook 0.0 0 0 0 0 0 0 0 0 0 163 5 17 0 0 0 0 0 0 0 0 0 0 0 788 5
Percent Intolerant Individuals 0.0 0 17.7 5 0 0 61.7 10 0.7 0 69.8 10 551 10 779 10 0 0 0 0 0 0 0 0 36.3 5
Percent Coldwater Individuals 14.0 0 63.9 5 13.6 0 71.4 5 94.8 10 100 10 100 10 100 10 77.2 5 88.2 10 2.7 0 24.4 0 452 5
Percent White Suckers 26.9 0 42 0 30.5 0 19.4 0 3.6 0 0 10 0 10 0 10 19.3 0 11.8 0 51.4 0 36.6 0 0 10
Percent Top Carnivores 14.0 0 46.1 5 4.2 0 9.7 0 94.2 10 36.1 5 45.7 5 22.1 0 77.2 10 447 5 0 0 24.4 0 46.6 5
Number of Coldwater 24 0 198 10 25 0 140 10 292 10 443 10 385 10 317 10 44 5 67 5 3 0 100 0 6 5
Individuals per 150 m
Number of Warmwater 47 0 112 0 16l 0 565 6 5 0 0 0 10 0 0 13 10 9 10 108 0 31 5 9 0
Individuals per 150 m
Total score 15 60 5 50 65 100 95 85 55 75 35 20 55
Rating Poo Fair Very Fair Fair Go Go Go Fair Go Fair Poo Fair

r poor od od od od r
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Table 2. Benthic macroinvertebrate index of biotic integrity (BIBI) scoring and rating criteria and metric scoring system.
Modified from [72].

Total BIBI
Integrity Rating Score Benthic Community Characteristics
The best condition; the community has been disturbed minimally by humans and there
Excellent 65-100 is a rich variety of taxa; >20 taxa are present; =15 Clinger taxa; =6 Diptera taxa; >5
Ephemeroptera taxa
Good 50-60 Slight impairment with a variety of taxa; =14 taxa present; =4 Diptera taxa; 3—5
Ephemeroptera taxa
Fair 30-45 Moderate impairment with modest variety of taxa; usually =10 taxa present; =2
Ephemeroptera and =2 Diptera taxa present
Poor 1025 High impairment with low variety of taxa; often only 5-9 taxa present; 1-2
Ephemeroptera taxa and 1-2 Diptera taxa; Gammarus usually present
Very poor 0-5 Severe impairment; <5 taxa present; often high numbers of Gammarus
Assigned Metric Score
BIBI Metrics 0 5 10
Percent Plecoptera <6 6-12 >12
Percent Long-lived <6 6-12 >12
Percent Predators <6.5 6.5-13 >13
Number Total Taxa 0-6 7-12 >12
Number Plecoptera Taxa 0 1 >1
Number Trichoptera Taxa 0-1 2-3 >3
Number Long-lived Taxa 0 1 >1
Number Diptera Taxa 0-2 34 >4
Number Intolerant Taxa 0-1 2-3 >3
Number Filterer Taxa 0-2 34 >4

4. Results
4.1. Physical/Chemical and Water Quality Variables

Across the three sampling years, 593 site visits (307 in the Garvin watershed, 286 in the Whitewater
watershed) were used to collect physical/chemical data and water samples to assess stream water quality.
These data are summarized (median, minimum, and maximum values) by site and year in Table S1. Most
measures exhibited high variability within each yearly study period, as streams responded to rain event
runoff with flashy discharges and/or maintained steady baseline flows fed by groundwater spring discharges
during periods of reduced rainfall (Figure 2).

When all data from all sites and years within a watershed were grouped together and compared between
watersheds (Table 3), Whitewater sites exhibited significantly higher water temperatures (Figure 3A), lower
pH values (Figure 3B), higher turbidity (Figure 4), and higher coliform bacteria levels (Figure 5A) than
Garvin watershed sites. State coldwater stream standards for turbidity of 10 NTUs and for fecal coliform
bacteria of 1000 colony forming units/100 mL were exceeded by 43% and 28% of Garvin watershed
samples and by 66% and 43% of Whitewater watershed samples, respectively. Chlorophyll a levels did not
differ between watersheds (Table 3, Figure 5B), with >80% of all measurements in each watershed under
10 micro g/L. Turbidity levels in both watersheds were negatively correlated to transparency levels and
positively correlated to TSS levels (Table 4). TSS levels were also positively correlated to coliform levels,
but more strongly at Garvin watershed sites than at Whitewater watershed sites (Figure 6).

Principal components analysis of the physical/chemical and water quality data based on separate site-
year groupings resulted in a plot where the first two axes (PCA1 and PCA2) accounted for 74.6% of the
variability among site-year groups (Figure 7). PCA1 was strongly related to water temperature, turbidity,
TSS, and transparency, whereas PCA2 was influenced most strongly by discharge and pH. Most Garvin
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watershed sites clustered along the negative portion of PCA1 (corresponding to cold, clear water), although
some sites were positioned on the extreme positive portion of PCA1. Whitewater watershed sites were
positioned more narrowly within the positive portion of PCA1 and more widely along PCA2 (Figure 7).
Across all sites from both watersheds, correlations were highly significant among water temperatures,
turbidity, transparency, TSS, discharge, and coliform counts (Table 4).

4.2. Fish and Benthic Macroinvertebrates

Across all sites in the two watersheds, 2487 fish representing 22 species and one hybrid were
encountered during the 2002 electrofishing effort (Table S2), whereas 11,203 benthic macroinvertebrates
representing 40 taxa (27 insect taxa, 13 non-insect taxa) were collected during that same year (Table S3).
There were no significant differences in taxa richness, Simpson diversity, or Shannon diversity between
the two watersheds for either fish or benthic invertebrates (Table 5). The various community similarity
indices generally indicated moderate similarity (0.3 to 0.7) between watersheds for both the fish and
invertebrate communities (Table 6), with invertebrate communities exhibiting significantly higher (paired
ts =4.69, P =0.005) similarities than fish communities for the indices examined.

Coldwater fish IBI scores and ratings were variable among sites in both the Garvin (5 to 65, very poor
to fair) and Whitewater (20 to 100, poor to good) watersheds (Table 1). Fish communities that were poorly
rated generally lacked intolerant coldwater species and contained too many warmwater tolerant species.
However, likely due to this variability, coldwater fish IBI scores did not differ significantly between
watersheds (Table 5). Similarly, benthic IBI scores and ratings for benthic invertebrate samples varied
greatly among sites in both the Garvin (0 to 50, very poor to good) and Whitewater (10 to 55, poor to good)
watersheds (Figure 8). Coldwater fish IBI scores were significantly positively correlated to water
transparency and negatively correlated to water temperature, turbidity, discharge, TSS, and fecal coliform
levels (Table 4). Benthic invertebrate communities with poorer ratings generally lacked Plecoptera,
intolerant, and long-lived taxa, while also lacking filterer taxa. Consequently, benthic IBI scores did not
differ significantly between watersheds (Table 5). Benthic IBI scores were not significantly correlated to
any of the physical/chemical water quality variables or to coldwater fish IBI scores (Table 4).

NMDS ordinations of study sites based on fish and benthic macroinvertebrate communities displayed
differing patterns when sites in the two watersheds were compared (Figure 9). The two ordinations both
had stress levels <0.2, indicating that they were fair representations of the original data. In the fish
ordination, sites within the Garvin watershed were widely scattered throughout the ordination space,
indicating variable fish communities among the study sites (Figure 9A). In contrast, Whitewater sites were
more closely spaced, suggesting a greater level of similarity among fish communities. There was
considerable overlap of the polygons spanning sites within the two watersheds. Five fish species were
correlated significantly with Dimension 1 of the ordination, and three different species were correlated with
Dimension 2 (Table 7).

The NMDS ordination based on benthic macroinvertebrate communities indicated greater differences
in invertebrate communities between sites in different watersheds, with Whitewater watershed sites clearly
separated from Garvin watershed sites largely along Dimension 2 within the ordination space (Figure 9B).
Seven taxa (three mayfly genera, a beetle, a crane fly, water mites, and an amphipod) were correlated
significantly with Dimension 1 of the ordination, and two additional taxa (a caddisfly and a blackfly) were
correlated with Dimension 2 (Table 7).
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Table 3. Statistical comparisons of select water quality variables between Garvin Brook and Whitewater River stream samples,
2000-2002.

. Garvin Whitewater Statistics
Variable N - -
n Median n Median Chi-Square  df p
Water temperature (°C) 306 13.3 284 14.8 434 8§ <0.001
pH 302 7.98 283 7.86 35.6 7 <0.001
Turbidity (NTUs) 307 7.75 280 17.91 55.6 8 <0.001
Coliform bacteria (number/100 mL) 288 420 274 700 29.6 8 <0.001
Chlorophyll a (micro g/L) 183 1.55 206 1.50 8.4 4 0.078

Table 4. Spearman rank correlation matrix displaying relationships among physical/chemical water quality variables and aquatic
community integrity scores for Whitewater River and Garvin Brook stream sites, 2000-2002.

Variables pH Water Temperature Turbidity Transparency Discharge TSS Coliforms BIBI
Water temperature  —0.292 * * * * * * *
Turbidity —0.334 0.740Q 3k * * * * * *
Transparency  0.459 ** —(.724 **** —0.908 **** * * * * *
Discharge —0.228 0.528 ** 0.545 ** —0.441 * * * * *
TSS —0.347 * 0.839 Hkkx 0.926 #***  —(0.865 ¥***  (.56] *** * * *
Coliforms —0.320 0.599 #* 0.72] *#*x  —(.708 #Hx* 0.256  0.732 #kex * *
Chlorophyll —0.549 * 0.185 0.255 —0.435 0.273 0.304 0.099 *
BIBI —0.389 —0.119 —0.319 0.321 —0.450 —0.483 —0.334 *

Fish IBI 0.282 —0.759 ** —0.723 ** 0.765 ** —0.578 * —0.739 ** —-0.568 * 0.106

*p <0.05, ** p < 0.01, *** p<0.001, **** p < 0.0001.

Table 5. Fish and benthic macroinvertebrate community comparisons between Garvin Brook and Whitewater River watershed
sites, 2002. Values are means with standard deviations in parentheses.

n Values
Variable Garvin, Whitewater Garvin Whitewater Mann-Whitney U  p Value
Taxa richness
Fish 8,5 3.1(1.4 3.90.7 13 0.342
Invertebrates 8,5 14.1 (3.4) 15.0 2.7) 17 0.660
Simpson diversity
Fish 8,5 0.720 (0.103) 0.564 (0.182) 9 0.124
Invertebrates 8,5 0.643 (0.156) 0.575 (0.248) 24 0.610
Shannon diversity
Fish 8,5 0.637 (0.130) 0.440 (0.227) 7 0.067
Invertebrates 8,5 0.622 (0.152) 0.579 (0.248) 21 0.944
1Bl score
Fish 8,5 65 (29) 39 (27) 30 0.165
Invertebrates 24,15 20 (12) 21(12) 184 0.928

Table 6. Community similarity comparisons of fish and benthic macroinvertebrates between Whitewater River and Garvin Brook
watershed sites, 2002.

Index Fish Invertebrates
Sorensen-Dice 0.516 0.750
Percent of similarity 0.387 0.462
Bray-Curtis 0.358 0.433
Canberra 0.138 0.236
Morisita’s 0.455 0.553

Horn 0.572 0.681
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Table 7. Significant Spearman rank correlations of fish and benthic macroinvertebrate taxa abundances with each dimension of
the fish and invertebrate NMDS models.

Fish NMDS Model
Dimension 1
Fish taxa Spearman correlation p
Brown trout 0.648 0.0165
Creek chub —0.595 0.0321
White sucker —0.928 <0.0001
Johnny darter —0.786 0.0014
Slimy sculpin 0.819 0.0006
Dimension 2
Spearman correlation p
Longnose dace 0.751 0.0031
Brook stickleback —0.699 0.0079
Fantail darter 0.611 0.0266

Invertebrate NMDS Model

Dimension 1

Invertebrate taxa Spearman correlation p
Baetis —0.758 0.0027
Ephemerella —0.585 0.0356
Tricorythodes —0.598 0.0308
Stenelmis —0.554 0.0497
Dicranota 0.718 0.0057
Acari —0.620 0.0237
Gammarus 0.852 0.0002

Dimension 2

Spearman correlation p
Hydropsyche 0.637 0.0191
Simulium —0.560 0.0468
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Figure 2. Measured stream discharges at two representative study stream sites ((A)—North Fork Carley; (B)—Garvin Brook
Upper) during the 20002002 agricultural growing seasons.
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Figure 3. Distributions of measured stream water temperatures (A) and pH (B) at the study sites in the Garvin Brook and
Whitewater River watersheds, 2000-2002.
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Figure 6. Relationships between total suspended solids (TSS) and fecal coliform bacteria levels at the study sites in the Garvin
Brook (A) and Whitewater River (B) watersheds, 2000-2002.
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Figure 8. Benthic IBI scores and ratings for stream sites within the Garvin Brook and Whitewater River watersheds, 2002.
Values are means and error bars represent one standard deviation. Horizontal dashed lines separate rating categories (VP = Very
poor). Stream site designations as indicated in Figure 1.
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Figure 9. Non-metric multi-dimensional scaling (NMDS) ordination plots based on fish (A) and benthic macroinvertebrate (B)
abundances at stream sites within the Garvin Brook and Whitewater River watersheds, 2002. Capital letters represent stream sites, and
polygons represent the range of sites in each watershed (Garvin Brook—blue; Whitewater River—orange) within the ordinations.

5. Discussion

This broad-based assessment of physical, chemical, and biological water quality indicators at stream
sites in two watersheds in southeastern Minnesota USA, produced several important findings relevant to
this region and beyond. First, many of the different variables examined indicated that water quality during
2000-2002 remained compromised in several portions of each watershed even after decades of BMP
implementation. Next, sites within the Whitewater River watershed overall displayed greater
physical/chemical/biological impairment than those in the Garvin Brook watershed. Finally, fish
community integrity in these watersheds was more strongly correlated with physical/chemical indicators
than was benthic macroinvertebrate community integrity.

BMPs in agricultural watersheds are intended to reduce the impacts of agricultural activities on surface
waters [ 17-22]. Practices such as livestock exclusion and pasture management, manure management, cover
crops, conservation tillage, riparian buffers, grass waterways, retention basins, and contour farming can
reduce or prevent runoff from fields, feedlots, and pastures, lessening impacts to receiving waters [18].
These and similar practices have resulted in significant reductions in the amounts of eroded soils, nutrients,
pesticides/herbicides, and fecal coliform bacteria delivered to streams, rivers, and lakes [32-35,39,42,47].

The Whitewater River and Garvin Brook watersheds in southeastern Minnesota, USA, have had
hundreds to thousands of agricultural BMPs implemented since the 1930s to address water quality issues
[16,49,55,59,74]. Other monitoring efforts within these watersheds [49,55,56,59,74] have shown that some
BMPs (either individually or in aggregate) have been effective at improving stream water quality, whereas
others have not. Studies in these and other watersheds have suggested that detectable changes in stream
water quality after BMP implementation may require decades or even longer to occur [25,40,41,46,74], as
legacy contaminants (e.g., eroded soils) work through the system and the aquatic ecosystems respond to
the improvements [40].
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Lack of visible BMP effectiveness also may result from the inability of the numbers, types, or localities
of implemented BMPs to compensate for the level of impact caused by agricultural activities within a
watershed or subwatershed [20,48]. Some watersheds may exhibit a threshold effect relative to
contaminants and BMPs, requiring a certain proportion or area of the watershed to be in conservation
management before measurable effects can be observed [27]. In many watersheds, BMP implementation
requires participation from private landowners [46], with implementation costs (or government-supported
programs that pay for them) as a major factor determining whether a farmer is willing to participate in
implementation [23,46,55]. Slow rates of BMP adoption by farmers can significantly impair contaminant
reductions in some watersheds [46]. In addition, the placement of BMPs at specific sites (i.e., targeting)
versus random locations within a watershed or locations that may be convenient for landowners can greatly
alter their overall effectiveness [24,35]. Within the Whitewater River watershed, targeted BMPs have been
implemented on ~20% of all agricultural lands [49], although small “gaps” between BMPs can still allow
contaminants in some subwatersheds to bypass management controls and prevent recovery of stream
ecosystems [56]. The Garvin Brook watershed has similar “gaps” in BMP coverage [59,74] and,
consequently, has also experienced the negative effects of contaminated runoff from agricultural lands [ 74—
76]. Some modeling studies on large watersheds have suggested that BMPs need to be implemented on 50%
or more of watershed agricultural lands to produce an observable effect on water quality or stream
community integrity [77,78], more than double the level in the Whitewater River watershed [49].

Several sites in the Garvin Brook and Whitewater River watersheds displayed at least occasional high
concentrations or levels of TSS, turbidity, and fecal coliform bacteria, reduced transparencies, and reduced
biotic integrity for both fish and benthic macroinvertebrate communities. Strong correlations among TSS,
turbidity, fecal coliform bacteria, fish IBI, and water temperatures suggest that these sites continued to
experience impaired runoff not fully managed or mediated by the BMPs in place during the study period.
These results seem to indicate that additional BMPs may be needed to prevent runoff from agricultural
lands from reaching the drainage network. However, it is also possible that the watersheds continued to
suffer from the ghost of past land abuses [16,57]. Unsustainable agricultural practices (e.g., farming on
steep slopes, livestock overgrazing) during the late 1800s and early 1900s resulted in severe soil erosion
throughout southeastern Minnesota, burying stream valleys beneath several meters of transported sediments,
leading to the abandonment of farms and small farming communities [16,57]. Decades later, fine sediment
deposits (e.g., sand, silt, clay) that erode easily under high stream flows remained in streambeds and banks
in middle and lower portions of watersheds throughout the Driftless Area [16], producing elevated TSS and
turbidity levels and embedding coarse stream-bottom substrates, reducing instream habitat quality for
benthic macroinvertebrates and fish [55,56]. Specific legacy sediment conditions in the study streams have
not been studied. However, recent stream restoration projects within the two study watersheds have been
designed to reduce streambank erosion by lowering and sloping banks and stabilizing them with boulders
and/or tree trunks while narrowing stream channels to increase velocities to flush away fine stream bottom
sediments (M. Majewski, EOR Incorporated, Saint Paul, MN, USA, personal communication). Likely,
some combination of additional targeted BMPs throughout the watersheds and extensive streambank
protection or stabilization practices would be needed after the 2000-2002 study period to improve water
quality within these watersheds.

Several of the stream sites in the Garvin Brook watershed had relatively good water quality, based on
a variety of indicators, compared to those in the Whitewater River watershed. Garvin Brook sites such as
Peterson Creek, Garvin Brook Upper, the unnamed tributary, Stockton Valley Creek, and Garvin Brook
Stockton typically exhibited colder water temperatures, lower turbidities, TSS, and fecal coliform levels,
higher transparencies, and fair to good fish biotic integrity in contrast to sites elsewhere in the watershed
and in the Whitewater River watershed. Locations of the sites within their respective watersheds, sizes of
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the various subwatersheds, land use near the sites, and aquifer sources of springs entering these streams
may, in part, explain these differences in water quality between the two watersheds.

The five, better-water-quality Garvin watershed sites represented the more headwater (1st- and 2nd-
order streams) locations within the watershed. By comprising >60% of the eight sites monitored within the
watershed, the collective water qualities of these sites likely skewed the overall assessment of this
watershed relative to the Whitewater River watershed, where only a single site (Logan Creek; 20% of sites
monitored) represented a low-order stream. The subwatersheds draining to low-order streams typically are
much more responsive to both disturbance [79] and to BMP implementation due to the greater proportional
areas represented by the BMPs in small versus large subwatersheds [18,26,27,42]. Also, since the lands
draining to low-order streams may be owned and managed by a small number of landowners, conservation
actions by even a single landowner may be sufficient to produce observable effects on stream water quality
[18,23,35,46]. Headwater locations within the region are also less likely to be influenced by problematic
historical land use, with legacy deposits of eroded soils having been flushed away downstream over several
decades into higher-order locations where they may continue to negatively affect water quality [16].

Differing spring sources of streams within the karst geology of the two study watersheds may also
influence water quality in the different systems. Higher-elevation aquifers feeding headwater springs of the
main forks of the Whitewater River have a history of contamination by bacteria and agricultural chemicals,
since they are located relatively near the land surface [80] and are surrounded by agricultural lands [49].
Water quality and biotic integrity in the headwaters of the North, Middle, and South forks typically is
moderate to poor [49]. In contrast, lower elevation aquifers that feed springs in the Garvin Brook
headwaters are much better insulated from surface activities and less susceptible to contamination via
infiltration [59]. Consequently, a variety of factors may collectively impact water quality more at the
Whitewater monitoring sites than at the Garvin sites, causing the Whitewater watershed to appear more
impaired than the Garvin watershed. However, even if more headwater sites had been monitored in the
Whitewater system, it appears possible that they would have exhibited poorer water quality than their
Garvin watershed counterparts. A headwaters-to-headwaters comparative study would be needed to
specifically address this speculation.

Lotic fish and benthic macroinvertebrate communities have long been used as effective and responsive
biological indicators of water quality [81,82]. They are common in all permanent streams and rivers, are
relatively easy to collect and identify, and they exhibit predictable responses to a variety of environmental
stressors [71,83,84]. In particular, these aquatic communities are known to be responsive to many different
types of agricultural pollutants, from eroding soils and feedlot runoff to numerous types of herbicides and
pesticides [58,81,84,85]. They have been used successfully to assess stream and river habitat and water
quality in southeastern Minnesota for many decades [49,54,56,58].

Although fish community biotic integrity in the Garvin and Whitewater watersheds was significantly
correlated with several of the other water quality variables (e.g., turbidity, TSS, fecal coliform bacteria
levels), invertebrate IBI scores were not correlated with any of the water quality variables or with the fish
IBI. Even though NMDS modeling based on macroinvertebrate abundances clearly distinguished between
Garvin and Whitewater study sites, macroinvertebrate community structure did not appear to be directly
responsive to water quality differences among those sites. Benthic macroinvertebrate communities are used
successfully by governmental agencies in Minnesota and elsewhere to assess stream and river water quality
and monitor compliance with legally enforceable water quality standards [86,87].

In southeastern Minnesota, some studies [49,54,56] reported that benthic macroinvertebrate
community metrics were significantly correlated with instream habitat quality and/or chemical water
quality indicators, whereas others [49,50,55] found that invertebrate communities displayed little if any
response to changing habitat or water quality conditions. In the present study, it could be that benthic
invertebrate communities were slower than fish communities in responding to improving water quality and
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instream habitat due to differences in mobility. If intolerant species remain within a stream network, fish
naturally can be highly mobile, moving many km rather quickly (e.g., within weeks or months) to recolonize
stream reaches with improved water quality [75,76]. Intentional reintroductions of sensitive fish species by
natural resource agencies can also accelerate community change [88—90]. In contrast, sensitive aquatic
insects and non-insect invertebrates, if they remain within a watershed after long-term exposure to
environmental stressors, may be more sedentary and unable to move large distances within rivers and
streams (except for downstream drift) [91,92]. Swimming abilities may be lacking or extremely limited,
and many adult aquatic insects are weak fliers, unable to move comparatively large distances (e.g., >10 km)
between watersheds to recolonize improving streams [50,51,91,92]. Past land abuses within the Garvin and
Whitewater watersheds [7,16] may have extirpated many aquatic invertebrate taxa throughout the streams
in both watersheds, and barring reintroductions, there would be little driving force to shift
macroinvertebrate community structure as water quality improves [51].

After the 2000-2002 study period, several significant events and changes occurred within the two study
watersheds. Catastrophic flooding (one-in-2000 years flood event) struck both watersheds in 2007, leading
to severe channel damage, channel abandonment, and the creation of new channels in various locations
[52]. To repair some of that channel damage, multiple stream habitat restoration projects were undertaken
in both watersheds [93,94]. In 2014, a new Minnesota state law mandated the establishment of permanent
vegetated buffers (minimum width = 9 m) along all state waterways to help insulate streams and rivers from
nearby human activities [51]. Finally, BMP implementation has continued in both watersheds since the
study period [49]. Despite these activities during the past 20 years aimed at improving stream habitat and
water quality within these watersheds, recent studies [49—51] suggest that only modest improvements have
occurred in overall stream health in the watersheds, mostly the result of reductions in fine sediments and
substrate embeddedness [51]. Additionally, as of 2024, most stream reaches within both the Garvin and
Whitewater watersheds remain on Minnesota’s impaired waters list [95]. Six reaches that encompass nearly
the entire length of Garvin Brook, Rollingstone Creek, and three of their tributaries are listed as variously
impaired for turbidity, fecal coliform bacteria, and their fish and benthic macroinvertebrate communities
[95]. No stream reaches within this watershed have been delisted (i.e., removed from the impaired waters
list) after initial listing during the early 2000s. Similarly, 17 reaches spanning most of the Whitewater River
watershed are currently (based on 2024 data) listed as impaired for such stressors as total suspended
sediments, turbidity, fecal coliform bacteria, Escherichia coli, and nitrates, resulting in many impairments
of fish and benthic macroinvertebrate communities [95]. Two additional reaches (Beaver Creek, upper
South Fork Whitewater River) that previously had been listed as impaired for fish and benthic
macroinvertebrate communities were delisted in 2024 after exhibiting recent improvements [95]. These
recent studies and listings indicate that the data gathered during the 2000-2002 study period remain relevant
today and demonstrate long-term water quality issues within the study watersheds.

6. Conclusions

This study demonstrated that water quality remained impaired (based on multiple physical/chemical
and biological indicators) during the 2000-2002 study period at several stream sites in two karstic
agricultural watersheds in southeastern Minnesota, even after long-term efforts to protect surface waters by
implementing hundreds to thousands of BMPs since the 1930s. Runoff contaminated by high concentrations
of eroded soils and fecal coliform bacteria still entered streams in various locations during precipitation
events within the study period, negatively impacting stream habitats and aquatic communities.

While both Garvin and Whitewater watersheds had stream sites with impaired water quality during
2000-2002, Garvin Brook study sites in low-order stream reaches exhibited much better water quality.
Better conditions at these sites may be related to greater BMP effectiveness in smaller subwatersheds,
earlier flushing of legacy contaminants from headwater reaches, and/or deeper aquifers that are better
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insulated from surface activities, discharging higher-quality water from springs. Inclusion of more low-
order stream sites in the Garvin Brook watershed makes water quality in the Whitewater watershed appear
worse by comparison.

Fish community integrity in both watersheds during 2002 was significantly correlated to other water
quality indicators, indicating a strong community structure response to varying stream conditions. However,
benthic macroinvertebrate community integrity was not correlated with differing water quality, suggesting a
lack of community responsiveness to variable stream conditions in the two study watersheds. Why these two
communities differ in their responses to altered stream conditions is not known, although stronger
recolonization abilities of fishes and the intentional reintroduction of sensitive native fish species may, in part,
explain why fish communities have recovered at some sites, whereas invertebrate communities have not.

Based upon this 2000-2002 study of water quality, more recent studies within the region, and current
impaired waters listings, both the Garvin Brook and Whitewater River watersheds would benefit from
additional water quality monitoring efforts in the future. While some headwater sites appear to have already
responded positively to past BMP implementation, more widespread and detailed monitoring efforts
targeting both headwater and higher-order stream sites are needed across both watersheds to highlight
specific subwatersheds where more remediation efforts are needed. By prioritizing future BMP
implementation in problematic subwatersheds, both watersheds can demonstrate improved water quality
even as agricultural activities continue to contribute to the regional economy.

Supplementary Materials

The following supporting information can be found at: https://www.sciepublish.com/article/pii/1031,
Table S1: Summary of water quality variables at stream sites in the Whitewater River and Garvin Brook
watersheds, 2000-2002. Values are medians, with minimum and maximum values in parentheses; Table
S2: Fish collected at stream sites in the Whitewater River and Garvin Brook watersheds during 2002.
Stream site designations as in Figure 1; Table S3: Benthic macroinvertebrates collected at stream sites in
the Whitewater River and Garvin Brook watersheds during 2002. Stream site designations as in Figure 1.
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