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Abstract: Stream ecosystems provide invaluable ecosystem services but are highly impacted ecosys-
tems in need of water quality monitoring for habitat change impacts. Freshwater macroinvertebrate
(FWI) assemblages have been shown to be good indicators of water quality and are known to be
vulnerable to land-use land cover (LULC) and other habitat changes. The goal of this case study
was to use an existing dominant LULC analysis in the Neponset River watershed, Massachusetts,
USA, as LULC sampling treatment groups to deliberately capture the influence of these LULC effects
on meso-scale habitat quality, FWI assemblages, and FWI water quality indices at eight sampling
reaches. To achieve this goal, we collected physical habitat measurements and FWI samples in the
summers of 2010 and 2012 at eight reach-scale stations spread across four previously determined
LULC sub-watershed types (forest, residential, industrial, and golf) in the watershed. We expected
that LULC change would influence the habitat quality, which would influence the FWI assemblage
water quality scores and composition. We also expected that the water quality at these LULC sub-
watershed types would be reflected in the FWI assemblage composition. We identified five major
findings from our study. Our first finding was that the habitat quality in the Neponset River wa-
tershed was somewhat degraded relative to pristine conditions. Our second finding was that our
habitat characterization analysis reflected some separation of our reach-scale macrohabitat types at
land-use land-cover treatment stations with some correlations with microhabitat variables. Our third
finding was that the water quality base on FWI assemblages was generally degraded in reference to
pristine conditions. Our fourth finding was that, contrary to our expectations, there was no significant
correlation between our reach-scale EPA habitat quality scores and FWI water quality scores. Our
fifth finding was that our FWI assemblage NMS showed separation of land-use land-cover sampling
stations and that that low pollution-tolerant taxa dominated some of our LULC sampling treatment
stations and influenced NMS groupings.

Keywords: habitat assessment; habitat characterization; water quality assessment; assemblage
composition; urban coastal watershed; Neponset River

1. Introduction

While streams and rivers make up 0.006% of the Earth’s fresh water, streams and
lakes provide invaluable ecosystem services and are arguably the most impacted ecosys-
tems on the planet [1]. Freshwater ecosystems are considered some of the most impacted
ecosystems on Earth with both persisting (e.g., flow modification, habitat degradation,
over-exploitation, species invasion and water pollution) [2,3] and emerging threats [3]. Con-
sidering the importance and imperilment of streams, an important management action is to
assess and monitor freshwater ecosystems and evaluate the associated biotic communities
and their habitat.
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Habitat is broadly defined as “the place or environment where a plant or animal natu-
rally or normally lives and grows” [4]. It has been argued that habitat serves as a template
on which evolution forges characteristic life-history strategies [5,6]. Stream habitats are
often organized hierarchically over spatial–temporal scales ranging from larger scale catch-
ments (stream systems), which encompass the spatially smaller and temporally shorter
segment-scale (segment systems), reach-scale (reach systems), meso-scale (pool/riffle sys-
tems), and micro-scale (micro-habitat systems) units [7,8]. Furthermore, it is generally
accepted that stream habitats integrate physical, chemical, and biological interactions (Bar-
bour et al. 1999) and that habitat and biological diversity may be important [9] are highly
correlated [10].

Changes in land use and land cover (LULC) are reported to be one of five global
change drivers threatening terrestrial and aquatic biodiversity [11], and LULC changes are
considered a major influence in stream ecosystems [1,2,12]. LULC is known to influence
stream and river taxa and habitat biodiversity across anthropogenic and natural gradients
and across a variety of scales [13]. The principal mechanisms that LULC is believed to
influence in stream ecosystems include sedimentation, nutrient enrichment, contaminant
pollution, hydrologic alteration, riparian clearing, and loss of large woody debris [13].
LULC change plays a large role in the four main proximate causes of stream ecosystem
change (urbanization, industry/mining, land use/agriculture, and watercourse alteration)
linking to ultimate forcing factors of ecosystem destruction, physical habitat alteration,
water chemistry alteration, and direct species additions and removals [1]. Physical and
chemical changes due to LULC have been shown to have effects on freshwater invertebrates
(FWI), fish assemblages, and nutrients as well as the local stream habitat. For example, the
presence of certain FWI and fish in streams has been used as an indicator of water quality
and has been shown to relate to the land use in the watershed (i.e., catchment) [14–17].
Catchment-scale LULC change also has been shown to directly and indirectly influence
the composition and condition of freshwater assemblages, habitat quality, and nutrient
concentrations based on contemporary LULC and historical or legacy LULC conditions [18].
Furthermore, LULC plays an important role in our understanding of the “Urban Stream
Syndrome”, in which urban streams are observed to have flashier hydrographs, elevated
nutrient and contamination concentrations, altered stream morphology, and reduced taxo-
nomic biodiversity [19,20].

Stream freshwater invertebrate (FWI) assemblage composition and structure are
widely used as an indicator of environmental quality [21–24]. Meanwhile, rapid bioassess-
ment protocols and associated metrics and indices have been developed as cost-effective
scientifically valid procedures, allowing for multiple site visits in short periods of time,
quick turnarounds for management decisions, easily translated results for managers and
the general public, and environmentally benign procedures [25]. For example, water quality
bioindicator metrics and indices (or biotic integrity measures) have been developed for FWI
and fish assemblages and meso-scale habitats [14,25–29]. Hilsenhoff [26,27] developed one
of the first biotic indices using FWI to evaluate stream water quality. Hilsenhoff’s Family
Biotic Index (FBI) quantifies water quality using the composition of family-level taxonomic
determinations and the pollution tolerance levels of these taxonomic groups, in which
higher biotic index values indicate poorer water quality [26,27]. Karr [14,28] developed the
Index of Biotic Integrity (IBI) using fish species composition and condition factor metrics in
which higher total index scores indicate higher water quality. Karr’s [14,28] method was
later adapted for FWI assemblages through the development of the Ohio EPA’s Invertebrate
Community Index (ICI) and the United States Environmental Protetion Agency’s (USEPA)
citizen science biomonitoring protocol called the Streamside Biosurvey Index (SBI) [15,30].
One benefit of the EPA’s SBI is that the SBI only requires family-level taxonomic determina-
tion for most groups and that the SBI uses a simpler mathematical calculation using the
rare, common, and dominant classifications and incorporating these taxonomic abundance
classifications with general pollution tolerance categories [30]. Furthermore, meso-scale
habitat quality assessments have been developed using a variety of meso-scale stream char-
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acteristics such as, but not limited to, abundance of reach-scale macrohabitats (e.g., riffle,
run, pools, glides), instream cover, riparian zone condition, micro-habitat development,
substrate composition/embeddedness, gradient, etc. [25,29].

The goal of this case study was to use an existing dominant LULC analysis in the
Neponset River watershed, Massachusetts [31], as LULC sampling treatment groups to
deliberately capture the influence of these LULC effects on meso-scale habitat quality, FWI
assemblages, and FWI water quality indices at eight sampling reaches in Neponset River
watershed. To achieve this goal, we had three objectives. Our first objective was to charac-
terize and assess reach-scale habitat and habitat quality at eight treatment reaches using
standard protocols. Our second objective was to characterize and assess FWI assemblages
and water quality at eight treatment reaches using standard protocols. Our third objective
was to evaluate whether there was a positive correlation between habitat quality and FWI
water quality indices at the eight treatment reaches. We had two expectations associated
with our study. First, we expected that habitat and FWI water quality will be degraded in
the Neponset River watershed due to LULC changes from pristine land cover conditions.
Second, we expected that due to differences in LULC at our eight sampling reaches that FWI
assemblages at our eight sampling reaches will cluster together based on LULC treatments
and the different cluster assemblages will represent assemblages tolerant of the catchment
and meso-scale habitat conditions at the reaches.

2. Materials and Methods
2.1. Study Area and Sampling Reaches

The Neponset River Watershed (Figure 1) is a 337 km2 urban coastal watershed located
in eastern Massachusetts, U.S.A. The headwaters of the Neponset River begin near Foxboro,
Massachusetts and travels approximately 44 km northeast before emptying into Boston
Harbor near Dorchester, Massachusetts. Based on GIS analysis conducted by Huang and
Chen [31], the top 5 LULCs in the watershed were residential, forested, industry, wetlands,
and golf courses, representing 38%, 34%, 5%, 4%, and 2% of the watershed, respectively
(Figure 1). The other land-use types found covered less than 2% of the land use in the
watershed. Four of the five LULC types, except the wetlands, were designated as sampling
treatments in this study. Within the watershed, 14 end-member stations, where water
draining in that particular area is at least 80% of one of the above land-use types, were
chosen using the GIS based study of Huang and Chen [31].
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We selected eight sampling stations, representing a subset of the 14 end-member
stations identified by Huang and Chen [31], based on sampling accessibility issues. These
eight stations were chosen based on landowner approval access and were distributed evenly
across the four LULC sampling treatments of (1) residential, (2) forested, (3) industrial, and
(4) golf courses.

2.2. Physical Habitat Analyses: USEPA Rapid Bioassessment and Basin Area Stream Survey

We used the USEPA rapid bioassessment to assess the habitat at our eight LULC
treatment stations in the summer of 2010 and 2012 [25]. At each station, we assessed a
100-m reach along the stream. The USEPA habitat assessment uses 10 metrics to assess
the physical habitat each valuing 20 points. The 10 metrics/parameters assessed are
(1) epifaunal substrate/available cover, (2) embeddedness/pool substrate characterization,
(3) velocity/depth combinations/pool variability, (4) sediment deposition, (5) channel flow
status, (6) channel alteration, (7) frequency of riffles/channel sinuosity, (8) bank stability,
(9) bank vegetative protection, and riparian vegetative zone width. Total quantitative
scores between 200 and 160 indicate “optimal” habitat quality, scores between 159 and
110 indicate “sub-optimal” habitat quality, scores between 109 and 60 indicate “marginal”
habitat conditions, and scores less than 60 indicate “poor” habitat quality.

We conducted a Basin Area Stream Survey (BASS) [32,33] to characterize geomor-
phology, substrate, instream cover, and riparian cover across the 100-m station reaches in
August of 2012. Within each 100-m reach, macro-habitats were identified (e.g., riffle, run,
pool, backwater, etc.), and each macro-habitat was divided into transects that represented
the quarter, midpoint, and three-quarter marks between the left and right banks. At each
transect, the bankfull width, water width, thalweg, and depth at each quarter mark were
measured using a measuring tape and a meter stick. Bank angles at the left and right
banks were measured using a clinometer. The bottom substrate cover, instream cover,
and riparian cover was estimated at each macro-habitat. These metrics were quantified
by taking an estimation of the percent coverage at each macro-habitat. This resulted in
33 habitat variables for reach station macro-habitat site (Appendix A1).

2.3. FWI Assemblage Assessment

We collected FWI using the USEPA 20 jab dip-net method in the summer 2010 and
2012 in the same 100-m habitat reaches [25]. The FWI dip-net samples were preserved
in 10% formalin and stored in the laboratory until processing. The FWI samples were
processed by picking FWI using forceps and sorting the FWI into morphological groups.
Morphological groups were stored in 70% ethanol. The FWI morphological groups were
identified to the family taxonomic level using dichotomous keys [34–38].

Water-quality scores based on FWI were quantified using metric scores from the Family
Biotic Index (FBI) [27] and the USEPA’s Streamside Biosurvey Index (SBI) [30]. The FBI
metrics rate taxa families on the scale of 0 to 10 with 0 being the most sensitive and 10 being
the most tolerant. The FBI is calculated by multiplying the total number of the families
by their tolerance values. The results of all these multiplications are then summed and
divided by the total number of the organisms in the sample. Ideally, the FBI should be a low
number, which indicates an overall sensitive community. Higher values indicate increasing
numbers of tolerant organisms dominating the community. Tolerance values from 0 to 3.75
indicates “excellent” water quality; 3.76 to 4.25 indicates “very good” water quality; 4.26
to 5 indicates “good” water quality; 5.01 to 5.75 indicates “fair” water quality; 5.76 to 6.50
indicates “fairly poor” water quality; 6.51 to 7.25 indicates “poor” water quality; and 7.26 to
10 indicates “very poor” water quality [27]. Meanwhile, the USEPA Streamside Biosurvey
Index (SBI) protocol groups FWIs into three categories based on their pollution tolerance or
sensitivity [30]. The categories are sensitive, somewhat sensitive, and tolerant. The water
quality index is calculated by counting the taxa in each of the sensitivity categories and
determining whether they are rare (R) (1 to 9 organisms), common (C) (10 to 99 organisms),
or dominant (D) (100 or more organisms). The number of taxa in each category is multiplied
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by a weighting factor. All scores are added together and compared to a water quality rating
scale. The criteria for the ratings are as follows: less than 19.9 indicates “poor” water
quality; 19.9 to 39.6 indicates “fair” water quality; 39.7 to 59.4 indicates “good” water
quality; and 59.5 to 79 indicates “excellent” water quality [30].

2.4. Statistical Analysis

The FWI richness, evenness, Shannon’s diversity index, and Simpson’s diversity
index were calculated for each sampling station event using PC-Ord Software (Version
6) [39]. PC-Ord was also used to conduct a principal component analysis (PCA) for ex-
ploratory data analysis and data reduction in the 32 macro-habitats variables of the BASS
assessment and for a non-metric multidimensional scaling analysis using FWI compo-
sition for exploratory data analysis and data reduction in the FWI assemblages at the
land-use land-cover sampling treatment stations in the Neponset River Watershed. We
also conducted a correlation and regression analysis of the habitat quality index versus
FWI, FBI, and SBI indices, in which we expected a positive correlation between habitat
quality scores and SBI scores and a negative correlation between habitat quality scores and
FBI scores.

3. Results
3.1. Habitat Assessment

Overall, the USEPA habitat rapid bioassessment scores ranged from a low of 72 (i.e.,
“marginal” habitat quality) to a high of 142 (i.e., “suboptimal” habitat quality) for both
the 2010 and 2012 sampling events (Figure 2). Furthermore, the habitat assessment scores
showed little change from 2010 to 2012 for most stations (Figure 2). In terms of assessment
narratives, no stations were found in the “optimal” and “poor” assessment levels, however,
Forest 1, Forest 3, and Golf 3 had “suboptimal” habitat quality in both years. Meanwhile,
Golf 2, Industrial 1, Residential 1, and Residential 2 had “marginal” habitat quality for
both years.
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Figure 2. Total habitat assessment scores from the USEPA rapid habitat bioassessment at varying
Land Use Land Cover sampling treatment stations in the Neponset River watershed for August 2010
(Y10) and August 2012 (Y12). Habitat quality is ranked from “optimal” (highest) to “poor” (lowest)
(F = Forested (F1 and F3); G = Golf (G2 and G3), I = Industrial (I1 and I3, and R = Residential (R1
and R3)).
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3.2. Habitat Characterization

While comparisons of Eigenvalue scores and Broken-stick Eigenvalue scores indicated
9 informative axes for our BASS habitat characterization PCA, we focused our interpreta-
tions of the first 2 axes, which represented ~32% of the variation in the dataset (Table 1).
Overall, the first two axes showed some separation of macro-habitats of the land use/land
cover sampling treatment stations (Figure 3). Based on Kendall’s tau values of > ±0.210,
stations with negative scores along Axis 1 positively correlated with the habitat variables of
length, bankfull width, water width, depth at the quarter transect, cobble bottom substrate,
small woody debris, terrestrial vegetation, clinging vegetation, and bank stability. Stations
with positive scores along Axis 1 were positively correlated with canopy coverage, sand
bottom substrate, and undercut banks. Stations with negative scores along Axis 2 were
positively correlated with thalweg measurements, depths at each quarter transect with the
macro-habitat, terrestrial vegetation, and sand and fine bottom substrate. Stations with
positive scores along Axis 2 were positively correlated with bank stability, cobble bottom
substrate, and instream cover characteristics including embeddedness, clinging vegetation,
and the presence of boulders. No informative clustering pattern was discerned for the
sampling year, LULC sampling treatment, or macro-habitat type.
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Figure 3. Principal component analysis of the 33 Basin Area Stream Survey parameters for the 9-land
use/cover stations in the Neponset River watershed (Axis 1 (17.42% of variation) vs Axis 2 (14.58%
of variation)). Axis 1 is negatively correlated with LEN, BFW, WAWID, DEP25, BTMC, ICSWD,
ICTV, ICCLN LFTS, LFTVV, RGTS, RGTTV and positively correlated with MIDC, BTMS, and ICUCB.
Axis 2 is negatively correlated with THAL, DEP25, DEP50, DEP75, ICTV, BTMS, and BTMF and
positively correlated with BTMC, ICEMB, ICBO, ICCLN, RGTBK, RGTS (F = Forested (F1 and F3);
G = Golf (G2 and G3), I = Industrial (I1 and I3); R = Residential (R1 and R3); Y10 = 2010; Y12 = 2012).
Basin Area Stream Survey acronym definitions are located in Table A1.
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Table 1. Principal component analysis axes 1–10 summary statistics (Eigenvalue, percent of vari-
ance explained, cumulative percent of variance explained, and broken-stick eigenvalue) for Basin
Area Stream Survey 2010 at 9 land-use land-cover stations in the Neponset River watershed,
Massachusetts, U.S.A.

Axis Eigenvalue % of Variance Cum.% of Var. Broken Stick Eigenvalue

1 5.052 17.421 17.421 3.962
2 4.227 14.577 31.998 2.962
3 2.983 10.286 42.284 2.462
4 2.557 8.816 51.1 2.128
5 2.263 7.802 58.902 1.878
6 1.806 6.226 65.128 1.678
7 1.65 5.69 70.818 1.512
8 1.388 4.785 75.603 1.369
9 1.282 4.422 80.025 1.244

10 0.958 3.305 83.33 1.133

3.3. FWI Assemblage Diversity

Richness ranged from 6 (Forest 1 and 3) to 19 at Residential 2 in 2010, while in 2012
richness ranged from 3 at Golf 2 to 11 at Forest 3 and Industrial 1 (Table 2). In 2010, Evenness
ranged from 0.402 at Forest 3 to 0.945 at Golf 2, while in 2012 Evenness ranged from 0.252
at Golf 2 to 0.046 at Forest 1 (Table 2). Shannon’s Diversity in 2010 ranged from 0.720 at
Forest 3 to 2.126 at Industrial 3, while in 2021 Shannon’s Diversity ranged from 0.490 at
Golf 2 to 2.051 at Forest 3. Simpsons Diversity ranged from 0.3176 at Forrest 3 to 0.8639 at
Golf 2 in 2010 and from 0.1925 at Golf 2 to 0.8371 at Forest 3 in 2012 (Table 2).

Table 2. FWI community abundance and diversity summary statistics for in the Neponset River
watershed for samples collected August 2010 and August 2012 (F = Forest, G = Golf, I = Industrial,
R = Residential; Y10 = 2010, Y12 =2012).

Site Mean Std.
Dev. Sum Richness Evenness Shannon’s

Diversity
Simpson’s
Diversity

F1Y2010 0.422 1.438 19 6 0.829 1.485 0.7258
F1Y2012 0.222 0.636 10 6 0.946 1.696 0.8000
F3Y2010 1.733 9.555 78 6 0.402 0.720 0.3176
F3Y2012 0.822 2.092 37 11 0.855 2.051 0.8371
G2Y2010 0.578 1.323 26 9 0.945 2.075 0.8639
G2Y2012 3.022 18.169 136 7 0.252 0.490 0.1925
G3Y2010 4.067 20.584 183 12 0.426 1.058 0.4211
G3Y2012 0.6 3.201 27 3 0.573 0.630 0.3594
I1Y2010 6.756 17.802 304 16 0.764 2.118 0.8269
I1Y2012 6.044 22.983 272 11 0.659 1.581 0.6636
I3Y2010 2.533 7.197 114 17 0.750 2.126 0.8024
R1Y2010 2.956 9.568 133 13 0.660 1.693 0.7501
R1Y2012 4.067 15.734 183 8 0.630 1.310 0.6525
R2Y2010 13.311 34.651 599 19 0.719 2.116 0.8305
R2Y2012 4.4 20.399 198 7 0.582 1.132 0.5108

3.4. FWI Water Quality Assessment

The USEPA SBI for the Neponset River watershed indicated water quality assessments
ranging from “poor” to “fair” (Figure 4). Assessment scores were generally higher in 2012
in comparison to 2010. In 2010, SBI scores ranged from a low of 2.3 (poor) at Residential 2
to a high of 21.8 (fair) at Golf 3, while in 2012 SBI scores ranged from a low of 17.5 (poor) at
Residential 2 to a high of 30.9 (fair) at Golf 3 (Figure 4; Table 3).
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Figure 4. USEPA SBI scores at the 8 land use land cover treatment reaches in the Neponset River
Watershed in 2010 and 2012. Higher values indicate better water quality; lower values indicate poorer
water quality (F = Forest, G = Golf, I = Industrial, R = Residential; Y10 = 2010, Y12 =2012).

Table 3. Combined table data for correlations between USEPA total habitat quality scores, Streamside
Biosurvey Index (SBI) scores, and Family Biotic Index (FBI) scores (Regression: Total Habitat vs.
SBI r = 0.400, p = 0.140) (Total Habitat vs. FBI r = −0.348, p = 0.207) (F = Forest, G = Golf, I = Industrial,
R = Residential; Y2010 = 2010, Y2012 =2012).

Sampling Event EPA Habitat SBI FBI

F1Y2010 112 17.0 5.13
F1Y2012 110 22.8 6.58
F3Y2010 133 12.0 7.66
F3Y2012 142 24.6 6.37
G2Y2010 74 4.7 8.00
G2Y2012 74 18.8 8.06
G3Y2010 127 21.8 7.62
G3Y2012 124 30.9 6.65
I1Y2010 74 17.2 5.62
I1Y2012 74 20.6 7.30
I3Y2010 105 13.0 7.60
R1Y2010 87 18.1 7.41
R1Y2012 85 25.7 6.65
R2Y2010 75 2.3 8.00
R2Y2012 72 17.5 7.52

Meanwhile, the Hilsenhoff FBI resulted in “very poor” to “good” water quality at land
use cover sampling stations (Figure 5). In 2010, Hilsenhoff FBI scores ranged from a low
of 5.13 (good) at Forest 1 to a high of 8.0 (very poor) at Golf 2 and Residential 2 (Figure 5;
Table 3). Meanwhile, in 2012, Hilsenhoff FBI scores ranged from a low of 6.37 (fairly poor)
at Forest 3 to a high of 8.06 (very poor) at Golf 2 (Figure 5; Table 3).
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Figure 5. Family Biotic Index (FBI) scores calculated from FWI samples collected from the 8 LULC
reaches in the Neponset River Watershed in 2010 and 2012. Note: for FBI, lower values indicate
better water quality; higher values indicate poorer water quality (F = Forest, G = Golf, I = Industrial,
R = Residential; Y10 = 2010, Y12 =2012).

3.5. Habitat Quality versus FWI Water Quality Scores

Contrary to our expectation of significant correlations between USEPA habitat quality
scores and FBI (negative correlation) and SBI (positive correlation) water quality scores,
we did not find any statistically significant correlations, even though the data trends
matched the expected correlation. We observed a non-significant negative correlation
between habitat quality and FBI (Regression, df = 1, 13, r = −0.348, p = 0.207; Table 3).
Furthermore, we observed a non-significant positive correlation between habitat quality
and SBI (Regression, df = 1, 13, r = 0.400, p = 0.140; Table 3).

3.6. FWI Assemblage Structure Analysis

A non-metric multidimensional scaling analysis of 2010 and 2012 FWI explained ~87%
of the variation in the dataset. The final stress value for this three-dimensional solution
was ~5, indicating a good ordination with no real risk of drawing false inferences [39,40]
(Table 4). Axis 1 and 2 explained ~58% of the variation, axis 1 and 3 ~45% of the variation,
and Axis 2 and 3 explained ~71% of the variation (Figures 6–8). To help interpret the non-
metric multidimensional scaling results, we identified FWI associated with the axes 1–3
and their tolerance to poor water-quality conditions (Table 5).

Table 4. Distance measures for non-metric multidimensional scaling. Final stress for 3-dimensional
solution is 4.96131 and final instability is 0.00009 (F = Forest, G = Golf, I = Industrial, R = Residential;
Y10 = 2010, Y12 =2012).

F1Y10 F3Y10 G2Y10 G3Y10 I1Y10 I3Y10 R1Y10 R2Y10 R1Y12 R2Y12 F1Y12 F3Y12 G2Y12 G3Y12

F3Y10 0.929
G2Y10 0.979 0.93
G3Y10 0.926 0.636 0.875
I1Y10 0.956 0.543 0.903 0.541
I3Y10 0.948 0.972 0.396 0.894 0.888
R1Y10 0.97 0.927 0.459 0.834 0.856 0.180
R2Y10 0.957 0.889 0.538 0.774 0.811 0.741 0.789
R1Y12 0.963 0.981 0.601 0.917 0.933 0.517 0.494 0.849
R2Y12 0.938 0.979 0.564 0.922 0.926 0.361 0.304 0.826 0.451
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Table 4. Cont.

F1Y10 F3Y10 G2Y10 G3Y10 I1Y10 I3Y10 R1Y10 R2Y10 R1Y12 R2Y12 F1Y12 F3Y12 G2Y12 G3Y12

F1Y12 0.985 0.854 0.791 0.664 0.729 0.92 0.777 0.858 0.718 0.788
F3Y12 0.961 0.873 0.714 0.667 0.811 0.806 0.663 0.738 0.698 0.748 0.336
G2Y12 0.911 0.969 0.454 0.927 0.914 0.384 0.468 0.8 0.507 0.367 0.865 0.829
G3Y12 0.977 0.974 0.902 0.927 0.952 0.929 0.867 0.93 0.756 0.835 0.756 0.683 0.898
I1Y12 0.963 0.971 0.964 0.966 0.929 0.994 0.953 1 0.936 0.915 0.878 0.909 0.963 0.611

Table 5. List of freshwater invertebrates collected in the Neponset River Watershed and its associated
axes for non-metric multidimensional scaling. Organisms with * have higher tolerance to poor water
quality conditions based on Hilsenhoff [27].

Axis 1 Axis 2 Axis 3

Asellidae (ASEL) Calopterygidae (CALO) * Ceratopogonidae (CERA) *
Caenidae (CAEN) Chirinomidae (CHIR) * Chironomidae (CHIR) *

Chirinomidae (CHIR) * Elmidae (ELMI) * Dytiscidae (DYTI)
Coenagionidae (COEN) Gerridae (GERR)* Gelastocoridae (GELA)

Dytiscidae (DYTI) Halictidae (HALI) * Hyalellidae (HYAL)
Elmidae (ELMI) * Hirundinea (HIRU) * Hydropsychidae (HYDR) *

Gammaridae (GAMM) Hyalellidae (HYAL) Odontoceridae (ODON)
Gomphidae (GOMP) Hydropsychidae (HYDR) * Polycentropodidae (POLY)
Halictidae (HALI) * Oligochaeta (OLIG) * Psephenidae (PSEP)
Libellulidae (LIBE) Physidae (PHYS) *

Nematoda (NEMA) * Planoribidae (PLAN) *
Olgiochaeta (OLIG) * Psychomyiidae (PSYC)

Ptychopteridae (PTYC) Sphaeriidae (SPHA) *
Sialidae (SIAL) Tipulidae (TIPU) *

Sphaeriidae (SPHA) *
Tabariidae (TABA)
Talitridae (TALI)

Turbellaria (TURB)
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3.6.1. Axis 1 and 2

Axes 1 and 2 were informative in separating FWI reach sampling events (Figure 6).
Axis 1 was negatively correlated with two taxa (Nematoda and Oligochaeta) and positively
correlated with 16 taxa (Asellidate, Caenidae, Coenagrionidae, Chironomidae, Dyticidae,
Elimidate, Gammaridae, Comphidae, Halicidae, Libellulidae, Ptychopteridae, Sialidae,
Spheridae, Tabariidae, Talitridae, and Turbellaria). Axis 2 was negatively correlated with
12 taxa (Calopterygidae, Chirinomidae, Elmidae, Gerridae, Halicidae, Hirudinea, Hy-
dropsychidae, Oligochaeta, Physidae, Sphaeridae, and Tipulidae) and positively correlated
with 2 taxa (Hyalellidae and Psychopteridae).

Stations with positive correlations along Axis 1 and negative correlations along Axis 2
included Golf 3 and Industrial 1 in 2012 (Figure 6). The FWI that dominated these stations
included species from 24 families (Table 5). Families with high pollution tolerances levels
included Asellidae, Caenidae, Coenagionidae, Halictidae, Libellulidae, Tabanidae, Pty-
chopteridae, Sphariidae, Talitridae, Hirudinea, Oligochaeta, and Physidae. Families with
moderate pollution tolerances included Sialidae, Planorbidae, and the Turbellaria class
while families with low pollution tolerances include Chirinomidae, Dytiscidae, Elimidae,
Gammaridae, Gomphidae, Calopterygidae, Gerridae, Hydropsychidae, and Tipulidae.

Conversely, stations with negative correlations along Axis 1 and positive correlations
along Axis 2 included Golf 3, Industrial 1, Forest 3, and Residential 2 from the 2010 sampling
event (Figure 6). These stations were dominated by FWI taxa from 4 families (Table 5).
Families with high pollution-tolerance levels included Hyalellidae and Oligochaeta and
families with low pollution-tolerance levels included Psychomyiidae and Nematoda.

Stations with negative correlations along axes 1 and 2 included Residential 1 and
Golf 2 in 2010 and 2012, Residential 2 in 2012, and Industrial 3 from 2010. These stations
were dominated by FWI species from 14 families. Families with high pollution tolerances
included Oligochaeta, Halictidae, Hirundinae, and Physidae, families with moderate
pollution tolerances included Planorbidae and Sphaeriidae, and families with low pollution
tolerances included Calopterygidae, Chironomidae, Elmidae, Gerridae, and Tipulidae.

Stations with positive correlations along axes 1 and 2 included Forest 1 in 2010 and
2012 and Forest 3 in 2012 (Figure 6). These stations were dominated by FWI assemblages
from 18 families (Table 5). Those families with high pollution tolerances included Asellidae,
Caenidae, Coenagionidae, Halictidae, Hyalellidae, Libellulidae, Tabanidae, Ptychopteridae,
and Talitridae. Those families with moderate pollution tolerances included Sphariidae,
Sialidae and the class Turbellaria. Families with low pollution tolerances included Chirino-
midae, Dytiscidae, Elmidae, Gammaridae, Gomphidae, and Psychomyiidae.

3.6.2. Axis 1 and 3

Axis 1 versus 3 were informative in separating FWI reach sampling events (Figure 7).
Axis 1 was negatively correlated with two taxa (Nematoda and Oligochaeta) and positively
correlated with 16 taxa (Asellidate, Caenidae, Coenagrionidae, Chironomidae, Dyticidae,
Elimidate, Gammaridae, Comphidae, Halicidae, Libellulidae, Ptychopteridae, Sialidae,
Spheridae, Tabariidae, Talitridae, and Turbellaria). Axis 3 was negatively correlated with
2 taxa (Ceratopogonidae and Hydropsychidae) and positively correlated with 7 taxa (Chi-
ronomidae, Dyticidae, Gelastocoridae, Hyalellidae, Odontoceridae, Polycentropodidae,
and Psephenidae).

Stations with positive correlations along Axis 1 and negative correlations along Axis
3 included Forest 1 form 2010 and Industrial 1 from 2012 (Figure 7). These stations were
dominated by FWI assemblages from 18 families (Table 5). Those families with high pol-
lution tolerances included Asellidae, Caenidae, Coenagionidae, Halictidae, Libellulidae,
Tabanidae, Ptychopteridae, and Talitridae. Those families with moderate pollution toler-
ances included Sphariidae, Sialidae, Ceratopogonidae, and the class Turbellaria. Families
with low pollution tolerances included Chirinomidae, Dytiscidae, Elmidae, Gammaridae,
Gomphidae, and Hydropsychidae.



Ecologies 2022, 3 388

Those stations with negative correlations along Axis 1 and positive correlations along
Axis 3 included Industrial 1 from 2010, Industrial 3 from 2010, Residential 1 and Res-
idential 2 from 2010 and 2012, and Golf 2 from 2010 (Figure 7). These stations were
dominated by FWI from 9 families (Table 5). Those families with high pollution tolerances
included Oligochaeta and Hyalellidae. The family with a moderate tolerance level included
Odontoceridae. Those families with low pollution-tolerance levels included Nematoda,
Chirinomidae, Dytiscidae, Polycentropodidae, and Psephenidae. The Gelastocoridae family
tolerance level is undetermined.

Those stations with negative correlations along axes 1 and 3 included Forest 3 and
Golf 3 from 2010 and Golf 2 from 2012. These stations were dominated by FWI assemblages
from 4 families. The families with a high pollution tolerance included Oligochaeta. The
families with a moderate tolerance included Ceratopogonidae. Those families with low
pollution tolerances included Nematoda and Hydropsychidae.

Those stations with positive correlations along axes 1 and 3 included Forest 1 and
Forest 3 from 2012 and Golf 3 from 2012. These stations were dominated by FWI assem-
blages from 21 families. The families with high pollution tolerances included Asellidae,
Caenidae, Coenagionidae, Halictidae, Hyalellidae, Libellulidae, Tabanidae, Ptychopteri-
dae, and Talitridae. The families with moderate pollution tolerances included Sphariidae,
Sialidae, Odontoceridae, and the class Turbellaria. Families with low pollution tolerances in-
cluded Chirinomidae, Dytiscidae, Elmidae, Gammaridae, Gomphidae, Polycentropodidae,
and Psephenida. The Gelastocoridae family tolerance level is undetermined.

3.6.3. Axis 2 and 3

Axis 2 versus 3 were informative in separating FWI reach sampling events (Figure 8).
Axis 2 was negatively correlated with 12 taxa (Calopterygidae, Chirinomidae, Elmidae,
Gerridae, Halicidae, Hirudinea, Hydropsychidae, Oligochaeta, Physidae, Sphaeridae, and
Tipulidae) and positively correlated with 2 taxa (Hyalellidae and Psychopteridae). Axis 3
was negatively correlated with 2 taxa (Ceratopogonidae and Hydropsychidae) and posi-
tively correlated with 7 taxa (Chironomidae, Dyticidae, Gelastocoridae, Hyalellidae, Odon-
toceridae, Polycentropodidae, and Psephenidae).

The stations with positive correlations along Axis 2 and negative correlations along
Axis 3 included Forest 1, Forest 3, and Golf 3 from 2010 and Industrial 1 from 2012 (Figure 8).
These stations were dominated by FWI assemblages from 4 families. The family with a
high pollution-tolerance level included Hyalellidae. The family with a moderate pollution-
tolerance level included Certopogonidae. The families with a low pollution-tolerance level
included Hydropsychidae and Psychomyiidae.

The stations with negative correlations along Axis 2 and positive correlations along
Axis 3 included Residential 1 from 2010 and 2012, Golf 2 and Industrial 3 from 2010, and
Golf 3 from 2012. These stations were dominated by FWI assemblages from 18 fami-
lies. The families with high pollution-tolerance levels included Halictidae, Hirundinea,
Physidae, Oligochaeta, and Hyalellidae. The families with moderate pollution-tolerance
levels included Planorbidae, Sphaeriidae, and Odontoceridae. The families with low
pollution-tolerance levels included Calopterygidae, Chirinomidae, Elmidae, Gerridae,
Hydropsychidae, Tipulidae, Dytiscidae, Polycentropodidae, and Psephenidae.

The only station with negative correlations along both axes 2 and 3 was Golf 2 in 2012.
This station was dominated by FWI from 13 families. The families with high pollution-
tolerance levels included Halictidae, Hirudinea, Oligochaeta, and Physidae. Those families
with moderate pollution-tolerance levels included Ceratopogonidae, Planorbidae, and
Sphaeriidae. The families with low tolerance levels included Calopterygidae, Chirinomidae,
Elmidae, Gerridae, Hydropsychidae, and Tipulidae.

The stations with positive correlations along both axes 2 and 3 included Forest 1 and
Forest 3 from 2012, Residential 3 from 2010, and Industrial 1 from 2010. These stations were
dominated by FWI assemblages from 8 families. The family with a high pollution-tolerance
level included Hyalellidae. The family with a moderate pollution-tolerance level included
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Odontoceridae. The families with low pollution-tolerance levels included Psychomyiidae,
Chirinomidae, Dytiscidae, Polycentropodidae, and Psephenidae. The Gelastocoridae family
tolerance level is undetermined.

4. Discussion

We identified five major findings from our study. Our first finding was that habitat
quality in the Neponset River watershed was somewhat degraded relative to pristine con-
ditions. Our second finding was that our habitat characterization analysis observed some
separation of our reach scale macrohabitat types at LULC stations with some correlations
with microhabitat variables. Our third finding was that the water quality based on FWI
assemblages was generally degraded in relative to pristine conditions. Our fourth finding
was that contrary to our expectations, there was no significant correlation between our
reach-scale USEPA habitat quality scores and FWI water-quality scores. Our fifth finding
was that our FWI assemblage NMS showed separation of LULC sampling stations and that
that low pollution-tolerant taxa dominated some of our LULC sampling treatment stations
and influenced NMS groupings.

4.1. Habitat Quality

Our habitat-quality analyses resulted in marginal to suboptimal habitat quality that
was not necessarily related to LULC sampling treatment groups, which is consistent with
previous reports [41–43]. Our habitat-quality results suggest that local reach-scale habitat,
not specifically the LULC type, has the most influence on FWI assemblages in the Neponset
River watershed. Other studies have suggested that the physical habitat at the local scale
in a particular LULC station may best predict the ecological response at that station [41–43].
In urban systems, it can be difficult to find linear relationships between stream system
characteristics and LULC [44]. In pristine systems, much like the one modeled in the River
Continuum Concept, one would expect that forested land-use types would be different
than the more human impacted land uses. Though we found that our forested sites had the
best habitat quality, as shown using the USEPA rapid bioassessment, our Golf 3 site also
had higher “suboptimal” habitat quality compared to other LULC treatment stations.

4.2. Habitat Characterization

For our BASS characterization, we expected to see separation and clustering amongst
similar LULC sampling treatment sites in our PCA analysis; however, our results illustrated
some clustering of micro-habitats within treatment LULC stations. Forest 1 and Golf 3
were two stations in which the macro-habitats clustered together. The similar habitat
characteristics that these sites exhibited included cobble bottom substrate, instream cover,
and the presence of terrestrial vegetation. Theodoropoulos and Iliopoulou-Georgudaki [45]
found similar habitat characteristics with low amounts of fine sediment and thicker riparian
zones. These habitats are extremely favorable to FWI assemblages that have low pollution
tolerance [45]. The Residential station and the Golf 2 site were dominated by a fine and
sandy bottom substrate, which is not a favorable habitat for FWI species that are impacted
by high pollution [45,46].

4.3. FWI Water Quality Assessment

In our study, FBI and SBI illustrated water quality in the Neponset River watershed
ranging from “fair” to “very poor” and “fair” to “poor”, respectively. Our Neponset results
were slightly lower than other similar watershed-scale studies. For example, Heidkamp
and Christian [47] found “fair” to “good” water quality, based on SBI assessment, in a
nearby urban coastal watershed, while Klauda et al. [48] used a modified Hilsenhoff biotic
index across six basins/watersheds in Maryland and reported 36% were “good”, 55%
were “fair”, and 9% were “poor”in terms of water quality. In trying to contextualize our
results based on the major LULC in the Neponset River watershed in which we framed our
sampling design, overall, our results are a bit surprising. For example, other studies have
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shown that forested LULC typically results in higher biological integrity scores [16,49] with
relative degradation in biological integrity with increasing agriculture and urbanization.
Thus, our overall water quality/biological integrity results are likely due to three out of
four of our LULC sampling treatments (based on dominant coverage in the watershed) are
along an “urban” LULC gradient.

When assessing water quality using biological metrics, every metric or index is differ-
ent; thus, one index may be more applicable to the aquatic system of interest than another
metric [50]. In our study, the SBI showed slight increases in water quality from 2010 to
2012, whereas the FBI did not show the same trend. In fact, the FBI showed that some
sites declined in water quality from 2010 to 2012. Different water quality assessments also
can produce varying conclusions about the water pollution levels in that system. The SBI
indicated that our sites in the Neponset River watershed had water quality ranging from
“poor” to “fair”, while the FBI indicated water quality ranging from “very poor” to “fairly
poor”. The FBI also has seven pollution levels whilst the SBI only has four, which creates
issues in relative scales. In systems such as agricultural systems, FBI may be more useful
because of its focus on family tolerance [27,51]. When applying or adjusting best manage-
ment practices in agricultural systems, the FBI can better show the response of the FWI
community. For instance, going from “poor” to “fairly poor” is very achievable by making
a small change in riparian zone coverage or increasing buffer zone areas. Conversely, the
SBI is a more useful tool in the urban system where there are many different LULC types.
The SBI is based on the richness and abundance of different tolerance groups, which is
very effective for characterizing stream water quality and determining trends over yearly
periods [30].

4.4. Habitat Quality versus FWI Water Quality

Based on theoretical and empirical reports [9,10,52,53], we expected a statistically
significant correlation between our USEPA physical habitat index scores and our rapid
bioassessment SBI (positive correlation) and FBI (negative correlation). While these correla-
tions were observed as expected, they were not statistically significant. Similar findings
were found when relating urban and non-urban land uses with collector and gatherer
FWI assemblages in southeastern Wisconsin streams [54]. Our insignificant findings could
be due to the local-scale analysis of habitat quality and that factors at larger scales may
have direct and indirect effects on the stream habitat and water quality at larger spatial
scales. For example, larger catchment scale studies have better shown correlations between
impervious land uses and degradation of macroinvertebrate assemblages independent of
habitat-quality scores [54–57].

4.5. FWI Assemblage Analysis

Multivariate analysis of FWI assemblages, not including rapid bioassessment indices
of biotic integrity, have been used as surrogate indicators of water quality across the
globe [21–24,45,58]. Brito et al. [24] reported that taxonomic and functional metrices
responded similarly to a variety of environmental conditions and were reasonable biological
indicators for assessing and conserving streams influenced by agriculture in Amazon
streams. Theodoropoulos and Iliopoulou-Georgudaki [45] found that FWI assemblage
diversity was strongly correlated to pollution at sites with major environmental stressors,
and physical habitat degradation showed low species richness and diversity while sites less
impacted were characterized by higher diversity. In Kenyan streams, macroinvertebrate
assemblages were shown to respond to changes in land use and water quality in which key
macroinvertebrates taxa were identified to monitor changes in water quality [21].

Though dominated by highly pollution-tolerant FWI families, our non-metric multi-
dimensional scaling multivariate FWI assemblage analysis identified that Golf 3 from the
2012 sampling event season was controlled by 24 families. Out of those 24 families, 12 were
moderate to low pollution-tolerant species and the other 12 were high pollutant-tolerant
species. Likewise, the Forest 1 site in 2010 was dominated by FWI species from 18 families.
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Out of those 18 families, 10 were moderate-to-low pollution tolerant, and the other were
from highly pollution-tolerant families. Golf 3 and Forest 1 were the two sites where
the habitat was most favorable for FWI species, and here, we find that though there are
organisms from highly tolerant families, these two sites had the highest diversity.

5. Conclusions

In terms of our hypotheses, we expected that the habitat quality of LULC much
different than its natural state or with high human influence would be different from the
LULC stations closest to a natural state. We found that our forested sites exhibited an
overall better habitat quality compared to our other LULC treatment sites. One of our golf
sites unexpectedly had a higher habitat quality than forested sites. We also hypothesized
that FWI assemblages would ultimately be a reflection of the habitat quality. We found that
habitat quality showed little impact on the FWI assemblages as some LULC treatments
with better habitat quality had FWI assemblages indicative of poorer water quality. Other
local-scale influences, or possibly one habitat metric more than the other, may be of greater
impact to the FWI assemblages. Lastly, we further hypothesized that FWI assemblages
will vary based on the LULC treatments and that specific FWI would be associated with
the LULC type because of the quality of the water at that site. However, we found that all
LULC sampling treatment stations were dominated by highly pollution-tolerant organisms.

Global change drivers such as habitat degradation, climate change, invasive species,
overexploitation, and pollution will continue to impact stream ecosystems [59]. Therefore,
baseline studies such as our catchment and reach-scale habitat and FWI assemblage case-
study are important efforts to establish baseline conditions for future monitoring efforts
and current management planning. For example, we concluded that biotic integrity-based
water quality is degraded in the watershed and that reach-scale habitat alone did not
solely influence the FWI assemblages in the Neponset River watershed. Other factors
such as catchment-scale LULC or other drivers are likely contributors to the variability
in our FWI assemblage composition, diversity, and integrity scores. There are a variety
of restoration actions that can be implemented to improve water quality and ecosystem
services in the Neponset River watershed. However, a recent sustainable stream restoration
review suggests that managers and stakeholders use a bottom-up framework (socioeco-
nomic, hydrologic, hydraulic, geomorphic, physiochemical, biological) in their restoration
efforts, in which starting with socioeconomic factors and processes will likely lead to better
outcomes on individual projects and sustainable support for future restoration efforts [60].

Author Contributions: Conceptualization, A.D.C. and N.D.H.; methodology, A.D.C. and N.D.H.;
software, A.D.C.; validation, A.D.C. and N.D.H.; formal analysis, A.D.C. and N.D.H.; investigation,
N.D.H.; resources, N.D.H.; data curation, N.D.H.; writing—original draft preparation, N.D.H.;
writing—review and editing, A.D.C. and N.D.H.; visualization, A.D.C. and N.D.H.; supervision,
A.D.C.; project administration, A.D.C.; funding acquisition, A.D.C. All authors have read and agreed
to the published version of the manuscript.

Funding: This research was partially supported by the Biology Department at the University of
Massachusetts Boston as start-up funds to A.D.C. and National Science Foundation Research Experi-
ences for Undergraduates funding to A.D.C. via NSF-OCE-1062374 (Hannigan and Christian) and
NSF-OCE-1359242 (Christian and Hannigan).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data for this project are held by both ADC (copies) and NH (original)
in laboratory handbooks and excel data sheets on personal computer hard drives. Request for data
may be directed to the corresponding author.

Acknowledgments: Field and laboratory assistance were provided by Deirdre Burk, Kelly Canesi,
Thomas Dimino, Llewin Froome, Melanie Garate, David Kemp, Sean McCanty, Allie Ruan, Rosemary
Schuster, Michael Simmons, and Alexander Webley. Early drafts of this manuscript were improved



Ecologies 2022, 3 392

through N.D.H dissertation committee members Solange Brault, Robert Chen, Robyn Hannigan, and
Michael Shiaris.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

Appendix A

Table A1. Acronym term definitions for the 33 Basin Area Stream Survey variables.

Acronym Term Acronym Term

LGR Low gradient riffle ICEMB Instream-cover Embeddedness
HGR High gradient riffle ICUCB Instream-cover undercut banks
BWP Back-water pool ICLWD Instream-cover large woody debris
PLP Plunge pool ICSWD Instream-cover small woody debris
LGP Log lateral scour pool ICWW Instream-cover whitewater
DLP Dammed pool ICBO Instream-cover boulder
RUN Run ICBRL Instream-cover bedrock ledge
CCP Channel confluence pool ICCLN Instream-cover clinging vegetation
CRP Corner pool ICRT Instream-cover rooted vegetation
LSP Lateral scour pool LFTBK Left bank angle
LEN Macrohabitat length LFTS Left bank stability
BFW Bankfull width LFTVV Left bank terrestrial vegetation

WAWID Water width MIDC Mid-channel canopy
THAL Thalweg depth RGTBK Right bank angle
DEPLS Depth left bank RGTS Right bank stability
DEP25 Depth 1

4 width from left bank RGTVV Right bank terrestrial vegetation
DEP 50 Depth 1

2 width from left bank F Forest
DEP 75 Depth 3

4 width from left bank G Golf
DEPRS Depth right bank I Industrial
BTBo % bottom boulders R Residential
BTMC % bottom cobble Y10 2010
BTMG % bottom gravel Y12 2012
BTMS % bottom sand
BTMF % bottom fines
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