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Effects of hydrology, landscape, and land use on aquatic assemblages in the northeastern and north-central United States

By Jennifer L. Hogan, Julie H. Berkman, Jonathan G. Kennen, Karen Riva-Murray, Michael D. Bilger, and Mitchell A. Harris 
Abstract

A multidisciplinary study was conducted to evaluate the effects of hydrology, landscape, and land use on aquatic assemblages in low-gradient, agricultural areas across the northeastern and north-central United States. Hydrologic variables representing five components of streamflow (timing, magnitude, duration, frequency, rate of change) were calculated for 86 sites from The Nature Conservancy’s Indicators of Hydrologic Alteration software program. Using a subset of 75 hydrologic variables generated from daily mean streamflow values, cluster analysis produced five major hydrologic classes that varied in landscape, land use, water quality, algal- and macroinvertebrate-assemblage structure. Sites within the same hydrologic class often were close spatially and had similar land use and geology. In addition, location (east to west) and land use were shown to be highly predictive of streamflow. Differences in hydrology, landscape, and land use among the five classes were explained by high- and low-flow predictability, evapotranspiration rates, percent of clay or silt substrates, and road density. Sites within urban classes generally had unpredictable but frequent flooding, short-duration of high-flow pulses, and sustained periods of low flow.


Macroinvertebrate-assemblage structure varied among hydrologic classes. The richness of Ephemeroptera, Plecoptera, and Tricoptera (EPT) taxa was lowest for classes within urban settings. Attributes such as flow predictability, flood predictability, frequency of low-flow pulses, duration of high-flow pulses, and flow per unit area were highly predictive of the structure of aquatic assemblages. A combination of natural (location, geology) and anthropogenic (land use) factors that contribute to these hydrologic processes will be considered in improving the management of agricultural and urban streams in the northeastern and north-central United States. 
Introduction 

The conversion of agricultural land use to urban land use affects the hydrology of streams in the northern United States (Paul and Meyer 2001; Coles and others 2004). Urban streams rise faster and have a higher peak discharge rates than agricultural streams. . . 
Hydrology reflects both long-term (years and tens of years) landscape attributes and short-term (weeks and months) land-use changes. Five components of streamflow that have been described as important to the management of stream resources include flow magnitude, duration, timing, frequency, and rate of change (Olden and Poff 2002). Aquatic organisms in urban streams must adapt to the flow conditions and species diversity may be reduced. Although interactions such as predation and competition affect the structure of aquatic communities, abiotic factors such as hydrologic disturbance determine the life-history traits and strategies that organisms have developed to deal with spatially and temporally variable conditions.  Hydrologic disturbance, such as flooding that causes substrate movement, may reduce the densities of aquatic communities (Scrimgeour and Winterbourn, 1989). Increased flows may disrupt the stability of benthic habitat by scouring, and may decrease the densities of aquatic communities by dislodging organisms (Scrimgeour and Winterbourn, 1989; Feminella and Resh 1990; Cobb and others, 1992) and dessication. Infrequent, large-magnitude flow events may affect the structure and function of communities though dislodgement and abrasion by bed sediments, whereas frequent, smaller magnitude flow events may affect the structure and function of individuals within the community through the uptake of food and nutrients (Biggs and others, 2005). The severity of the effect of flow on communities depends on the resilence and resistance of communities, and the specific traits of organisms, such as body shape, size, habitat type, and attachment strength. The substrate size also determines the severity of disturbance (Reice and others, 1990). The most predictably disturbed sites may exhibit communities with the highest resilence, and poor competitors might persist in the system (Reice and others, 1990). Unpredictable and frequent disturbance force communities to be in a perpetual state of recovery, and opportunistic species might persist in this system (Reice and others, 1990). Hydrologic regimes also may determine food chain lengths in streams (Marks and others, 2000). Hydrology shapes the structure of aquatic assemblages by affecting the diversity, abundance, interactions, and habits of biota (Marks and others 2000; Fitzpatrick and others 2004). Hydrology also affects in-stream habitat conditions such as depth, velocity, substrate, and habitat availability. Understanding how hydrology affects aquatic assemblages is an important tool for predicting effects of stream management. Evaluating aquatic community structure and composition has been shown to be a useful tool in quantifying environmental conditions at multiple scales (Black and others, 2004). .  .  . 
The U.S. Geological Survey (USGS), as part of the National Water-Quality Assessment (NAWQA) program, began a study to determine the effects of hydrology, landscape, and land use on aquatic assemblages in the northern United States.  .  .  .
Study Area 

This report covers data-collection sites in physiographic sections within 14 states: North Dakota, Minnesota, Wisconsin, Iowa, Illinois, Indiana, Michigan, Ohio, West Virginia, Virginia, Pennsylvania, Maryland, New Jersey, and New York (figure 1). The study area is defined as physiographic sections that have sites with high percentages of agricultural land use, and NAWQA study units located in these sections. Eight physiographic sections were chosen to include in the analysis: Dissected Till Plains, Eastern Lake, Embayed, Middle, Western Lake, Piedmont Lowlands, Piedmont Upland, and Till Plains. Five physiographic provinces divide these physiographic sections: New England Upland, Central Lowland, Valley and Ridge, Coastal Plain, and the Piedmont. The study area covers an area of about 198,078 square miles. The population size within the study area has increased about 8.4 percent from 56,466,272 people in 1990 to about 61,213,452 people in 2000. 

The range in precipitation from 1980 to 1997 varied throughout the study area, from 16 inches in western North Dakota to about 56 inches in western West Virginia. The annual runoff within the study area ranged from about 0.2 to 30.0 inches annually from 1951 to 1980.

The landscape and land use of the study area varies substantially. Although land use is primarily agricultural, high urban land use is present within the study area. Some of the major cities in the study area include Milwaukee, Chicago, Indianapolis, Detroit, Columbus, Cleveland, Baltimore, and Washington, D.C.    


The major river basins in the study area include the Upper Mississippi River Basin, the Red River of the North Basin, the Illinois River Basin, the Minnesota River Basin, the Iowa River Basin, and the Maumee River Basin. The drainage area of selected NAWQA sites in the study area varies from 19 to slightly less than 5,000 km2.
Methods
Study Design

This report focuses on agricultural regions of the northeastern and north-central U.S., especially in areas where agricultural land is being rapidly converted to urban land. The study area was defined as physiographic sections that have sites with high percentages (greater than 50 percent) of agricultural land use in the northeastern and north-central U.S., and NAWQA study units that are located within these sections (figure 1). Physiographic sections with high agricultural land use were chosen for this study because an attempt was made to target areas where agricultural land is being converted to urban land, and to explore the effects of hydrology on aquatic assemblages in different land-use settings and with different landscape attributes. 
Evaluation of Hydrological Variables

Eighty-six data-collection sites were chosen in the study area where USGS streamflow-gaging stations were located. These sites had drainage areas less than 5,000 km2 and were located within physiographic sections that had sites with at least 50% agricultural land use. Daily mean streamflow data were retrieved from the USGS National Water Inventory System (NWIS) (U.S. Geological Survey, 2005a). Seventy-five hydrologic variables were calculated from the daily mean streamflow data using the Indicators of Hydrologic Alteration (IHA) software program (Poff and Ward, 1989; Richter and others, 1996; Richter and others, 1997; Richter and others, 1998; Olden and Poff, 2003; The Nature Conservancy, 2001). Ten years of hydrologic data were analyzed because this period of record was thought to reflect the landscape and current land use. Ten years was selected as a sufficient amount of time to express landscape (longer period) and land use (shorter period) effects on the flow regime. 
Selected hydrologic variables (for example rate of hydrograph rise and flow per unit area) were adjusted for drainage area in order to compare streams of different sizes. All hydrologic variables were transformed to a approach a normal distribution, and normalized by subtracting values from the mean and dividing by the standard deviation. Most variables were transformed by taking the square root(x) or the log (x+1) to account for negative or null values. The collinearity of hydrologic indices was checked using a Spearman-rank correlation analysis and the list of 75 hydrologic variables was reduced to ten variables that were not highly correlated. When the hydrologic variable list was reduced, the following seven hydrologic variables were chosen to represent each of the five components of streamflow: magnitude represented by 1.) flow per unit area (Q_AREA in cubic meters/seconds/square kilometers); frequency represented by 2.) the number of low-flow pulse events (LONUM in number per year); duration represented by 3.) the duration of high-flow pulse events (HIDUR in days); timing represented by 4.) flood frequency, 5.) flood predictability, and 6.) flow predictability [FLDFREE, an index of predictability of non-flooding; FLOD60D, ranges from 0.167 (completely random) to 1.0 (highly predictable); PREDQ, ranges from 0 (random) to 1.0 (highly predictable)]; and rate of change represented by the 7.) rate of hydrograph rise (RA1 in cubic meters/seconds/day). The following three coefficients of dispersion (or measures of variability) were also chosen to represent the five components of streamflow: 1.) LONUM_CD (frequency), 2.) HIDUR_CD (duration), 3.) RA1_CD (rate of change). Euclidean similarities were computed between every pair of sites using the selected and normalized hydrologic data. 
Aggregation of Landscape Data

Basin-scale land-use variables were aggregated from the NAWQA Data Warehouse (DWH) and GIS coverages (U.S. Geological Survey, 2005b). Selected land-use variables included land-use percentages (agricultural, urban, forested), infrastructure (road density in watershed, number of road-stream intersections, density of dams in the watershed, number of dams in the watershed), and socioeconomic (1999 and 2000 population density, population density change) variables. Landscape and land-use variables were transformed and normalized. Most variables were transformed by log (x+1) to account for null values.
Densities of dams in the watershed were calculated using a Geographic Information System (GIS). A polygon was generated that represented the spatial area of each watershed. A subset of dams was then selected within each watershed. The number of dams was divided by the area of the watershed to calculate the density of dams in the watershed. 

Land-cover data were obtained from the Enhanced National Land-cover dataset (NLCDe), which reflects the land cover in 1992 (U.S. Geological Survey, 2005b). Land use was determined by grouping different, but related, MultiResolution Land Characteristics (MRLC)-NLCDe categories. Percent agricultural land use was calculated by adding the percent orchards, vineyards, groves, pasture or hay, row crops, and small grains land uses. Percent urban land use was calculated by adding the low or high residential areas, commercial or industrial, and urban/recreational grasses land uses. Percent forested land use was calculated by summing the deciduous forest, evergreen forest, and mixed forest land uses. Data-collection sites were categorized as agricultural (>50 percent), urban (>10 percent), forested (>50 percent), or mixed (any combination thereof) land use.
Basin-scale landscape variables also were aggregated, including climate (average annual precipitation, average annual temperature, average annual potential evapotranspiration), geography (location, mean basin slope, drainage area, elevation, mean basin aspect), and soils (average soil permeability, percent average organic matter, average available water capacity, percent fines, percent sand). Percent fines were calculated by adding percent silt and percent clay. Mean basin aspect was adjusted in the following manner: azimuth ranges from 0 to 30 degrees, from 330 to 360 degrees, and from 150 to 210 degrees were given an index score of one as north-south facing streams, and having less potential for solar input; azimuth ranges from 31 to 60 degrees, from 210 to 149 degrees, from 211 to 240 degrees, and from 300 to 329 degrees were given an index score of two as neither north-south facing streams nor east-west facing streams, but having a slightly greater potential for solar input; and azimuth ranges from 61 to 119 degrees and from 241 to 299 degrees were given an index score of three as east-west facing streams, and having the greatest potential for solar input (Terry Short, personal communication). This adjusted variable is referred to as the adjusted mean basin aspect.
The collinearity of landscape and land-use variables was checked using Spearman-rank correlation analysis. The landscape and land-use variables were reduced to the following 13: 1.) percent basin in agriculture land use, 2.) percent basin in forested land use, 3.) road density in kilometers/square kilometers derived from Tiger 2000 roads, 4.) density of dams in the watershed in number of dams per square mile, 5.) generated latitude in decimal degrees in NAD83, 6.) generated longitude in decimal degrees in NAD83, 7.) adjusted mean basin aspect derived from NED 100 m Digital Elevation Model (DEM), 8.) mean basin slope in percent derived from NED 100 m DEM, 9.) drainage area in square kilometers derived from GIS polygon coverage of basin, 10.) basin mean of 1961-90 average annual potential evapotranspiration in millimeters/year, 11.) basin mean of average available water capacity in inches/inches, 12.) basin mean of average soil permeability in inches/hour, and 13.) basin mean of average organic matter in percent by weight. 
Water quality and habitat assessment

Water-quality data were retrieved from the USGS DWH, including dissolved kjeldahl nitrogen, unfiltered kjeldahl nitrogen, nitrate plus nitrite, specific conductivity, pH, unfiltered phosphorus, dissolved organic carbon (DOC). chloride, sulfate, silica, and boron (U.S. Geological Survey, 2005b). Water-quality data were retrieved for stations with biological data. Most of the 60 sites with biological data also had water-quality data, depending on the constituent. The measurement collected closest in time to the biological sample was analyzed. Estimated or qualified data were set equal to that value. Most data were transformed by log (x+1) to compensate for null values. 
A Pesticide Toxicity Index (PTI, Munn and Gilliom 2001) was calculated for sites was calculated for a subset of 25  biological sites for which a core group of pesticide analytes were available. The PTI can be used to provide a relative ranking of sites according to the potential toxicity of the mixture of pesticides detected; it does not attempt to quantify the actual toxicity of the water sample. The PTI is determined by summing the concentrations of pesticides detected after first weighting each concentration by dividing with a median toxicity concentration derived from a compilation of published laboratory toxicity tests for cladocerans, macroinvertebrates, and fishes. Pesticide data were retrieved from the NAWQA Data Warehouse for all sites with biological data. For sites with multiple years of pesticide data, the sample collection data were typically chosen from May to June for the same year that biological data were collected, or a date was chosen that was closest to the biological collection date. PTI values were calculated using the 42, 29, and 44 analytes having toxicity concentrations for  cladocerans, invertebrates, and fishes, respectively. To facilitate comparison among organism groups, PTI values were also calculated on a more limited ‘core’ group of the 29 analytes having toxicity concentrations for all three organism groups.  using a group of analytes present at most sites. Data were typically standardized by log (x+1) to compensate for null values. 
Delineation of Biological Data

Biological data (algae, benthic-macroinvertebrate, and habitat data) were aggregated from the NAWQA Data Warehouse (DWH) or the Biological Transactional Database (Bio-TDB) (U.S. Geological Survey, 2005b). Data-collection sites with biological data from 1993 to 2002 were selected in the study area. Of the 86 sites that had hydrologic data, 60 sites had invertebrate and algae data. For data-collection sites with multiple-year data, the year was selected with the greatest number of sample sites. If the same number of sites was sampled in multiple years, the earliest sampling year for that site only was selected. Benthic-macroinvertebrate and algae samples were collected and processed according to the methods described in Cuffney and others (1993), Porter and others (1993), and Moulton and others (2002); habitat data were collected according to the methods described in Meador and others (1993) and Fitzpatrick and others (1998).  

A suite of benthic-macroinvertebrate assemblage metrics were calculated using the NAWQA Invertebrate Data Analysis System (IDAS) (Cuffney, 2003). In addition, IDAS was used to produce a site by species matrix. Terrestrial adult specimens were excluded from the data set. Pupae and damaged or immature specimens were included in the analysis, in addition to those specimens where poor mounts interfered with identifications. Life-stages were combined for each taxa, and parents were distributed among the children. Benthic-macroinvertebrate taxa data were standardized by the total and transformed by taking the square root. Bray-Curtis similarities were calculated between every pair of sites (Bray and Curtis, 1957). 
Thirteen metrics that typically respond to environmental disturbance were chosen to represent the structure of macroinvertebrate assemblages, including total richness (RICH), richness composed of mayflies, stoneflies, and caddisflies (EPTR), richness composed of Tanytarsanii midges (TANYR), percent of total richness composed of mayflies, stoneflies, and caddisflies (EPTRp), percent of total abundance composed of mayflies, stoneflies, and caddisflies (EPTp), percent of total abundance composed of non-midge diptera and non-insects (ODIPNIp), percent of total abundance composed of Tanytarsanii midges (TANYp), percent of total abundance represented by the most abundant taxa (DOM1), percent of total abundance represented by the five most abundant taxa (DOM5), average EPA tolerance values for sample based on richness (RICHTOL), percent of total abundance composed of omnivores (pOM_abund), percent of total abundance composed of the sum of gatherer-collectors and filtering-collectors (generalists) (pGCFCabund), and percent of total abundance composed of the sum of scrapers and shredders (specialists) (pSCSHabund). 
  A suite of algae-community variables were calculated using Phyco-Aide, including species abundances, dominance, richness, diversity, evenness, and traits (tolerance, habitat preferences) (Sprouffske and others, 2005). 

Select algae metrics included total abundance, total biovolume, taxa richness, percent eutrophic taxa, percent nitrogen fixers, percent halophilic taxa, percent of Bahl’s most tolerant taxa in pollution class 1, percent alkaliphilic taxa, percent seston, percent taxa tolerant to low oxygen conditions, diatom species richness, percent of abundance represented by the most dominant taxa, Shannon-Wiener diatom taxa, Shannon-Wiener total taxa, siltation index, percent Achnanthidium minutissiumum, the ratio of Centrales to Pennales taxa, total algae biovolume, diatom algae biovolume, green algae biovolume, blue-green algae biovolume, and red algae biovolume.
Analytical Approach

The seven hydrologic variables and three measures of variability were transformed, and Euclidean similarities were computed between every pair of sites. These variables were then used to group sites into hydrologic classes with a hierarchical cluster analysis in PRIMER-E version 6 (Clarke and Gorley, in press). Hydrologic indices were transformed and normalized, and the indices that best explained the variation among sites within classes were determined using a PCA (Chatfield and Collins, 1980; Everitt, 1978, Warwick and others, 1988; Krzanowski and Marriott, 1994) and SIMPER analysis. The five components of streamflow (magnitude, frequency, duration, timing, rate of change) were described within the hydrologic classes. Streamflow patterns were evaluated in relation to the Poff and Ward (1989) classification. 

The 13 landscape and land-use variables were transformed and used in a SIMPER analysis to determine the variables that best defined and differentiated the hydrologic classes. Box plots were used to illustrate the differences in the transformed land-use and landscape variables among the hydrologic classes. The landscape and land-use data were converted to a Euclidean matrix of similarities between all pairs of sites, and the ranks were used to derive a non-metric MDS plot. The MDS plot was generated to determine if the hydrologic classification of sites explained the variability of the landscape and land-use data, using only landscape and land-use data that were complete for all sites (Clarke 1993; Clarke and Warwick, 2001). 

Linear regressions were models were used to identify the relationships between the assemblage structure and the water-quality conditions and the pesticide toxicity indices. The water-quality variables were first transformed before the linear-regression analysis was done.
Box plots were used to illustrate the differences in benthic-macroinvertebrate and algal metrics among the hydrologic classes, and Kruskall-Wallis tests were done to determine if the metrics were significantly different among the classes. The variability of metrics within the classes was checked using a linear regression. Collinear variables were included in the linear regression analyses because these metrics were shown to be highly sensitive to environmental stressors, and all variables were transformed before the box plots and linear regressions were done. Using these graphical and analytical tools, hydrologic, landscape, land use, water-quality, and habitat variables were identified that accounted for the greatest variability of biological metrics within the hydrologic classes.
Biological taxa lists were converted to a Bray-Curtis matrix of similarity between all pairs of sites, and the ranks were used to derive the non-metric MDS plot and a hierarchical cluster analysis (Shepard, 1962; Kruskal, 1964; Kruskal and Wish, 1978; Schiffman and others, 1981; Field and others, 1982; Clarke, 1993; Clarke and Warwick, 2001). Taxa data were standardized by the total and transformed by the square root, and then Bray-Curtis similarities were computed between every pair of sites. The similarity matrix of taxa data was subjected to an MDS analysis to illustrate the biological classification of sites, based on the taxa lists. The biological classification of sites was then compared to the hydrologic classification of sites to determine if the hydrologic classification explained the grouping of sites based on the taxa. The similarity matrix of landscape and land-use data were also subjected to an MDS analysis to determine if these variables also explained the grouping of the sites based on taxa lists. A SIMPER analysis identified the family level taxa that were most representative of the hydrologic classes. An ANOSIM analysis tested if hydrologic classes were significantly different based on the Bray-Curtis similarities that were computed between every pair of sites (Clarke and Green, 1988; Clarke, 1993). A BEST analysis with a BIO-ENV method in PRIMER-E related various levels of taxa lists to the Euclidean similarities that were computed between every pair of sites from the transformed hydrologic, landscape, land-use, and water-quality variables (Clarke and Ainsworth, 1993; Clarke and Warwick, 1998). The BEST analysis identified the variables that explained the greatest variation in the observed aquatic assemblage composition and structure. Only variables with a complete data set for all sites within each class were incorporated in the BEST analysis, and collinear variables were excluded from the analysis. A collinear variable was defined as a variable that had a Spearman-rank correlation coefficient >0.7. One of the two collinear variables were selected mainly based on ecological relevance. A BEST analysis was also done to relate metrics to the hydrologic, landscape, land-use and water-quality variables. The variables that explained the variation of both the observed composition and structure of assemblages were reported as the variables that best explained the variance of the assemblages. 
Habitat variables were selected based on data reliability and relevance. Selected habitat variables included segment slope, segment sinuosity, percent large substrate, percent habitat cover, mean open-canopy angle, and the coefficient of variation of the open-canopy angle. Habitat variables were transformed, and a SIMPER analysis was done to identify the habitat variables that best described the hydrologic classes. 
Results 

Analytical tests
Data-collection sites were grouped into five hydrologic classes in a cluster analysis, which were determined to be distinct groups using a SIMPROF analysis based on the Euclidian distance resemblance of 3.5 (figure 1). Five hydrologic classes were chosen because there were a sufficient number of data-collection sites within each significantly distinct cluster to make cross-comparisons among hydrologic classes. A majority of same-class sites classified together even when cluster analyses were done using multiple subsets of the sites.
The hydrologic classes were distinctly separate from each other in the NMDS analysis with a two-dimensional stress of 0.1 and a three-dimensional stress of 0.07, both of which imply a good to excellent measure of dissimilarity among the sites. Sites within the same hydrologic classes were often located close spatially (typically within 50 km), and had similar land-use settings and landscape attributes. 
The hydrologic classification of sites explained the variability of landscape and land-use variables in an NMDS analysis (stress=0.16). This result was expected because hydrology reflects the underlying landscape and overlaying land use. Sites within classes that were most distant had the most dissimilar flow regimes (stress=0.10). In addition, location (east to west) and land-use settings were shown to be highly predictive of streamflow. Various hydrologic variables differentiated the hydrologic classes from each other, and various landscape and land-use variables were different among the hydrologic classes. 

The most important hydrologic factors that differentiated the sites included the frequency of low-flow pulses, duration of high-flow pulses, and flood predictability in a PCA analysis. The landscape and land-use variables that most differentiated the sites included location (north to south and east to west), average available water capacity of the soil, percent forested land use, and percent agricultural land use in a PCA analysis.
Delineation of hydrologic classes

Class A: Upper midwestern  agricultural sites

Class A consisted of low-gradient sites (8) within agricultural areas of the Western Lake physiographic section in eastern North Dakota and northwest and central Minnesota (figure 1). All but one site was located in a single study unit. Data-collection sites in Class A had the least low flow per unit area (median=0.06 cubic meters/seconds/square kilometers), the most predictable but least frequent flooding (median=0.44 and 98, respectively), the slowest rate of hydrograph rise (median=0.0006 cubic meters/seconds/day), and longest duration of high-flow pulse events (median=18 days) than sites in the other classes (figure 2). The sites in Class A also had infrequent low-flow pulse events (median=2.75 per year), low flow predictability (median=0.42), a highly variable duration of high-flow pulse events (median=1.58 days), and a highly variable rate of hydrograph rise (median=1.34). Compared to sites comprising other hydrologic classes, sites in Class A had the least urban land use (median=0.47 percent), high agricultural land use (median=59.9 percent), the least average annual potential evapotranspiration rates (median=583.6 millimeters/year), highest drainage areas (median=2682 square kilometers), highest average organic matter (median=3.43), and high average available water capacities of the soil (median=0.17) (figure 3). These sites were geographically clustered and distinct from sites in other classes.
Class B: Central midwestern agricultural sites

Class B consisted of midwestern agricultural sites located in southern Minnesota (2), Iowa (4), and Illinois (8) (figure 1). Sites in Class B had the least predictable flows (median=0.36) and the most variable rate of change (median=1.36) (figure 2). The sites in Class B also had infrequent low-flow pulse events (median=3.75 per year), a slow rate of hydrograph rise (median=0.010 cubic meters/seconds/day), a highly variable duration of high-flow pulse events (median=1.04), and predictable flooding (median=0.34). Compared to sites in other hydrologic classes, sites in Class B had the highest agricultural land use (median=87 percent), the highest average available water capacity (median=0.18), the least average soil permeability (median=1.07 inches/hour), and the least amount of large substrate in streams (8 percent) (figure 3). These sites were also geographically clustered and distinct from the other classes.

Class C: Urban sites in relatively small watersheds 
Class C comprised mainly urban sites in the midwestern (5) and northeastern U.S. (9), but also included some northeastern agricultural (3), northeastern mixed (1), and northeastern forested (2) sites (figure 1). However, these agricultural, mixed, and forested sites had high road densities. Sites in Class C had the highest flow per unit area (median=0.59 cubic meters/seconds/square kilometers), the least variable frequency of low-flow pulses (median=0.53), the least variable duration of high-flow pulses (median=0.25), and the quickest rate of change (median=0.096 cubic meters/seconds/day) compared to sites in other classes (figure 2). Sites in Class C also had frequent low-flow pulse events (median=13 per year), unpredictable and frequent flooding (0.24 and 7.5, respectively), and a short duration of high-flow pulse events (median=2 days). The sites in Class C had high urban land use (median=49 percent), low agricultural land use (median=15 percent), and low drainage areas (median=67 square kilometers) (figure 3). 
Within Class C, there are two distinct subgroups of sites. Class C1 contain sites with a lower density of dams, higher evapotranspiration rates, lower road density, less forested land use, and more agricultural land use than Class C2. As a result, sites in Class C1 have less predictable flows, less predictable flooding, less frequent low-flow pulses, and less variable rise rate than sites in Class C2. Sites comprising both of these classes have lower drainage areas than sites in Classes A, B, and D.
Class D: Illinois or Wisconsin agricultural or urban sites with higher agriculture/northeastern agricultural, mixed, and forested sites  

Sites in Class D were mainly located in agricultural areas of the midwestern (12) and northeastern U.S. (8), but also include some northeastern (3) and midwestern (3) mixed, northeastern forested (9), and urban sites in the midwestern (4) and northeastern U.S. (1) (figure 1). Sites in Class D had various intermediate values of the hydrologic variables compared to sites in the other classes (figure 2). Sites in Class D were best described by high flow predictability (median=0.49), low variability of the rate of hydrograph rise (median=0.76) , and the high number of low-flow pulse events (median=6.25 per year) in the SIMPER analysis. These sites had the lowest elevations (median=273 meters), and the widest range of urban land use (0 to 50 percent), agricultural land use (0 to 97 percent), forested land use (1 to 100 percent), mean basin slope (0 to 26 percent), and drainage area (19 to 4896 square kilometers) compared to sites in other classes (figure 3). 
Within Class D, there are two distinct subgroups of sites. Class D1 contain sites that have a higher density of dams and lower pH levels than sites in Class D2. These sites also have less variability of the duration of high-flow pulses and more predictable flows than sites in Class D2. 
Class E: Sites on Long Island, NY
Class E consisted of groundwater-dominated, urban sites (4) in the LINJ study unit within the Embayed physiographic section of Long Island (figure 1). Sites in Class E had the most predictable flows (median=0.68), unpredictable and frequent flooding (median=0.24 and 5, respectively), frequent low-flow pulse events (median=13.5 per year), and short durations of high-flow pulse events (median=1.6 days) (figure 2). These sites had high percent urban land use (median=86 percent), low agricultural land use (median=1 percent), low drainage area (median=76 square kilometers), the least average available water capacity of the soil (median=0.08), the least average organic matter (median=0.6 percent), and the highest average soil permeability (median=11.5 inches/hour) (figure 3). 
Discussion

Sites within the same hydrologic classes were often located close spatially, and had similar land-use and landscape attributes. The hydrologic classification of sites explained the variability of landscape and land-use variables. Sites within classes that were most distant had the most dissimilar flow regimes, and location, geology, and land use were highly predictive of streamflow. Various hydrologic, landscape, and land-use variables were different among the hydrologic classes. 

Agricultural sites in Class B had significantly less (p<0.05) flow and flood predictability (median= 0.13 and 0.13, respectively), more frequent flooding (median=1.15), more flow per unit area (median=0.55 cubic meters/seconds/square kilometers), shorter duration of high-flow pulses (median=0.85 days), and a faster rate of hydrograph rise (median=0.004 cubic meters/seconds/day) than agricultural sites in Class A (median=0.16, 0.15, 1.95, 0.18 cubic meters/seconds/square kilometers, 1.19 days, and 0.0002), respectively. 

Midwestern urban sites in Class C had low agricultural land use (median=1 percent); urban sites in the Northeast had higher ranges of agricultural land use (median=12 percent). These midwestern urban sites were hydrologically more similar to the northeastern urban sites in Class C than they were with other midwestern urban sites with higher percentages of agricultural land use in Class D (median=35 percent). These two classes of midwestern urban sites (Class C had sites with low percent agricultural land use, Class D had sites with a higher percent agricultural land use) did not occupy its own cluster; rather, midwestern urban sites comprise two separate clusters. The midwestern sites with significantly (p<0.05) higher agricultural land use became grouped in Class D with northeastern sites in agricultural settings. 

The northeastern agricultural sites in Class C have less variability of the frequency of low-flow pulse events, less drainage area, more flow per unit area (median=0.68 cubic meters/second/square kilometers), less predictable flooding (median=0.26), more frequent low-flow pulse events (median=12 per year), a faster of hydrograph rise (median=0.10 cubic meters/seconds/day), a shorter duration of high-flow pulse events (median=2.75 days) than midwestern sites in the Classes A and  B. The northeastern agricultural sites in Class C also have more frequent flooding (median=12) and less variable duration of high-flow pulse events (median=0.82) than midwestern agricultural sites in Class A (median=89 and 1.87, respectively), and more predictable flows (median=0.45) than midwestern agricultural sites in Class B (median=0.36).

Of the five urban sites in Class D, four of these sites were located in the midwestern U.S. and had at least 25 percent of agricultural land uses. The midwestern urban sites in Class D have significantly (p<0.05) higher percentages of agricultural land use (median=35 percent) than midwestern urban sites in Class C (median=1 percent). Midwestern urban sites in Class D may not cluster with midwestern urban sites in Class C because of the greater effect of agricultural land use on flow for sites in Class D; the higher agricultural land use may cause these sites to resemble northeastern agricultural sites more than midwestern urban sites. Midwestern urban sites in Class D have a more predictable and less frequent flooding (median=0.28 and 12, respectively), a higher drainage area (median=516 square kilometers), less flow per unit area (median=0.33 cubic meters/seconds/square kilometers), less frequent low-flow pulse events (median=7.5 per year), a slower rate of hydrograph rise (median=0.03 cubic meters/seconds/day), and a longer and more variable duration of high-flow pulse events (median=6 days and 0.73, respectively) than midwestern urban sites in Class C (median=0.21, 4, 42 square kilometers, 0.54 cubic meters/seconds/square kilometers, 13, 0.08, 2 days, and 0.35). 

Urban sites in Class D have more predictable and less frequent flooding (median=0.26 and 13), less frequent low-flow pulse events (median=8.5 per year), less flow per unit area (median=0.35 cubic meters/seconds/square kilometers), a slower rate of hydrograph rise (median=0.05 cubic meters/seconds/day), and a longer and more variable duration of high-flow pulse events (median=4.3 days and 0.73) than urban sites in Class C (median=0.21, 7, 13.8, 0.57, 0.11 cubic meters/seconds/square kilometers, 2 days, and 0.22, respectively). Urban sites in Class D have a higher drainage area (median=829 square kilometers), a slower average annual evapotranspiration rate (median=666 millimeters/year), and more percent agricultural land use (median=37 percent) than urban sites in Class C (median=54 square kilometers, 714 square kilometers, and 8 percent, respectively). 

Midwestern agricultural sites in Class D had more frequent but less variable low-flow pulse events (median=5 per year and 0.65, respectively), higher flow per unit area (median=0.37 cubic meters/seconds/square kilometers), less drainage areas (median=973 square kilometers), less predictable but more frequent flooding (median=0.27 and 14, respectively), a faster rate of hydrograph rise (median=0.03 cubic meters/seconds/day), and a shorter and less variable duration of high-flow pulses (median=4.5 days and 0.46, respectively) than midwestern agricultural sites in Class A (median=4, 1.62, 0.03 cubic meters/seconds/square kilometers, 2682 square kilometers, 0.44, 89, 0.0005, 14.5 days, and 1.87, respectively).
Midwestern agricultural sites in Class D had more frequent but less variable low-flow pulse events (median=5 per year and 0.65, respectively), more flow per unit area (median=0.37 cubic meters/second/square kilometers), more predictable flows (median=0.45), less predictable flooding (median=0.27), a faster and less variable rate of hydrograph rise (median=0.03 cubic meters/seconds/day and 1.16, respectively), and a less variable duration of high-flow pulse events (median=0.46) than midwestern agricultural sites in Class B (median=4, 1.33, 0.30, 0.36, 0.44, 0.0005, 1.36, and 0.9, respectively).
Northeastern agricultural sites in Class D have less flow per unit area (median=0.39 cubic meters/seconds/square kilometers), less frequent low-flow pulse events (median=7.75 per year), and a slower rate of hydrograph rise (0.03 cubic meters/seconds/day) than northeastern agricultural sites in Class C (median=0.68 cubic meters/seconds/square kilometers, 12, and 0.10, respectively). 

One site (01620500) in Class D was an outlier with the most infrequent low-flow pulse events (2 per year) and a high flow per unit area (0.74 cubic meters/seconds/square kilometers). This site had the most forested land use (99.6 percent) and the highest basin slope (26 percent) of any site in Class D. The high basin slope may explain the high flow per unit area; overall, basin slope was positively correlated to flow per unit area (p=0.0003, r2=13.2).

Urban sites in Class E had a slower rate of hydrograph rise (median=0.04 cubic meters/seconds/day), more predictable flows (median=0.68), a lower flow per unit area (0.39 cubic meters/seconds/square kilometers), a more variable frequency of low-flow pulse events (median=0.91), and a more variable duration of high-flow pulse events (median=0.63) than urban sites in Class C (median=0.11, 0.50, 0.57 cubic meters/seconds/square kilometers, 0.58, and 0.22, respectively). Urban sites in Class E had less organic matter (0.55 percent), more soil permeability (11.45), and less average available water capacity (0.08) than urban sites in Class C (1.19 percent, 1.85, and 0.14, respectively).
Comparison of hydrologic classification with Poff and Ward’s conceptual model 

According to Poff and Ward’s (1989) nationwide, conceptual model of stream classifications, sites within the study area fall within one of three stream classifications: mesic-groundwater, perennial-runoff, or perennial-flashy. Mesic-groundwater streams are best characterized by predictable flows and infrequent flooding. Perennial-runoff streams are described as having unpredictable flows and infrequent flooding. Perennial-flashy streams are characterized as having unpredictable flows and frequent flooding. However, unlike some of the sites analyzed in this study, the streams that Poff and Ward (1989) used in their classification scheme were mainly undisturbed. Streams were not included in their analysis if they were impounded or channelized, had impounded tributaries, or had upstream diversions for irrigation or water supply. 
Streams located in the study area have unpredictable flooding compared to other streams in Poff and Ward’s model of stream classification. Compared to sites in the other hydrologic classes, data-collection sites in Class A have unpredictable flows and infrequent flooding, and are probably equivalent to perennial-runoff streams as classified by Poff and Ward (1989). Sites in Class B have unpredictable flows and frequent flooding, and are most likely perennial-flashy streams. Sites in Class D may not be compared to the conceptual model because these sites have predictable flows and frequent flooding, and do not fit within any hydrologic classification. Sites in Classes C and E comprise mainly urban sites (14 urban sites out of 20 total sites, and 4 urban sites out of 4 total sites, respectively), and are potentially perennial-runoff streams. 
Hydrology affecting aquatic macroinvertebrate assemblages
Various hydrologic variables were important in determining the variability of the composition of aquatic assemblages within the different hydrologic classes. The hydrologic variables that accounted for most of the variance in the observed composition of macroinvertebrate assemblages in the BEST analysis for sites in Class A included variability of rise rate and flood frequency; for Class B, variability of the rise rate and flow per unit area; for Class C, frequency of low-flow pulses; and for Class D, flood frequency and flow predictability.

Various hydrologic variables explained the variability of the observed aquatic macroinvertebrate assemblage structure within the hydrologic classes in the linear regression analyses. The hydrologic variables that were important in determining the structure of invertebrate assemblages of sites in Class B included flow per unit area, flow predictability, rate of hydrograph rise, variability of rate of hydrograph rise, variability of the number of low-flow pulse events, the duration of high-flow pulse events, flood predictability; for sites in Class C, flood predictability, flood frequency, the frequency of low-flow pulse events, rate of hydrograph rise, variability of rate of hydrograph rise; for sites in Class E, flow per unit area, flow predictability, rate of hydrograph rise, variability of rate of hydrograph rise, the frequency of low-flow pulse events, and the duration of high-flow pulses.
The hydrologic classification of sites was useful in explaining the composition of benthic-macroinvertebrate assemblages (MDS stress=0.25) (figure 4). Classification of sites using hydrologic variables was most predictive of the composition of assemblages for Classes A, B and E. The classification of sites by biology that was not explainable by hydrologic classification of sites (for Classes C and D perhaps because of the geographical overlap and mix of land uses) may be further explained by the combination of hydrology, location (east to west), and land use. 
The results of ANOSIM indicate there are significant differences among the hydrologic classes based on the presence absence of macroinvertebrate species, excluding Classes B and D (ANOSIM global R=0.286; R statistic=0.142, p=0.027), Classes C and E (R statistic=0.01, p=0.428), Classes C and D (R statistic=0.079, p=0.07), and Classes D and E (R statistic=0.259, p=0.038). Classes B and D both mainly consisted of agricultural sites, Classes C and E both mainly consisted of urban classes, and Classes C and D had sites that overlapped geographically with a mix of land uses. 

The families that contributed at least five percent to defining Class A in the SIMPER analysis (in order of decreasing importance) included Chironomidae, Hydropsychidae, Baetidae, and Heptageniidae. The families of Chironomidae, Hydropsychidae, Leptohyphidae, Elmidae, and Baetidae defined Class B. The families that contributed at least 5 percent to defining Class C included Chironomidae, Hydropsychidae, Elmidae, and Acari. The families of Chironomidae, Hydropsychidae, Elmidae, Baetidae, Heptageniidae, and Acari defined Class D. The families that defined Class E included Chironomidae, Hydropsychidae, Turbellaria, Acari, Elmidae, and Empididae. 

Various macroinvertebrate metrics were different among the hydrologic classes. Class C had the lowest taxa richness. This class comprised mainly urban sites in the midwestern and northeastern U.S.

Class C had a lower richness of EPT taxa (EPTR) (median=7) than Classes B and D (median=11), a higher percent of non-midge Diptera and non-insects (ODIPNIp) (median=18.2) than Classes B and D (median=6.7 and 9.5, respectively), and more tolerant taxa (RICHTOL) (median=5.6) than Class D (median=4.9). The percent of EPT taxa and percent richness of EPT taxa (EPTp, EPTRp) for Class C (median=29.1 and 19.5, respectively) were significantly lower than Class B (median=50.8 and 33.4, respectively). Compared to Classes A, B, and D, Class C comprises sites with significantly higher (p<0.05) high road density. In general, high urban land use was shown to be significantly correlated to the metrics that reflect aquatic macroinvertebrate assemblage degradation, such as low total richness (p<0.05; r2=22.8). 

Class A had a higher percent of Tanytarsinii midges (TANYP) (median=6.7) than the second, third, and fifth hydrologic classes (median=3.0, 3.4, and 4.8, respectively). 

The substrate from which macroinvertebrate samples were collected (riffle, woody debris) explained the variability of the structure of the macroinvertebrate assemblages (stress=0.25). However, the sample size of sites with each substrate size was too small within each of the hydrologic classes to separate the different substrate types in further analyses.

Landscape and land use affecting aquatic macroinvertebrate assemblages
The variables that accounted for most of the variance in the observed composition of macroinvertebrate assemblages for sites in Class A included evapotranspiration rates and location (north to south); for sites in Class C, pH levels and basin slope; for sites in Class D, location (north to south) and average organic matter of the soil; for sites in Class E, drainage area and location (north to south).  
Within the hydrologic classes, different landscape attributes and land-use variables were important in the determining the variability of the observed structure of macroinvertebrate assemblages in the linear-regression analyses. Within Class A, the environmental variables that explained the most variation in the structure of aquatic macroinvertebrate assemblages included location (north to south), road density, average annual potential evapotranspiration, basin slope, average soil permeability, substrate size, variation of mean open-canopy angle; for sites in Class B, location (north to south and east to west), road densities, average annual potential evapotranspiration, percent agricultural land use, soil permeability, drainage area; for sites in Class C, percent urban land use, percent agricultural land use, percent forested land use, road densities, location (north to south and east to west), basin slope, average annual potential evapotranspiration, drainage area, average soil permeability, average organic matter, average available water capacity, substrate size, habitat cover, variation of open-canopy angle; for sites in Class D, location (north to south and east to west), road densities, percent forested land use, percent agricultural land use, basin slope, density of dams, average available water capacity, habitat cover, segment slope, coefficient of variation of the open-canopy angle, mean open-canopy angle, substrate size; for sites in Class E, location (north to south and east to west), average annual potential evapotranspiration, basin slope, density of dams, and percent agricultural land use. 
Relative importance of hydrology in relation to chemical variables

Various water-quality variables explained the variation of the observed structure of macroinvertebrate assemblages in the linear-regression analyses. Classes A and E had an insufficient number of sites (four and three, respectively) with water-quality data to test if the aquatic invertebrate assemblage structure was explained by water-quality conditions in these streams. The variability of assemblage structure was best explained in a linear regression by the concentrations of DOC, nitrate plus nitrite, total nitrogen, nitrate+nitrite, pH, silica, and chloride for Class B; by concentrations of dissolved kjeldahl nitrogen, unfiltered kjeldahl nitrogen, nitrate plus nitrite, total nitrogen, specific conductivity, pH, unfiltered phosphorus, chloride, DOC, sulfate, pH, and boron for Class C; and by concentrations of specific conductivity, DOC, chloride, sulfate, and boron for Class D. 
Hydrology affecting algae assemblages

The hydrologic variables that explained the most variability of the observed composition of algal communities for sites in Class A included duration of high-flow pulses; for Class B, flood predictability and variability of the rise rate; for Class C, flood predictability; and for Class D, frequency of low-flow pulses.

The variables explained the greatest variance in the observed algal assemblage structure for sites in Class A included flood predictability, flood frequency, duration of high-flow pulses; Class B, flood predictability, flow per unit area, rate of hydrograph rise; for Class C, flood frequency, flood predictability, flow predictability, variability of the frequency of low-flow pulses; for sites in Class D, flow per unit area; and for sites in Class E, duration of high-flow pulses, flood frequency, flood predictability, flow predictability, frequency of low-flow pulses, rate of hydrograph rise, variability of high-flow pulses, and variability of the frequency of low-flow pulses.

Class A had a low percent of halophic taxa and the lowest percent of tolerant taxa. Class B had the highest percentage of sestonic algal taxa, the highest siltation index, the highest percent of tolerant taxa. the highest Shannon-Wiener total diversity index, the lowest algal taxa abundance, the highest percent of algal taxa tolerant to low-oxygen conditions, a high percent eutrophic taxa, a high percent of halophic taxa, a high percent of alkalaphilic taxa, and a low percent of nitrogen-fixing taxa. Class C had the lowest algal taxa richness, the lowest Shannon-Wiener diatom diversity index, the lowest percentage of diatom taxa richness, a high percent of alkalaphilic taxa, a low percent of sestonic taxa, a high percent of halophic taxa, a high percent of dominant taxa, low Shannon-Wiener total diversity index, and high percent eutrophic taxa. Class D had the highest total algal abundance, the highest total algal biovolume, the highest total diatom algal biovolume, a high percent of halophic taxa, and a low percent of nitrogen-fixing taxa. Class E had the lowest percent eutrophic taxa, the highest percent of nitrogen-fixing algal taxa, the lowest percentage of algal taxa tolerant to low oxygen conditions, the lowest siltation index, the highest algal taxa richness, the lowest percentage of alkalaphic taxa, high diatom species richness, low Shannon-Wiener total diversity index, and a low percent of halophic taxa. Class D had both more total algal taxa abundance and biovolume than Class B. Algal taxa richness was higher for sites in Class B than in Classes C and D, and the percent of tolerant taxa was higher for Class B than Class D.

The algal taxa that contributed at least 5% to defining Class A included an unknown Cyanophyte Oscillatoriles, an unknown Cyanophyte Oscillatoriales (with a sheath), Rhoicosphenia abbreviata (Agardh) Lange-Bertalot, Calothrix parientina (Nägeli) Thuret; for Class B, Navicula minima Grunow; Class C, Navicula minima Grunow, Amphora pediculus (Kützing) Grun., an unknown Cyanophyte Oscillatoriles; Class D, Homoeothrix janthina (Bornet et Flahault) Starmach, an unknown Cyanophyte Oscillatoriles, Rhoicosphenia abbreviata (Agardh) Lange-Bertalot; Class E, an unknown Cyanophyte Oscillatoriles, Navicula minima Grunow, Unknown Rhodophyte Florideophycidae (chantransia), Blennothrix brebissonii (Kützing ex Gomont) Anagnostidis & Komárek.
Landscape and land use affecting algae assemblages

The most important explanatory variables for the variability of the observed algal assemblage composition for sites in Class A included basin slope and average available water capacity of the soils; for sites in Class B, phosphorus concentrations; for sites in Class C, road density, soil permeability, and pH levels; for sites in Class D, slope and average available water capacity of the soils; and for sites in Class E, drainage area and location (north to south).

Various landscape and land-use variables were important in determining the variability of the observed algal assemblage structure. For sites in Class A, the structure was best explained by average annual evapotranspiration rates, average soil permeability, average water capacity of the soil, drainage area, location (north to south and east to west); for sites in Class B, average annual evapotranspiration rates, average annual water capacity of the soil, drainage area, location (north to south and east to west), mean basin slope; for sites in Class C, percent agricultural land use, average annual evapotranspiration rates, average available water capacity of the soil, average organic matter of the soil, average soil permeability, forested land use, location (north to south and east to west), mean basin slope, road density, percent urban land use; for sites in Class D, percent agricultural land use, average available water capacity, drainage area, percent forested land use, location (north to south and east to west), mean basin slope; for sites in Class E, average annual evapotranspiration rates, average available water capacity of the soils, average soil permeability, drainage area, percent forested land use, location (north to south and east to west), mean basin slope, and percent urban land use.
Water-quality conditions affecting algae assemblages

For sites in Class A, the variables that most accounted for the variation in the observed algal community structure included chloride concentrations, nitrate + nitrite concentrations, pH levels, sulfate concentrations, unfiltered kjeldahl concentrations; for sites in Class B,  chloride concentrations, dissolved kjeldahl nitrogen, DOC concentrations, nitrate + nitrite concentrations, pH levels, specific conductivity, total nitrogen, unfiltered kjeldahl nitrogen, unfiltered phosphorus concentrations; for sites in Class C,  chloride concentrations, dissolved kjeldahl concentrations, pH levels, PTI values, sulfate concentrations; for sites in Class D, chloride concentrations, DOC concentraions, pH levels, PTI values, specific conductivity; for sites in Class E,  chloride concentrations, dissolved kjeldahl concentrations, DOC concentrations, nitrate+nitrite concentrations, pH levels, and silica concentrations.

Management of aquatic assemblages
Natural and anthropogenic factors such as geology and land use create the hydrologic processes that structure aquatic assemblages. However, the effects of hydrology, landscape, land use, and water quality on aquatic assemblages vary, and must be understood regionally before management steps can be decided upon to improve the quality of stream resources. Results of this study show that different hydrologic, landscape, and land-use variables explain the variability of the structure of aquatic assemblages in different regions. Although streams with similar landscape and land-use settings were shown to have similar flow regimes, even in areas with similar land uses (Classes A and B), different variables explained the variability of aquatic assemblage structure. For example, the variability of aquatic assemblages in Class A was explained by the variability of the frequency of low-flow pulses, whereas the variability of assemblages in Class B was explained by the frequency of low-flow pulses. Before management recommendations may be made, the regional effects of hydrologic, landscape, and land-use variables on aquatic assemblages must be thoroughly understood.
Various hydrologic variables explained the variability of macroinvertebrate assemblage structure. In Class A, inverterate assemblages with high total richness favor streams with a highly variable number of low-flow pulses. In Class B, percent EPT richness is associated with unpredictable flow and a highly variable number of low-flow pulses. Percent of non-midge diptera and non-insects (normally associated with disturbed areas) increased in areas with high flow per unit area and a fast rate of hydrograph rise. Percent of Tanytarsanii midges (indicators of good water quality) was highest in areas with a short duration of high-flow pulses and predicable flooding. Percent of total abundance represented by the most dominant invertebrate taxa (associated with poor water quality) increased in areas with a variable rate of hydrograph rise. In Class C, the richness of EPT taxa increased in areas with predictable flooding. Total richness of invertebrate taxa increased in areas with infrequent flooding. The percent richness of EPT taxa decreased in areas with infrequent low-flow pulses and a quick rate of hydrograph rise. In Class D, the percent abundance of omnivore invertebrates increased in areas with high flow per unit area.
Substrate size and habitat cover were shown to be predictive of the structure of aquatic communities. In Class D, the presence of Tanytarsanii midges decreased in areas with high habitat cover. The overall tolerance of invertebrate taxa increased in areas with larger substrates.
Summary and Conclusions
An integrated study as part of the U.S. Geological Survey’s National Water-Quality Assessment program was conducted to investigate the effects of hydrology, landscape, and land use on aquatic assemblages in agricultural settings in the northeastern and north-central United States. Sites were grouped into five hydrologic classes of sites (A-E) with similar flow regimes using a hierarchical cluster analysis. Sites in the same class were often located close spatially (generally within 50 miles), and had similar landscape attributes and land-use settings; sites in different classes varied in landscape, land use, water quality, and aquatic assemblage structure. The hydrologic classification of sites, in addition to location and land use, was highly predictive of the variability of the structure of aquatic communities. Biologically important variables that explained the composition of aquatic communities included flow per unit area, frequency of low-flow pulses, flood predictability, flow predictability, basin slope, road density, location, and density of dams in the watershed. Results of this study suggest that a combination of landscape attributes (geology, slope) and land-use settings produce flow regimes that affect biota in agricultural and urban settings in the northeastern and north-central United States.
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