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Abstract:

 Restored stream reaches at 79 sites across North Carolina were sampled for aquatic macroinvertebrates using a rapid bioassessment protocol. Morphological design parameters and geographic factors, including watershed and landscape parameters (e.g., valley slope, substrate), were also compiled for these streams. Principal component regression analyses revealed correlations between design and landscape variables with macroinvertebrate metrics. The correlations were strengthened by adding watershed variables. Ridge regression was used to find the best-fit model for predicting dominant taxa from the “pollution sensitive” orders of Ephemeroptera (mayflies), Plecoptera (stoneflies), and Trichoptera (caddisflies), or EPT taxa, resulting in coefficient weights that were most interpretable relative to site selection and design parameters. Results indicate that larger (wider) streams located in the mountains and foothills where there are steeper valleys, larger substrate, and undeveloped watersheds are expected to have higher numbers of dominant EPT taxa. In addition, EPT taxa numbers are positively correlated with accessible floodplain width and negatively correlated with width-to-depth ratio and sinuosity. This study indicates that both site selection and design should be carefully considered in order to maximize the resulting biotic condition and associated potential ecological uplift of the stream.
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1. Introduction


Today, many ecological restoration practitioners restore streams using a natural channel design (NCD) approach. The current analogous approach can largely be attributed to a well-known professional geomorphologist, Dave Rosgen, as the method requires knowledge of his stream classification system [1] and is underpinned by the fluvial geomorphological elements outlined in his publications and training workshops [2,3]. Hey [4] refers to the “Rosgen Method” as a fluvial geomorphological methodology for designing natural stable channels. He describes the process as an analogue procedure where cross-sectional area and pattern relationships (e.g., sinuosity) are scaled from a natural stable reference stream to determine the restoration design. The practice of NCD as an approach to stream restoration emerged in the southwest United States in 1986, with the first documented project implemented on the East Fork of the San Juan River in southern Colorado [5]. Since this first project was constructed, stream restoration has spread to most parts of the country and to other areas of the world. Nationally, more than one billion dollars are spent annually on restoration projects [6], and efforts to return rivers to pre-disturbance conditions, or some close approximation, are becoming popular around the world as well [7].



NCD is focused on restoring stability or dynamic equilibrium to disturbed streams. Equilibrium has been described as a balance among hydrologic, hydraulic, and sediment factors [2,8,9,10,11]. In an attempt to attain equilibrium in the disturbed reach, NCD focuses on rebuilding characteristics found in high quality reference streams that are believed to be linked to equilibrium, including a properly sized bankfull channel, an accessible floodplain (i.e., regularly flooded) that is of adequate width, meanders, and the presence of bedform habitat and diversity (e.g., riffles, pools). The bankfull stage is associated with the flow that just fills the channel to the top of its banks and at a point where the water begins to overflow onto a floodplain [12]. A stable stream will have flows that frequently spill out of the bankfull channel onto the floodplain. Hydraulic geometry relationships, or regional curves, relate bankfull stream channel dimensions to watershed drainage area [13]. Regional curves are commonly used to inform stream designers of stream geometry characteristic of the region in which they are working.



A “guiding image” of a healthy river is often used in stream restoration projects [7,14]. Detailed knowledge of the undisturbed condition of an ecosystem is a key planning element of restoration [15]. Reference ecosystems commonly serve as the “guiding image” for ecological restoration projects. One or more high quality stable reference stream(s) within the same hydrophysiographic region serve as the design template for NCD stream restoration [16,17]. Current NCD restoration relies on stable reference channels to obtain morphological variables to apply in the restoration design. Numerous dimension, pattern, and profile measurements are obtained from reference channels. These data are then scaled by calculating dimensionless ratios so they are appropriately sized for the design stream. Dimensionless ratios are determined by dividing each direct measured value from the reference stream by the bankfull width, bankfull mean depth, or average stream slope of the reference channel.



Design procedures for NCD restoration require the designer to select a bankfull channel size (Abkf) and discharge (Qbkf), and the ratio of bankfull channel width to mean depth ratio—frequently referred to as the width-to-depth ratio [W/d] [17,18,19]. Channel size can be determined from an existing condition survey of the stream that includes identification of field indicators of bankfull stage [17]. Bankfull width (Wbkf) is then calculated from the cross-sectional area (Abkf) and [W/d].
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Reference reach survey data is also used to calculate dimensionless pattern geometry relationships that are then scaled to the design stream (by multiplying by the design bankfull width). Specifically, pattern ratios are used for scaling radius of curvature, meander belt width, and meander wavelength. A target range of values for each pattern variable is determined and combined with design experience and conditions or limitations of the project site (e.g., valley width, valley slope, and substrate), and is then used for drawing a new or modified stream alignment. These key design decisions and computations combined with the resulting stream alignment produce a channel sinuosity (K) and slope, where sinuosity is a measure of stream length divided by the valley length, and stream slope is the change in elevation of the stream divided by the thalweg length.



Data from undisturbed reference reaches can also be used to influence the selection of the width-to-depth ratio [W/d], target sinuosity (K), and entrenchment ratio (ER). ER is a dimensionless ratio that is proportional to the amount of floodplain available to the stream and is calculated by:


ER = Wfpa/Wbkf



(2)




where Wfpa = width of the flood prone area and Wbkf is the width of the bankfull channel. Width of the floodprone area (Wfpa) is measured at the elevation of twice the maximum depth above the thalweg [1,19]. Similarly, bedform profile features (e.g., riffle length and slope, pool depth and width) are based on the dimensionless relationships from the undisturbed reference channels. Final adjustments to channel slope and depth are based on sediment transport analyses using equations such as Shields [20], Andrews [21], and/or FLOWSED/POWERSED [22]. It is anticipated that following this design process combined with successful construction and establishment of vegetation will result in channel equilibrium. Little study has been done to determine which, if any, of these design procedures and decisions affect a positive change in the biotic condition of a restored stream.



Numerous factors likely influence the outcome of a restoration project, of which many are predetermined, including the geology, topography, hydrology, history, and landuse of the site, as well as the surrounding watershed conditions. However, site selection is often driven by feasibility alone rather than by potential effectiveness. A critical assessment of where restoration efforts are most needed to meet relevant water quality, ecological, social, and/or mitigation requirements should be combined with careful consideration of the watershed and landscape history and condition when selecting a restoration site [23].



Watershed condition should be carefully considered when evaluating or proposing biotic goals and objectives for restoration projects as research has linked watershed development and hydrologic factors to stream condition, function, and health since the 1970s. As little as 10% impervious cover within the watershed (e.g., roads, sidewalks, rooftops, parking lots) has been linked to stream degradation, with the severity increasing as impervious cover increases [24,25]. Urban development or impervious cover can result in increased peak discharges [26], channel incision, and subsequent channel enlargement [27,28] and associated erosion. Enlargement ratios of 0.7–3.8 were reported in the Piedmont of Pennsylvania [27] and 2.65 for Piedmont North Carolina streams [28]. Channel incision leads to less stream-floodplain interaction, reduced spatial habitat heterogeneity [29], greater temporal instability, reduced hydraulic retention, degradation of water quality, stream channel enlargement, and shifts in the fish community structure [30,31].



A study of 10 New Hampshire coastal streams observed a general decline in macroinvertebrate community metrics as the watersheds shifted from a dominant land cover of forest to urban [32]. In addition, higher concentrations of most water contaminants were associated with higher percent impervious cover. The percent of urban land in the buffer zones just upstream of sampling sites correlated the highest with stream quality variables tested. Water quality and habitat, biological condition, and taxa richness showed a significant decline in the range of 7%–14% impervious cover, as determined by Deacon et al. [32], which is consistent with the point of decline reported by others compiled by Schueler [24]. In contrast, Booth et al. [33] found that neither impervious area nor riparian condition alone may predict the biological condition of stream sites located in western Washington State. Booth concluded that biological condition was highly variable with low levels of development, but was consistently poor at high levels of impervious percentage and associated urban cover.



This study compares watershed, landscape, and design parameters (Table 1) with macroinvertebrate community metrics to determine if individual “input” variables or combinations thereof contribute to specific biotic “outcomes”. From the site selection to the design process it would be beneficial to stream designers, conservationists, and environmental/mitigation policy makers to determine what factors (both controllable and non-controllable) affect the resulting biotic condition of the restored stream. This information may help to optimize performance of restoration efforts through improvements in site selection, stream design, and site planning.



Table 1. Watershed, landscape, and design variables hypothesized to influence stream restoration performance and biologic outcome.



	
Watershed

	
Landscape

	
Design






	
% Impervious Cover

	
Valley Slope (Svalley)

Substrate (D50, D84, and % sand)

	
Bankfull Area (Abkf)




	
% Developed Area

	
Bankfull Width (Wbkf)




	
Runoff Curve Number (CN)

	
Bankfull Mean Depth (dbkf)




	
Watershed Size

	
Width/Depth Ratio ([W/d])




	
Basin Slope

	
Entrenchment Ratio ([ER])




	
Time of Concentration (tc)

	
Average Channel Slope (Save) Sinuosity (K)











2. Methods


2.1. Site Selection


Between 2006 and 2012, aquatic macroinvertebrates were sampled in 79 restored streams across the state as part of a North Carolina (NC) Clean Water Management Trust Fund (CWMTF) effort to assess restored streams [34]. The selection of streams assessed was a non-randomized sample based on available project documents and data, funding, and physical access. Only restored streams that applied NCD restoration practices [4], including modifications to channel and/or floodplain geometry and/or additions of rock and log structures, were included [19]. Based on a review of grant applications and project documents, many streams were targeted for restoration because of severe bank erosion and channel bed incision, which was considered detrimental to water quality and habitat. As such, stabilizing eroding stream banks and reconnecting the stream to a floodplain were the most commonly identified project goals. Improvement in biological habitat or integrity was also identified as a goal for a small subset of projects. The degree of restoration varied from enhancement (grading of floodplain benches and addition of rock and/or log structures) to complete channel relocation and/or reconfiguration of channel size and shape. The streams are located in a wide range of ecoregions, watershed conditions, bed material size classes, and valley types. Projects ranged in age from new construction to 10 years post-restoration. All sites were visited during March to October. Basic site information and design parameters were obtained for the restoration projects by contacting project designers and funding agencies. A map indicating the location of the 79 sites is provided in (Figure 1).


Figure 1. Location of restored streams with design and morphology data.
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2.2. Macroinvertebrate Sampling


Aquatic macroinvertebrate samples were collected using a rapid method developed specifically for this project. The method was adapted from by the NC Division of Water Quality [35]. Samples were collected from at least one location within the restored stream channel. Each sample is a composite of macroinvertebrates collected by a kick net sample from a riffle area, a sweep net sample from bank habitats, a leaf pack sample, and visual inspections of stable substrate material. All specimens were identified to the lowest practical taxonomic level (i.e., genus and, in some cases, species) in the field by an experienced macroinvertebrate biologist, and all dominant taxa (two or more organisms) were recorded. Sampling results were used to calculate five macroinvertebrate metrics: number of dominant taxa (dominant taxa), number of dominant EPT taxa (EPT taxa), EPT abundance, percent shredders and predators, and number of indicator taxa (indicator taxa). EPT represents taxa from the “pollution sensitive” orders of Ephemeroptera (mayflies), Plecoptera (stoneflies), and Trichoptera (caddisflies). EPT taxa are widely used as indicators of environmental disturbances and urbanization [36] since they show a response to a wide array of pollutants over both long-term and short-term exposures; they are an indicator of flow persistence [37]; and are considered an appropriate richness measure for evaluating stream health [38]. The percent shredders and predators metric was selected as a surrogate for organic retention, which can be limiting in streams following restoration construction that includes extensive earthwork.




2.3. Substrate Sampling


A quantitative assessment of the dominant substrate material was also conducted as part of the assessment. Twenty-five substrate particles per riffle were collected from the baseflow wetted area along two riffles for a total of 50 particles collected from streams three meters wide or less, and 50 particles per riffle at two riffles for a total of 100 particles were collected for streams greater than three meters in width. Particles were collected while moving in a zigzag pattern across the entire riffle cover [17]. Individual particle measurements were made along the intermediate axis of each particle (or estimated for very small particles) following protocols developed by Wolman [39]. Particle sizes were recorded, and particle size distribution and cumulative frequency tallies were used to determine the D50, D84, and percent sand (<2 mm median diameter particle). The D50 sediment size is the grain diameter at which 50% of the sediment sample is finer than, and the D84 is the grain diameter at which 84% of the sediment sample is finer than. Substrate sampling was not conducted in sand bed streams.




2.4. Watershed Assessment


Watershed analysis was conducted for each stream using ArcGIS Desktop 10.0 [40]. Drainage boundaries for the downstream end of each restored stream reach were manually delineated referencing NC Department of Transportation county contour data [41], aerial photography, and hydraulic unit boundaries where applicable. Soil data from counties containing the target watersheds were obtained from the Natural Resources Conservation Services (NRCS) [42]. Watersheds were divided by hydrologic soil group (A, B, C, or D) according to soil type. Land use data were obtained from the US Geological Survey (USGS) National Land Cover Dataset [43]. Land cover data were reclassified to represent eight general land cover classes: water, developed, barren, forested, shrubland, herbaceous, cultivated, and wetlands according to the Multi-Resolution Land Characteristics Consortium (MRLC) 2001 landcover definitions [44]. The landcover data were then combined with the processed soils data to generate a composite runoff Curve Number (CN) for each watershed [45].



Impervious cover percentage was determined using the 2006 USGS National Land Cover Dataset (NLCD) Percent Developed Imperviousness [43] layer, which assigns an impervious cover percentage to each 30 m × 30 m pixel included in the dataset. A series of polygons that grouped pixels by impervious cover in 10 percent interval ranges (i.e., 1%–10%, 11%–20%, 21%–30%, etc.) was produced. Each polygon area was summarized to compute a composite impervious percentage for the total area of each individual watershed. Manual measurements were also taken in ArcGIS to determine the slope of the drainage basin and to estimate time of concentration ([image: there is no content]) in minutes using the Kirpich Equation [46] for each restored reach.
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where [image: there is no content] = hydraulic length or the longest flow path from the most remote point on the watershed ridge to the outlet of the watershed, measured in feet; and [image: there is no content] = height of the most remote point on the watershed ridge above the watershed outlet or the fall along the hydraulic length. The damping effect of inline water bodies, such as ponds and lakes, were ignored and hydraulic length was measured along the shortest distance across the water body. Basin slope was calculated by dividing basin height, [image: there is no content] by hydraulic length, [image: there is no content]. The Kirpich equation is generally limited to small rural watersheds of 0.8 square kilometers or less. This method is widely used in North Carolina for hydrologic analysis and was considered a reasonable method for making relative comparisons of general watershed size, morphology, and the associated flow path.




2.5. Statistical Analyses


Many of the landscape, watershed, design, and stream assessment variables lack independence. For example, channel dimension has been shown to relate to watershed size [12], as well as to percent impervious cover [28]. Cross-sectional area is a product of width and mean depth, and the [W/d] ratio is derived from the channel bankfull mean width and mean depth. Therefore, principal component analysis (PCA), a multivariate statistical technique designed to address multi-collinearity [47], was used for analyses. PCA was implemented on the scaled and centered matrix for various combinations of watershed, design, and landscape variables (Table 1) using R statistical software [48]. A sufficient number of principal components (PCs) were retained to explain a reasonable amount of the variability in the stream assessment variables (minimum of 75%). Afterwards, each macroinvertebrate metric was individually regressed on the retained subset of PCs. Varimax rotation of factors was used to increase loading coefficients for some variables in an effort to improve the interpretation of results from an ecological standpoint [49]. In addition, Redundancy Analysis (RDA), an extension of PCA that couples ordination and regression, was used to examine the relationships between the morphology and landscape variables and the five macroinvertebrate metrics. The “vegan” package in R statistical software [48] was used for the analysis. A triplot was prepared to show the results of exploring combinations of predictor variables (morphology and watershed) that best explain different combinations of response variables (macroinvertebrate metrics). Macroinvertebrate metric data were scaled and centered before performing the redundancy analysis to account for differences in units between the metrics.



Ridge regression using the “ridge” package in R statistical software [48] was used to develop models to predict macroinvertebrate metrics for the 79 restored streams. A ridge regression model was selected as it outperformed (resulted in the lowest prediction error using cross-validation) both principal component and least squares regression models in predicting EPT taxa numbers from rapid habitat assessment scores and watershed variables from this dataset [50]. Ridge regression stabilizes regression estimates in the presence of extreme multi-collinearity and shrinks the regression coefficients by imposing a penalty on their magnitude in order to minimize the residual sum of squares [51]. Various combinations of the landscape, watershed, and design variables in Table 1 were modeled for correlation to total number of dominant EPT taxa. The ridge models were used to calculate predicted EPT metric scores for the 79 restored streams. To evaluate predictive performance of the model, cross-validation using a leave-one-out method was performed. The ridge regression model was iteratively formulated 79 times by removing one single observation at a time from the data set. A predicted score for the missing observation and the associated prediction error were then calculated. The sum of the prediction errors equates to the overall prediction error or cross-validation score [52]. Predicted macroinvertebrate metrics from the cross-validation process were compared with field measured values to evaluate the fit of the model. Combinations of predictors were evaluated to determine if predictor weights were interpretable and would lend insight to site selection and design considerations for future restoration efforts.





3. Results


3.1. Correlation of Morphology Factors to Macroinvertebrates


A matrix of 11 individual design and landscape variables was standardized and PCA was applied in R statistical software [48] to generate PCs. Four PCs that explain 80.4% of the variance were retained. The scores from the four PCs were then used to perform multiple linear regression analysis in relation to five of the macroinvertebrate metric values. PC1 was found to have a statistically significant relationship with the total number of EPT taxa, EPT abundance, and total number of indicator taxa at the α = 0.05 level. PC2 had a statistically significant correlation with all macroinvertebrate metrics except percent shredders and predators, and PC3 only had a statistically significant correlation to the total number of abundant EPT taxa. PC4 was not significant. The resulting p-values that indicate significance for PC1, PC2, and PC3 are provided in Table 2, and variable weights for the PCs are provided in Table 3. PC1 is weighted most heavily by channel size and substrate. PC2 is weighted most heavily by channel size, substrate, and both channel and valley slope. Sinuosity and [W/d] ratio were heavily weighted positive variables for PC3 and PC4, while entrenchment ratio had a very large negative weight for PC3. These heavily weighted factors included in the top PCs appear to have a bearing on the macroinvertebrate metrics.


Table 2. p-values for all significant relationships resulting from multiple linear regression between macroinvertebrate metrics and morphology principal components (PCs).


	PC#
	No. Dominant Taxa
	No. Dominant EPT Taxa
	EPT Abundance
	No. Indicator Taxa





	PC1
	–
	0.00318
	0.000576
	0.031



	PC2
	2.04 × 10−7
	2.7 × 10−8
	9.52 × 10−7
	1.6 × 10−6



	PC3
	–
	0.04566
	–
	–








Table 3. PC weights for the first four PCs based on 11 morphology variables measured at 79 restored streams. Variables with higher weights are in bold.


	Variable
	PC1
	PC2
	PC3
	PC4





	Wbkf
	−0.89
	0.32
	0.01
	−0.24



	Abkf
	−0.83
	0.41
	−0.12
	−0.18



	dbkf
	−0.76
	0.49
	−0.25
	0.10



	D50
	−0.68
	−0.54
	−0.14
	0.18



	D84
	−0.58
	−0.73
	−0.07
	0.12



	% sand
	0.58
	0.63
	0.09
	−0.25



	Svalley
	0.15
	−0.80
	0.07
	−0.17



	Save
	0.10
	−0.67
	0.09
	0.06



	[W/d]
	−0.35
	−0.31
	0.48
	−0.63



	K
	0.23
	−0.25
	−0.54
	−0.64



	ER
	0.24
	−0.15
	−0.82
	−0.03










3.2. Accounting for Watershed Influence


To further explain variability in the relationships between site selection and design and macroinvertebrate metrics, six watershed factors (CN, percent impervious, percent developed, watershed size, basin slope, and time of concentration) were combined with the morphology variables, and PCA was again applied. Table 4 provides the range, average, and median values for all six watershed parameters for the 79 restored streams. Five PCs were retained for assessment as they explain 80.9% of the variance. The scores from the retained PCs were used to perform multiple linear regression analysis in relation to the five macroinvertebrate metrics. The combination of six watershed factors with the morphology variables improved coefficients of determination when compared to individual macroinvertebrate metrics. Coefficients of determination based on 79 restored streams for each of the five macroinvertebrate metrics based on PCA of morphology variables alone and PCA of morphology combined with watershed factors are provided in Table 5.


Table 4. Range, average, and median values for six watershed parameters.


	Parameter
	Range
	Average
	Median





	Basin Slope
	0.0019–0.1841
	0.0333
	0.0156



	Tc (min.)
	13.3–384
	81.2
	56.2



	Watershed Size (sq. km.)
	0.3–277
	16.8
	4.9



	Curve Number
	53–85.2
	67.0
	65.6



	% Developed
	0–99
	36.9
	16.5



	% Impervious
	0–52
	11.0
	1.6









Table 5. Coefficients of determination resulting from linear regression of five macroinvertebrate metrics compared to four PCs resulting from site selection and morphology design variables (11 variables) and five PCs resulting from the morphology variables combined with six watershed factors. Total variance explained by the PCs is also reported. PCA refers to principal component analysis. EPT refers to Ephemeroptera (mayflies), Plecoptera (stoneflies), and Trichoptera (caddisflies).



	
Macroinvertebrate Metric/PCA Parameters

	
Linear Regression Approach




	
PCA (Morph)

	
PCA (Morph + Watershed)






	
No. Dominant Taxa

	
0.46

	
0.58




	
No. Dominant EPT Taxa

	
0.51

	
0.66




	
EPT Abundance

	
0.46

	
0.59




	
% Shredders and Predators

	
0.15

	
0.20




	
No. Indicator Taxa

	
0.42

	
0.57




	
No. of Variables

	
11

	
17




	
Total No. of PC‘s

	
4

	
5




	
% Variability Explained

	
80.4%

	
80.9%










RDA analysis was used to further explore relationships between the macroinvertebrate metrics and the predictor variables (morphology and watershed). Scores from RDA analysis were used to prepare a triplot that simultaneously displays stream scores (based on RDA axes one and two, which explain 66.6% of the variance) as points, macroinvertebrate metric scores as points, and the watershed and morphology variables as arrows (Figure 2). The triplot displays correlation information amongst variables through the angles between the points and arrows. Small angles between two variable arrows imply high positive correlations between these variables, and variable arrows pointing the same direction or species points in the same location reveal intercorrelations of these variables. Arrows pointing in opposite directions are negatively correlated. The triplot reveals redundancies in channel size, slope, and watershed variables. EPT abundance and taxa are closely grouped and dominant taxa and indicator taxa are also closely located to EPT. These four metrics show a strong positive association with slope (basin and valley) and substrate particle size (D50 and D84), and a negative correlation with watershed development variables (percent developed, percent impervious, and CN) and the percent of sand. However, shredders and predators is located separately from the other four metrics and is positively correlated with width-to-depth ratio, [W/d]. The tri-plot is color-coded by physiographic region and reveals a separation between coastal plain and mountain sites. Coastal plain includes both the Middle Atlantic Coastal and Southeastern Plain regions shown in Figure 1. In contrast, the Piedmont streams are more widely dispersed. The plot also displays an outlier coastal plain stream where only amphipods were found, producing a 100% shredders and predators metric score.


Figure 2. Redundancy Analysis (RDA) triplot showing results of ordination combined with regression of 11 morphology and six watershed variables to five macroinvertebrate metrics at 79 streams.
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3.3. Predicting EPT Taxa from Design and Site Selection


In an effort to further interpret the relationship among site selection, design, and biologic outcomes, ridge regression was used to develop a linear model of the morphology and watershed variables that would reduce the prediction error for Dominant EPT Taxa for the 79 restored streams. Dominant EPT taxa was selected for regression analysis since they are widely used as indicators of environmental disturbances [53] and considered an appropriate richness measure for evaluating stream health [38]. Using morphology variables alone resulted in reasonable prediction of dominant EPT taxa for the 79 restored streams (R2 = 0.62). Prediction values did not cover the range of the measured values, and the mean of predicted values was higher than the measured mean. The resulting ridge regression model for predicting dominant EPT taxa using the morphologic factors is:


EPT = I + β0× x1 + β1× x2 + β2× x3 +…+ β10× x11



(4)




where EPT = expected total number of dominant EPT taxa. I = the Y intercept, which is 4.44, and the beta values for each of the 11 variables (x’s) included in the ridge regression model are reported in Table 6. Values for betas are grouped by positive and negative weights. Variables that carry the heaviest positive weight (largest beta) and thus have the greatest influence for predicting dominant EPT taxa values included D84, ER, Svalley, and dbkf. Variables having the most significant negative weight included percent sand and Abkf. Therefore as these factors increase, the number of predicted dominant EPT taxa decreases. The positive influence of bankfull mean depth countered by the negative influence of bankfull channel area makes interpretation of this model difficult.



Table 6. Coefficients or weights for each morphology factor (design and landscape) resulting from ridge regression. Variables with higher weights are in bold.



	
Positive

	
Negative






	
D84

	
1.68

	
% Sand

	
−1.48




	
ER

	
1.22

	
Abkf

	
−0.80




	
Svalley

	
1.10

	
D50

	
−0.39




	
dbkf

	
0.78

	
Save

	
−0.35




	
Wbkf

	
0.38

	
K

	
−0.22




	
[W/d]

	
0.01

	
–

	
–










The ridge model was then repeated using the 11 morphology variables combined with six watershed factors. The watershed variables improved prediction of EPT taxa over morphology variables alone (R2 = 0.82). The range of predicted values was similar, however, the predicted mean value was lower, bringing it closer to the measured mean value. The Y intercept for the model remained at 4.44, and the beta values for each of the 17 variables (morphology and watershed) included in the ridge regression model are reported in Table 7. Variables that have heavier positive weight (largest beta) and thus have greater influence for predicting dominant EPT taxa values included channel size (dbkf, Wbkf), floodplain width (ER), slope (Svalley, basin slope), level of development (percent impervious), and substrate (D84). Variables having the most significant negative weight included percent developed, CN, watershed size, Save, percent sand, and sinuosity (K). Results were somewhat difficult to interpret as similar variables have both positive and negative weights in the model. For example, the negative influence of percent developed and CN on EPT taxa, which were expected, are countered by the positive influence of percent impervious. Similarly, basin slope and valley slope contribute positively to the number of dominant EPT taxa, but this is countered by a negative influence of average channel slope. Also, the positive influence of bankfull mean depth and width are countered by a minor negative influence of bankfull channel area. This example is less pronounced than the first two since Abkf has a fairly low negative weight. These statistically anomalous variable conflicts limit the ability to interpret the model in a way that provides insight for future project selection and design. In an effort to improve interpretation of the ridge model, variable elimination based on correlation of variables was pursued.



Table 7. Coefficients or weights for each morphology and watershed factor resulting from ridge regression. Variables with higher weights are in bold.



	
Positive

	
Negative






	
Svalley

	
1.14

	
% Developed

	
−1.44




	
dbkf

	
1.00

	
% Sand

	
−1.28




	
ER

	
0.91

	
CN

	
−1.06




	
Basin slope

	
0.86

	
Size

	
−1.02




	
D84

	
0.62

	
Save

	
−0.49




	
Wbkf

	
0.50

	
K

	
−0.48




	
% Impervious

	
0.47

	
D50

	
−0.18




	
tc

	
0.17

	
Abkf

	
−0.16




	
–

	
–

	
[W/d]

	
−0.12










A color-coded correlation diagram was produced using the “corrgram” package in R statistical software [48] (Figure 3). The diagram indicates the strongest positive correlations between Abkf and watershed size, tc, Wbkf and dbkf; between CN and percent impervious and percent developed; and between D84 and D50 particle size classes. The highest negative correlation is between percent sand and the D84 and D50 particle size classes. Considering the correlation diagram and the RDA triplot of the first two RDA axes for the watershed and morphology variables (Figure 2), where redundant variables can be identified by vectors aligned along the same axis, eight variables, including Abkf, dbkf, Save, percent impervious, percent developed, percent sand, D84, and watershed size, were eliminated. The ridge model was then rerun with the nine variables retained. Cross-validation using a leave-one-out approach produced predicted EPT taxa values with a comparable range and mean to the observed values (Figure 4). Linear comparison of the ridge regression model scores to the measured values resulted in a significant decrease in the coefficient of determination (R2 = 0.67). The coefficient did represent a notable improvement over the ridge model using the morphology variables alone (R2 = 0.62). The Y intercept for the model again remained at 4.44, and the beta values for each of the nine variables (morphology and watershed) included in the ridge regression model are reported in Table 8. Variables that carry the heaviest positive weight (largest beta) and thus have the greatest influence for predicting dominant EPT taxa values included basin slope, floodplain width (ER), substrate (D50), slope (Svalley), and channel size (Wbkf). Variables having the most significant negative weight included CN, sinuosity (K), and [W/d]. Even though the ridge model that was produced following variable elimination exhibits reduced prediction accuracy, the results were more easily interpreted from a practical standpoint. From the coefficient weights in Table 8 one can surmise that larger (wider) streams in steeper valleys with larger substrate and undeveloped watersheds will have higher numbers of dominant EPT taxa. This result is obvious, given the fact that low EPT taxa numbers were found in the lower gradient, sand-bed dominated Coastal Plain streams compared to the Piedmont and Mountain streams (Figure 5), and lower EPT taxa numbers were also found in urban streams (≥10% impervious) when compared to rural streams (<10% impervious) (Figure 6). However, it appears that larger accessible floodplain widths (high ER values) correlate with higher EPT taxa values and that in contrast, high width-to-depth ratios, [W/d], and high levels of sinuosity, K, correlate with lower EPT taxa numbers, which are not obvious conclusions resulting from urbanization or physiographic region factors.


Figure 3. Correlation matrix diagram for 11 landscape and design morphology and six watershed variables. Blue indicates positive and red indicates negative correlation. Darker shades represent higher levels of correlation between variables.
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Figure 4. Scatterplot and box plot comparison of predicted number of dominant EPT Taxa resulting from cross-validation of ridge regression model (Predicted EPT Taxa) of six morphology combined with three watershed variables after variable elimination compared with measured (Observed EPT Taxa) number of dominant EPT taxa values for 79 restored streams. Predicted values have been truncated at zero.
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Figure 5. Total Number of Dominant EPT Taxa for mountain (M), Piedmont (P), and coastal plain (C) streams (n = 79).
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Figure 6. Total Number of Dominant EPT Taxa for urban (% Impervious ≥ 10) vs. rural (% Impervious < 10) Streams (n = 79).
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Table 8. Coefficients or weights for each morphology and watershed factor resulting from ridge regression following variable elimination.



	
Positive

	
Negative






	
Basin Slope

	
1.66

	
CN

	
−1.42




	
ER

	
1.02

	
K

	
−0.46




	
D50

	
0.81

	
[W/d]

	
−0.42




	
Svalley

	
0.74

	
tc

	
−0.05




	
Wbkf

	
0.74

	
–

	
–












4. Discussion


Principal component regression analysis of 79 restored streams indicated that 11 morphology related stream design and landscape variables were found to be significantly related to four macroinvertebrate metrics, including number of abundant taxa, number of indicator taxa, and number and abundance of EPT taxa. The linear regression revealed that the morphology PCs did not explain a significant portion of the variability in the macroinvertebrate metrics. Further, PCA of a combined matrix of watershed conditions with morphology variables improved correlation when the resulting PCs were linearly regressed in relation to the macroinvertebrate metrics. These results suggest that site selection, including watershed condition, and design procedures and decisions made by the project managers and designers have an influence on the biological outcome of the stream restoration project. Further, this study confirms the influence of watershed condition on macroinvertebrate community metrics that is previously well documented [32,36,54].



Ridge regression of 11 morphology variables was successfully used to predict the number of dominant EPT taxa compared to measured values from field sampling of the 79 restored streams (R2 = 0.62). The ridge model was improved by adding six watershed variables (R2 = 0.82). However, the interpretation of the ridge regression model relative to site selection and design was difficult due to both negative and positive weighting of variables with correlation. Therefore, variable reduction using a correlation matrix and interpretation of an RDA triplot resulted in the selection of nine variables to retain for ridge regression. Variables retained included bankfull channel mean width, width-to-depth ratio, entrenchment ratio, sinuosity, valley slope, basin slope, median substrate particle size, time of concentration, and runoff curve number. The reduced model improved interpretation of the results while also providing a reasonable prediction of EPT taxa (R2 = 0.67). The model indicated that larger (wider) streams in steeper valleys with larger substrate and undeveloped watersheds will have higher numbers of dominant EPT taxa. This result was expected given the extremely low EPT taxa numbers that were found in lower gradient, sand-bed dominated Coastal Plain streams and in urban streams (percent impervious ≥ 10). The increase in channel size (e.g., width) positively affecting macroinvertebrate community metrics has been seen in several regions around the world [55,56]. Further, the model results reflect the disparity in EPT taxa and other macroinvertebrates between regions and watershed conditions in North Carolina. These results support findings of no difference in macroinvetebrate communities between urban degraded and restored channels in the Piedmont region of North Carolina [57]. Rather, macroinvertebrate metrics were best predicted by channel habitat complexity and watershed impervious cover.



The reduced ridge regression model also indicates that larger accessible floodplain widths (higher ER values) correlate with higher EPT taxa values, and, in contrast, high width-to-depth ratios, [W/d], and high levels of sinuosity, K, correlate with lower EPT taxa numbers. Therefore, expanding floodplain area should be a focus of restoration projects, especially when project goals include improving macroinvertebrate diversity. Increasing floodplain connectivity and width is also likely to enhance nutrient removal [58,59,60,61,62,63]. In contrast to entrenchment ratio, increasing sinuosity may not be a primary concern for macroinvertebrate community improvement. Many streams in need of restoration and enhancement occur in restricted corridors where increasing sinuosity is difficult. Doyle et al. [64] found a slightly higher, yet significant, increase in sinuosity among streams built for mitigation purposes versus those for non-mitigation purposes in North Carolina and suggested that this was a result of restoration designers striving to increase the length of the restored stream to maximize mitigation credits, and thus economic benefits, of the project. This study indicates that increasing the floodplain width will afford greater improvements in macroinvertebrate community over sinuosity. However, increasing sinuosity may have a positive effect on nutrient removal similar to increasing floodplain area and access. This may be true especially for streams of less than 10 meters in width, as these channels frequently remove as much as 50% of the nitrogen produced by their watershed, with uptake and removal occurring on submerged sediments and biofilm [65]. For example, restored sections of Wilson Creek in Kentucky showed improved nutrient uptake and reduced flow velocity when compared to the unrestored reaches [60]. Therefore increasing sinuosity combined with improving frequency of floodplain access would be appropriate targets for removing nitrogen.



Larger width-to-depth ratio negatively influencing EPT taxa numbers may indicate that wide-shallow streams have an influence on the macroinvertebrate community. However, it should be noted that high EPT abundance was primarily associated with medium sized watersheds of greater than 2.6 to less than 26 square kilometers. Width-to-depth ratio interacts with many other geomorphic parameters (pool depth, velocity, shear stress, substrate size, etc.) making conclusions about this result difficult. The PCR and ridge regression models developed to predict EPT taxa reflect the range of conditions of the 79 restored streams sampled by this study in North Carolina. Further, cross-validation revealed that the ridge model is likely be a good predictor of EPT taxa numbers in other restored streams located in the state. However, these regression models should not be used to predict EPT taxa in other states or regions of the country where the range of variability and the importance of each predictor are likely to differ.



Given the lack of EPT taxa expected to occur in coastal and urban settings regardless of restoration activities, other biological and ecosystem metrics should be considered for evaluating project need, site selection, design, and performance of urban and coastal stream restoration efforts. Strongly considering physical form or morphology of a stream restoration project as a logical objective to assess in addition to habitat and biology, the Ohio Department of Environment and Natural Resources evaluated 51 restored streams using assessment parameters that addressed a variety of characteristics that were measurable, products of design, and deemed necessary for ecological function [66]. As a result, stream power, channel size, flood frequency, floodplain extent, floodplain connectivity, and sinuosity at the restored streams were compared to benchmarks developed from the literature, modeling, and/or field data collected from non-restored streams in Ohio. Woolsey et al. [7] identify 49 indicators designed to assess 13 potential objectives including social, environmental, and economic factors likely relevant to stream restoration. More recently, Starr et al. [67] developed a function-based assessment tool for stream restoration that applies a number of existing and new measurement methods and performance standards for use in assessing project need and quantifying functional uplift of restoration efforts. This tool strongly emphasizes watershed hydrology, channel and floodplain hydraulics, geomorphology, and physicochemical parameters as controlling factors in the ultimate biological condition of the restored stream. If the relationships between these factors are not considered, then unrealistic and unachievable goals and objectives and subsequent associated target success metrics will be established for projects.
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