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ABSTRACT
Extensive industrial areas in headwater stream watersheds can severely impact the physical condition of streams and introduce contaminants.  We compared 3 streams that received stormwater runoff and industrial effluents from industrial complexes to two reference streams.  Reference streams provide a benchmark of comparison of geomorphic form and stability in coastal plain, sandy-bottomed streams as well as concentrations of trace elements in sediment and biota in the absence of industrial disturbance.  We used crayfish (Cambarus latimanus, Procambarus raneyi, P. acutus) and crane fly larvae (Tipula) as biomonitors of 15 trace elements entering aquatic food webs.  Streams with industrial areas were more scoured, deeply incised, and less stable.  Sediment organic matter content broadly correlated to trace element accumulation, but fine sediments and organic matter were scoured from stream bottoms of disturbed streams.  Trace element concentrations were higher in depositional zones than runs within all streams.  Despite contaminant sources in the headwaters, trace element concentrations were generally not elevated in sediments of the eroded streams.  However, element concentrations were frequently elevated in biota from these streams with taxonomic differences in accumulation amplified.  In eroded, sand-bottomed coastal plain streams with unstable sediments, single snapshots of sediment trace element concentrations did not characterize well bioavailable trace elements.  Biota that integrated exposures over time and space within their home ranges better detected bioavailable contaminants than sediment.
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INTRODUCTION
Streams and rivers draining watersheds with industrial/urban areas act as vectors for dispersal of contaminants from these areas (Taylor and Owens 2009).  Diverse trace elements in non-point source runoff from impervious surfaces can originate from numerous sources associated with buildings, automobile components, pavement, and land-use; the source can be from the materials themselves or from atmospheric deposition that is subsequently washed off by rain (Paul and Meyer 2001; Davis et al. 2003; Walsh et al. 2005; Casey et al. 2006).  Point sources such as industrial effluents or water treatment plants can further introduce a variety of contaminants into streams.  For example, occurrence of coal combustion waste in watersheds has exposed aquatic organisms to increased levels of a variety of elements not only at the Savannah River Site (SRS), SC, USA where this study was conducted, but world-wide (Rowe et al. 2002; Ruhl et al. 2012; Rowe 2014).  Consequently, the broad number of contaminant sources in watersheds receiving both runoff from impervious surfaces and industrial effluents can result in contamination by a broad variety of trace elements.  Surface runoff from impervious surfaces associated with urban areas can result in flow flashiness involving rapid and increased runoff volume and peak flows that in turn cause bottom scour, channel erosion, and subsequent deposition reducing overall channel stability (Paul and Meyer 2001; Walsh et al. 2005).  This channel instability can result in fine sediment and associated contaminants being mobilized and relocated during rain events (Taylor and Owens 2009).  Largescale industrial complexes in unpopulated areas may have similar effects on watersheds as urban areas.  Evaluating contaminants in sediment and biota will provide critical information on contaminants that are stored in or have passed through a stream.
Contaminants in stream water may be low or even barely detectable, but often accumulate to higher levels in sediments (Cherry and Guthrie 1978; Farag et al. 1998; Beasley and Kneale 2002; Rowe et al. 2002).  Although continually moving, stream sediments have a longer residence time than water (Taylor and Owens 2009).  Consequently, a large proportion of contaminants in a stream system can be stored in sediments (Cherry and Guthrie 1978; Taylor and Owen 2009).  Contaminants often occur at highest concentrations in depositional zones where finer sediments and organic matter (OM) settle out (Shelton and Capel 1994; Paul and Meyer 2001; Fletcher et al. 2014).  Thus, heterogeneity of sediment distributions within streams complicate exposures to stream organisms using different habitats.  Evaluation of sediment can reveal trace elements stored in contaminated streams, but it can be important to include both depositional zones, where finer sediments and organic matter settle out, and faster moving runs when assessing contaminant distributions.
Relationships between contaminants stored in sediments and aquatic macroinvertebrate body burdens have been observed with often-positive relationships between contaminants in sediments and biota (Cain et al. 1992; Corbi et al. 2010).  Furthermore, habitat use that increases exposure to bottom sediments can increase metal level (Smock 1983; Corbi et al. 2010; Lavilla et al. 2010).  Among aquatic insects inhabiting sediments, those that ingest sediments or filter feed, can have particularly elevated body burdens of metals (Smock 1983).  Even the sediment type an organism occupies has the potential to influence accumulation levels (Fletcher et al. 2014).  
An advantage of using macroinvertebrates as a biomonitor for bioavailable trace elements in a system is they spatially integrate exposure throughout their home range.  This is particularly useful for species such as crayfish that often have relatively small home ranges (Pennuto et al. 2005; Kouba et al. 2010).  Additionally, macroinvertebrates integrate contaminant exposure temporally, so are less susceptible to being influenced by short-term fluctuations in trace element concentrations as snap shots of water or sediment may be.  However, the time interval of integration will differ among elements and taxa.  For example in crayfish, Cu and Zn may be rapidly effluxed, so concentrations may be a reflection of recent exposure, whereas other elements such as Hg and Ni may integrate longer periods (Kouba et al. 2010).  However, the relationship between trace element concentration in macroinvertebrates and sediment can differ among species and be element specific (Lavilla et al. 2010).  This follows broader trends of trace element accumulation in aquatic invertebrates being taxa specific due to differences in exposure, uptake rates from solution and diet, as well as efflux rates (Rainbow 2002; Luoma and Rainbow 2005; Buchwalter et al. 2008; Poteat et al. 2013).  Consequently. macroinvertebrates may be excellent biomonitors for trace elements stored in sediments, but levels of accumulation can be expected to vary by element and species.
Regional to local land characteristics must be taken into account when assessing impact of impervious surfaces to the physical and chemical aspects of streams (Booth et al. 2016).  The SRS occurs in the Sand Hills ecoregion of the southeastern US that lies on the coastal plain adjacent to the piedmont and extends from central North Carolina to west central Georgia, USA (Kosnicki et al. 2014).  Geologically, the SRS lies on the Aiken Plateau, a subdivision of the upper coastal plain characterized by surface and subsurface sand deposits of varying depths (Cooke 1936; Siple 1967).  Bedrock is not exposed in these sand bottomed streams and large substrate such as cobble is rare.  In natural watershed conditions of this region, most water reaching the stream from the upland is transported through ground water as the sandy soils are too porous to provide overland flows (Dosskey and Bertsch 1994).  Thus, development of large impervious surfaces in the region can create surface water runoff that is entirely un-natural to these systems.  This combined with the erodability of these poorly consolidated upper lithologies renders these systems susceptible to catastrophic erosion (Magilligan and Stamp 1997).  Combining this physical instability with diverse trace element contamination associated with impervious surfaces and industrial activity provides complex problems for those assessing stream disturbances.  Indeed, separating the effects of physical disturbance and contaminant exposure presents a daunting task for land managers.  Understanding contaminant distributions in these highly dynamic systems represents a starting point for deciphering these problems.  
Inclusion of reference streams in our analyses will provide geomorphic form and stability as well as concentrations of trace elements in sediment and biota in the absence of industrial runoff and effluents.  We hypothesize:  1) Streams with more imperious surface will be more physically degraded.  2) Streams in drainage basins with greater amounts of anthropogenic disturbance will have elevated contaminants in the sediment and aquatic macroinvertebrates.  3)  Relationships between trace element concentrations in sediment versus biota will be element and species specific.  4) Taxa that differ more in morphology, physiology and biology will also differ more in body trace element concentrations.  

METHODS
Drainage and stream characterizations
Drainage basin and stream geomorphic characteristics were extracted from larger studies of SRS headwater streams (Biemiller 2015; Fletcher DE et al., Savannah River Ecology Laboratory, Aiken, SC, unpublished report).  All geospatial measurements and data layers were created using ESRI ArcGIS 9.3 and 10.1 at various times throughout the drainage characterizations.  Hydrology of perennial streams were field-delineated and detailed maps created using LiDAR imagery (Fletcher DE et al., Savannah River Ecology Laboratory, Aiken, SC, unpublished report).  Similarly, effluent and runoff routes from industrial areas were identified by field reconnaissance and mapped using LiDAR imagery.  Using these stream lines along with LiDAR imagery, a series of basin characteristics adapted from National Water Quality Assessment Program (Fitzpatrick et al. 1998) were measured for each tributary basin (Supplemental Data 1a).  Aerial photos, ground surveys, and drainage ditch maps were used to calculate the percentage of drainage area above a site composed of industrial areas.  This quantifies the amount of impervious surfaces draining into a tributary.  Additionally the percent of the drainage basin that was covered by tree canopies in 2010 were measured from aerial photos.  We have documented flow impediments such as active and abandoned dams, and road/railroad crossings.  
In-stream geomorphic characterization procedures were previously described by Biemiller (2015).  We established study reach length dependent upon stream width with 150 m sites on streams narrower than 2 m and 210 m long on streams 2 m or wider.  Transects were established and markers placed at 30 m intervals.  From measurements taken across these transects, channel dimensions were calculated using the stream geomorphology and design software package RIVERMORPH™ 4.3 (Supplemental Data 1b).  Metrics were averaged for each study reach.  This was conducted in 2010 and 2011.  Streambed sediment samples (top 10 cm) were collected near each transect and each sample placed into a 3.8 L plastic bag.  Samples were returned to the lab and sediment size categories separated using standard sieves.  RiverMorph™ 4.3 was used to calculate the DB 50 and DB 84 (grain diameter below which respectively 50% and 84% of the sediment was finer).

Study site characterization
The United States Department of Energy has operated the SRS, an 801 km2 National Environmental Research Park established in 1951 to produce and process materials for nuclear weapons.  SRS stream conditions reflect the history of pre-SRS legacy impacts as well as 1950s to current industrial activities.  Stressors from pre-SRS land use included cattle grazing, timber harvest, stream channelization, stream impoundment, and intensive agriculture (Cabak and Inkrot 1997; White and Gaines 2000; White 2004).  However, most systems appear to have stabilized to a degree and have re-vegetated (Biemiller 2015).  Large industrial areas are embedded within this reforested landscape.  Industrial activities on the SRS have included operation of nuclear reactors, coal burning electrical plants, as well as nuclear materials processing and waste storage facilities.  
Upper Three Runs, a Savannah River tributary, flows across the SRS with its tributaries draining a significant portion of the SRS.  Upper Three Runs tributaries span a disturbance gradient from severely and recently degraded/currently degrading to relatively undisturbed for the past 60 years.  The 1st to 3rd order headwater streams of the current study (Supplemental Data 2) lie within the Upper Three Runs drainage.  Study streams include 2 reference tributaries, Upper Three Runs tributary (U36) and Tinker Creek tributary (TC2), and 3 more extensively disturbed tributaries McQueen Branch (MQ), Crouch Branch (CB), and UTR tributary (U8) (Figure 1).  In terms of drainage area and cumulative stream length, MQ and TC2 were our largest study streams (Supplemental Data 2).  TC2 had the broadest and U8 the narrowest drainage basins with the other 3 streams intermediate.  Based on basin relief ratio and entire stream gradient, CB and U8 were the steepest drainages, which may make them more susceptible to erosion.  
No industrial activity occurs in U36 and TC2 (Figure 1).  Three abandoned dam structures and one abandoned road crossing levee remain on TC2.  No impoundments are evident on 1932 or later aerial photos; based on this and tree size above the dams, they have been breached for a long time.  The 2 downstream dams were likely grist mills based on remaining structure including a mill stone at one of the dams.  The upper dam may have been a water retention pond as it is much smaller and there was no evidence of an associated structure.  Varying proportions of the 3 disturbed stream drainage basins are covered by industrial areas that represent sources of runoff from impervious surfaces and contaminants.  Industrial areas line the west side of the MQ drainage, but no industry occurs on the east side where most tributaries are located, thus industrial areas cover only 8% of the drainage area.  Runoff from industrial areas generally flows directly into the main channel.  In contrast, 38% of the CB and 68% of the U8 drainage basins are covered by industrial area.  Tree coverage is over 80% within the reference drainages with most un-forested areas due largely to upland tree harvested areas, but also roads and highline right of ways.  Even though the riparian zones of all 5 streams are largely forested, tree coverage in the upland areas of the drainage basins are reduced by industrial activity in 3 industrialized streams with tree coverages of 73% in MQ and only 52% and 18% in CB and U8, respectively (Figure 1).  In addition to impervious surface runoff, potential contaminant sources include coal combustion waste basins in U8 and at the edge of the drainage divide in MQ, and a coal pile runoff basin in MQ.  Disturbed streams have also received industrial effluents from various sources.  
As expected, the largest stream drainages (MQ and TC2) had the widest stream channels (Figure 2a).  However, greater channel incision in the disturbed systems is evident by the deeper stream channels (Figure 2b).  Moreover, greater differences in channel depth between years in the disturbed streams indicate greater stream bottom instability (Figure 2b).  Headwater gullies in MQ and CB (4 m in CB and almost 3 m in MQ; Figure 2i) indicate head cutting into the ridge by excessive erosion.  U8 is not head cutting into the ridge, but is eroded through the sand to a clay layer in the headwaters.  Gully incision is lower in the downstream reaches of all 3 disturbed streams (Figure 2j).  In the larger MQ drainage, incision in the downstream reach had decreased to a similar level as reference stream U36.  The downstream MQ study reach is likely buffered by distance and upstream beaver activity.  The upstream beaver activity may also result in deposition of OM, fine sediment and trace elements above the MQ study reaches as well as be an area of Hg methylation.  The deeper channels translate into larger bank full areas in the disturbed streams.  Additionally, scouring has resulted in higher hydraulic radii in the 3 disturbed systems (Figure 2d).  The lower substrate firmness (greater substrate penetration depth) in CB and MQ resulted from deposition of loose sand between 2010 and 2011 indicating bottom instability (Figure 2e).  Silt coverage had also been reduced in the 3 disturbed streams (Figure 2h).  As evident by higher DB84s and DB50s, bottom substrate materials are also coarser in the disturbed streams as finer sediments have been swept away (Figure 2f,g).  Overall the MQ, CB, and U8 channels were more heavily eroded as evident by deeper incision, less stable bottom sediments, and reduced fine sediments.

Study organisms
Crane fly larvae as typical of dipterans have a worm like body form that undergoes metamorphosis through a pupal stage into a flying terrestrial adult.  The larva of our study genus Tipula is classified into the shredder functional feeding group and is critical to stream energetics by breaking down leaves into smaller pieces that can be consumed by other organisms (Merritt et al. 2008).  Tipula, by feeding on decaying leaves primarily from terrestrial trees, provides a critical food chain link between primary production and animal tissue.  Since biofilms are typically present on the surfaces of decaying leaves, the diet of Tipula also includes significant amounts of biofilm.  This habit particularly makes Tipula an intriguing choice of biomonitor for bioavailable contaminants, because previous work has shown biofilms accumulate high levels of many contaminants (Farag et al.1998; Mages et al. 2004; Fletcher et al. 2014).  Tipula were collected and analyzed from all 5 study sites (Table 1).
The omnivorous feeding habit of crayfish makes them an attractive choice as a biomonitor for contaminant bioavailability.  Crayfish are known to feed on a wide array of plant and animal materials (Whitledge and Rabeni 1997; Usio 2000), thus they can be exposed trophically to contaminants via many potential vectors.  Additionally, crayfish frequently inhabit pools that represent depositional zones where sediment contaminant concentrations are often higher.  Crayfish are known to accumulate a variety of contaminants including Hg (Kouba et al. 2010).  Overall, we found 3 species of crayfish in our study systems.  Cambarus latimanus, (LeConte) was broadly distributed and collected from all 5 streams.  Procambarus raneyi, Hobbs was absent from the 2 streams with the most highly eroded channels, CB and U8.  Procambarus acutus (Girard) was generally rare in the study streams and only collected in the 2 larger streams, TC2 and MQ. 

Sample collection and processing
We adapted sediment sample acquisition from the guidelines outlined by the U.S. Geological Survey (Shelton and Capel 1994).  Six to 7 sub-samples were composited from 16 sampling locations (8 depositional zones and 8 higher velocity runs) from each study reach.  Depositional zones were typically pools where finer sediments and organic matter settled out, whereas runs had swifter currents and substrates consisting of more coarse sand than pools.  Samples were collected from the upper 4.5 cm of sediment with a plastic beaker.  Samples were stored on ice until returned to the lab.  At the time of sediment sampling, water velocity at each sample location was measured with a Marsh-McBirney Model 201D portable flow meter; minimum detectable water current was 0.01 m/sec.  Sampling and velocity recording was conducted during base flow conditions, i.e. stream flow levels not influenced from surface runoff from a recent rain event.  In the lab, each bag of sediment was homogenized, dried to a constant weight, and then passed through a 2 mm sieve to exclude gravel and large detritus materials.  Percent OM was determined from a subsample of each sediment sample by measuring the dry weight of the sediment and the ashed weight after 4 hours in a 490 °C muffle furnace.  The clay content of each sediment sample was determined using the micro-pipette method (Miller and Miller 1987).  Prior to chemical analysis, 250 mg sieved sediment samples were acid digested according to EPA Method 3052, Microwave Assisted Acid Digestion of Siliceous and Organically Based Matrices (USEPA 1996).  Digestates were brought up to a final volume of 50 mL; a 1:10 dilution of each sample was analyzed.  A separate 7 to 465 mg subsample was used for total mercury (THg) analysis.
Crayfish (Decapoda: Astacoidea) and crane fly larvae (Diptera: Tipulidae) were collected by kick-netting using a 1.2 x 1.8 m, 3.2 mm mesh seine in spring 2013.  We sampled approximately a 300 m reach of each stream.  Rarity of some crayfish species resulted in fewer or no samples in some streams.  Invertebrate samples were returned to the lab, acclimated to room temperature and unchlorinated well water by gradual mixing of water types and held for 24 hours to allow gut evacuation (Wilson et al. 2005, Peltier et al. 2009).  Smaller crayfish and crane fly larvae were held in separate aerated plastic tubs.  Larger crayfish were isolated in individual mesh bags and suspended in aerated 19 L buckets.  Individuals were rinsed in 18 MΩ deionized water prior to euthanasia by freezing.  Crane fly larvae were later identified to genus (Gelhaus 2002; Merritt et al. 2008) and crayfish to species (Hobbs et al. 1984; Eversole and Jones 2004; Skelton 2014).  Additionally, the sex of each crayfish was determined.  Crayfish total carapace length and post-orbital carapace length were measured using Image J software (Rasband, WS, Image J, U. S. National Institutes of Health, Bethesda, Maryland, USA, https://imagej.nih.gov/ij/, 1997-2016).  Individual organisms were lyophilized until repeated weights recorded at least 4 hours apart resulted in no weight loss; samples were weighed to the nearest 0.1 mg.  Crayfish were divided into size categories using post-orbital length and crane fly larvae using total dry mass.  Crayfish and crane fly larvae composites were formed within size groups as needed to acquire at least 50 mg dry mass.  A total of 337 biota samples were analyzed (Table 1).  Lyophilized samples were finely ground and homogenized in scintillation vials by repeated chopping with corrosion free, stainless steel laboratory scissors.  Before use and between samples, scissors were rinsed with deionized water, acid washed in 2% trace metal grade nitric acid, rinsed with 18 MΩ deionized water, and air-dried.  A subsample of ground homogenate of approximately 50 mg was used for microwave assisted digestion (MARS Xpress, CEM Corporation, Matthews, NC) with 1 mL of trace metal grade nitric acid (70% HNO3) according to EPA Method 3051A (USEPA 2007a).  Digestates were brought up to a final volume of 5 mL; a 3:10 dilution of each sample was analyzed.  A separate 7 to 78 mg subsample was used for THg analysis.

Trace element analyses
Because of the diverse potential contaminant sources described above, a suite of elements (Al, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, As, Se, Cd, Ba, and Pb) were analyzed in the 80 sediment samples and 337 biota samples by inductively coupled plasma mass spectroscopy (ICP-MS) (NexIon 300X ICP-MS; Perkin Elmer, Norwalk, CT) according to standard QC protocols outlined in EPA Method 6020A (USEPA 2007c).  Scandium 45, In 115, and Ge 74 were used as internal standards.  For every 34 samples, at least 2 blanks, 2 duplicates, and 2 certified reference material samples were included.  For the sediment digestions, mean percent recovery for elements in PACS-2 certified reference material (National Research Council, Ottawa, ON, Canada) composed of marine sediments ranged from 82 to 120% for 10 elements, but reached 129 and 268% for Cd and Se respectively (Supplemental Data 3).  For the invertebrate digestions, mean percent recovery for elements in TORT-3 certified reference material (National Research Council, Ottawa, ON, Canada) composed of lobster hepatopancreas tissues ranged from 80 to 109% in 10 elements, but reached 138% in both Cr and Se (Supplemental Data 3).  Se recoveries fell well out of acceptable ranges.  Because of the prevalence of Se in coal combustion waste and the presence of this material in some of our study drainages, we present the Se numbers for both sediment and biota to detect whether it is present in the systems, but caution should be used in interpretations.  The average percent differences between biota duplicates ranged from 7 to 13 across elements (Supplemental Data 3).  All element concentrations are presented on a dry mass basis and presented as mg/kg.  Method detection limits (mg/kg) of each element for biota and sediment digestions are listed in Supplemental Data 3.  
Total Hg analysis was conducted on a direct mercury analyzer (DMA-80; Milestone, Shelton CT) in accordance with EPA Method 7473 (USEPA 2007b).  For every batch of 40 samples at least 2 blanks, 2 duplicates, and 3 certified reference material samples (PACS-2 for sediment and TORT-2 for invertebrates) were included.  For THg, method detection limit was 0.131 µg/kg and percent recovery of certified reference materials was 100% for TORT-2 (biota) and 107% for PACS-2 (sediment).

Statistical methods
Statistical distributions of OM and clay in the sediment were improved by Arcsine square root transformation and element concentrations by Loge transformation prior to statistical analysis.  Statistical comparisons were conducted with SYSTAT® statistical package (version 13.00.05/2009, SYSTAT Software Inc., San Jose) and largely follows previously described methods (Fletcher et al. 2006, 2014, 2017).  A p < 0.05 level of significance was used exclusively throughout, including pairwise comparisons.  Analysis of Variance (ANOVA) followed by Tukey pairwise comparisons compared % OM (w/w) and % clay (w/w) in sediment among streams.  Relationships of % OM and % clay with water velocity across all sites were examined with Spearman’s rank correlation coefficients.  Concentrations of trace elements below detection limits were replaced with 50% the mean detection limits for statistical analyses.  A Spearman Rank correlation coefficient matrix revealed a large number of element pairs within both the sediment and biota trace element concentration data to be correlated.  Consequently, we employed 2 Principal Components Analyses (PCA) to summarize the element concentrations within first the sediment and then the biota.  PCA reduced dimensionality of each data set and simplified comparisons.  The number of interpretable principal components was determined from component eigenvalues and scree plots.  We employed a varimax rotation that more evenly distributes the amount of variation across the set of components (Wilkinson et al. 1996).  Axes in analyses are defined by elements with loadings ≥ 0.5 or ≤ -0.5.  Factor scores for each component were saved for further analyses (Stevens 1986; Snodgrass et al. 2003).  ANOVA followed by Tukey pairwise comparisons compared the factor scores of each sediment component (PC1Sed – PC3Sed) among streams.  Further, sediment principal component factor scores were compared between habitats within a stream using Mann Whitney U tests.  Similarly, ANOVA followed by Tukey pairwise comparisons compared the factor scores of each biota component (PC1Bio – PC4Bio) among streams within a species and among species within a stream.  Sex and the interaction between stream and sex were included in the crayfish spatial comparisons.  Sex of Tipula larvae could not be determined and was not included in comparisons.  An extreme outlier for Tipula PC4Bio scores was caused by an unusually high Hg concentration.  This Hg value of 0.93 mg/kg wet weight was over 7 times higher than the next highest of the 87 values for Tipula (Supplemental Data 7).  While not biologically impossible, the value seemed questionable and was excluded from the ANOVA.  For Tipula and C. latimanus for which we had the most complete samples sizes, Spearman Rank correlation coefficients compared correlations between the concentration of each element within each species to the average concentrations accumulating in the sediment of each site.  We compared concentrations in organisms to sediments within depositional zones and runs averaged separately.  Relationships between organism size and the principal components (PC1Bio – PC4Bio) was explored, but no consistent trends were found, so this was excluded from analysis presentations.  The biota sediment accumulation factor (BSAF) was calculated as the element concentration in biota / concentration in the sediment (van der Oost et al. 2003).  

RESULTS
Sediment organic matter and clay content
As expected, at base flow, water velocities were slower in the depositional zones (U36, TC2, MQ, CB, U8 means = 0.00, 0.08, 0.00, 0.00, 0.00 m/sec respectively; Supplemental Data 4) than runs (U36, TC2, MQ, CB, U8 means = 0.21, 0.24, 0.35, 0.47, 0.21 m/sec respectively; Supplemental 4).  Consequently, organic matter accumulated to higher concentrations in depositional zones than runs in all 5 tributaries (Figure 3a).  However, OM was clearly lower in depositional zones of the 3 streams in watersheds with industrial areas (Figure 3a; Supplemental Data 5a).  Of the disturbed streams (MQ, CB, and U8), CB averaged the highest OM levels in depositional zones with only 1.4%.  In contrast, in the reference streams, U36 averaged 6 times and TC2 10 times higher than this level (Figure 3a).  OM naturally varied from 2.0 to 26.6% in U36 and 2.7 to 40.3% in TC2, so the lowest observed levels in the reference streams exceeded the averages of the disturbed streams.  In contrast, OM in sediment of runs was consistently low in all streams and did not significantly differ among them (Figure 3a; Supplemental Data 5a).
Similar to OM, more clay settled out in depositional zones than in runs (Figure 3b).  Sediment samples from CB and U8 depositional zones were highly variable with concentrations as high as 14 and 7% clay, respectively (Supplemental Table 4).  However, on average, clay content was relatively low in depositional zones of all sites and did not significantly differ among streams (Figure 3b; Supplemental Data 5a).  Clay content in sediment from U8 runs was higher than that from the reference streams, but still relatively low (Figure 3b; Supplemental Data 5a).  As driven by lower concentrations in runs than pools, clay and OM content was negatively correlated to water velocity (rranks = -0.727 and -0.569, p < 0.05).  

Sediment trace element analyses
	PCA produced 3 principal components (PC1Sed – PC3Sed) that explained 81.2% of the variability in the sediment element concentration data.  The first principal component (PC1Sed) explained 54.8% of the variance and represents a positive relationship with 11 element concentrations (Pb, Cr, Mn, Zn, Ba, Cu, Fe, Al, Co, Ni, and Hg) (Table 2).  In all 5 streams, Mann Whitney U tests indicated significantly higher concentrations of PC1Sed elements in sediments from depositional zones than runs.  Moreover, PC1Sed elements accumulating in depositional zones showed different patterns among sites in depositional zones than in runs (Figure 4a).  Not only was it evident that PC1Sed elements were not elevated in depositional sediments of the disturbed streams, but MQ actually had the lowest concentrations among all sites (Figure 4a; Supplemental Data 5b).  Within runs, concentrations were significantly higher in U8 sediments than those from TC2 and MQ (Figure 4a; Supplemental Data 5b).  Some samples had higher concentrations in CB sediments than the reference sites (Supplemental Data 6), but on average, CB samples did not significantly differ from them.  
	Se and Cd loaded strongly on the second principal component (PC2Sed), but it explained only 13.4% of the variance (Table 2).  These elements accumulated to low levels in all 5 streams (Figure 4b; Supplemental Data 6) with concentrations above detection limit accumulating in only depositional areas.  As and V loaded strongly on PC3Sed that explained 13% of the variance (Table 2).  Concentrations of these elements were higher in depositional zones than runs in all streams, except in MQ where PC3Sed scores did not significantly differ between these habitats (Figure 4c; Supplemental Data 6; Mann Whitney U p < 0.05).  This lack of statistical difference in MQ is likely due to the heterogeneity of As that ranged from (0.38 – 9.37 mg/kg).  Four samples were below detection limits (BDL), but 4 samples had the highest of any samples in this study resulting in the wide error bars in Figure 4c (Supplemental Data 6).  V was BDL in all TC2 and U36 runs, but among disturbed streams was BDL in only a single U8 run sample.  In depositional zones, PC3Sed scores tended to be highest in MQ, intermediate in CB and U8, and lowest in the 2 reference sites, but only the MQ-TC2 and MQ-U36 pairwise comparisons were significant (Figure 4c; Supplemental Data 5b).  Similarly in runs, pairwise comparisons indicated highest scores in MQ, intermediate in CB and U8, and lowest in the 2 reference sites (Supplemental Data 5b).  

Biota—between site variability within species
	PCA of the biota trace element concentration data produced 4 principal components (PC1Bio - PC4Bio) that explained 78% of the variance.  Within each species, we compared factor scores of each component among the streams.  The first principal component PC1Bio explained 28.2% of variability in the data with increasing factor scores indicating higher concentrations of As, Zn, V, Al, Cd, Mn, Fe, and Pb (Table 3).  Concentrations of PC1Bio elements in Tipula were consistently higher in MQ, CB, and U8 (disturbed sites) than U36 and TC2 (reference sites) (Figure 5a; Supplemental Data 5c).  Despite these differences between disturbed and reference streams, pairwise comparisons indicated Tipula PC1Bio scores did not differ among disturbed streams or between reference sites.  Cambarus latimanus accumulation of PC1Bio elements differed both among sites and between sexes with a significant interaction (Supplemental Data 5c).  Males tended to accumulate higher concentrations than females in MQ and U8 (Figure 5a).  Accumulation of these elements was lowest and similar in U36 and TC2, followed by an increasing gradient among disturbed streams with U8 lowest, MQ intermediate, and CB highest (Figure 5a).  Accumulation of PC1Bio elements were also higher in P. raneyi from MQ than those from the reference streams U36 and TC2 (Figure 5a; Supplemental Data 5c).  Overall, PC1Bio elements tended to accumulate to higher concentrations in biota from the 3 disturbed systems MQ, CB, and U8 (Figure 5a).  
With both positive and negative loadings on the second principal component (PC2Bio) that explained 31.6% of the variance (Table 3), high factor scores indicate higher concentrations of Co, Pb, V, and Al, whereas low scores indicate higher concentrations of Se, Ba, Cu, and Ni.  The positive or negative loadings on this component reflected patterns in concentrations of these elements (Table 4).  Unlike PC1Bio, spatial patterns of PC2Bio element accumulation were not as consistent among taxa with respect to disturbance.  In Tipula, PC2Bio scores were lower in MQ, CB, and U8 (disturbed sites) than U36 and TC2 (reference sites) indicating higher Se, Ba, Cu, and Ni concentrations in the disturbed sites (Supplemental Data 5c).  In C. latimanus, PC2Bio scores differed among sites and between sexes with a significant interaction (Supplemental Data 5c).  C. latimanus females have higher PC2Bio scores than males in U36, MQ, and U8 (Figure 5b).  PC2Bio scores tended to be highest in MQ indicating higher concentrations of Co, Pb, V, and Al than the other streams.  In P. raneyi, PC2Bio scores were similar between sexes and higher in TC2 and MQ than U36 (Supplemental Data 5c).  Based on analyses of PC2Bio scores whether concentrations of Se, Ba, Cu and Ni or Co, Pb, V and Al were elevated in the disturbed systems differed among taxa.
	The third principal component (PC3Bio) explained only 10.2% of the variance with positive loadings of Cr and Fe (Table 3).  Tipula PC3Bio scores tended to be highest in MQ and CB, but pairwise comparisons were only significant between MQ-TC2, MQ-U36, and CB-U36 (Figure 6a; Supplemental Data 5c).  In contrast, Cambarus latimanus PC3Bio were highest in the reference streams, intermediate in U8, and lowest in MQ and CB (Supplemental Data 5c).  In P. raneyi, PC3Bio scores did not significantly differ among streams (Supplemental Data 5c).  Only Hg loaded on the fourth principal component that explained 8% of the variance in the data.  Tipula PC4Bio scores were highest in CB and MQ, intermediate in U36, and lowest in TC2 and U8 (Figure 6b; Supplemental Data 5c).  However, Hg concentrations were extremely variable in U8 Tipula.  Similarly, C. latimanus Hg accumulation was highest in CB and MQ (Supplemental Data 5c).  Likewise, in P. raneyi, Hg accumulated highest in MQ (Supplemental Data 5c).

Biota—taxonomic variability
Within each stream, we compared factor scores of each component from the above-described PCA among the biota taxa collected and analyzed from that stream.  Stream disturbance influenced whether Tipula accumulated higher concentrations than the crayfish species collected in each stream.  Within MQ, CB, and U8 (disturbed streams), Tipula consistently accumulated higher concentrations of PC1Bio elements (As, Zn, V, Al, Cd, Mn, Fe, and Pb) than the crayfish species collected in each of these streams (Figure 5a; Table 4; Supplemental Data 5d; MQ: C. latimanus, P. raneyi, P. acutus; CB: C. latimanus; U8: C. latimanus).  In contrast, Tipula collected from U36 did not differ from either C. latimanus or P. raneyi (Supplemental Data 5d) and in TC2 were only significantly elevated above P. raneyi and not C. latimanus or P. acutus (Supplemental Data 5d).  The collection of multiple crayfish species from only MQ, TC2, and U36 limited comparisons of accumulation among crayfish species.  Cambarus latimanus accumulated higher concentrations of PC1Bio elements than P. raneyi in both MQ and TC2; other comparisons among crayfish species were not significant.
Tipula from all streams irrespective of disturbance history occurring in the top half of Figure 5b (PC2Bio), and all crayfish in the lower half indicates higher concentrations of Co, Pb, V and Al in Tipula and higher concentrations of Se, Ba, Cu and Ni in the crayfish (Figure 5b, Table 4; Supplemental Data 5d).  Among crayfish, C. latimanus had lower scores than P. raneyi in TC2 and MQ, but not U36.  Procambarus acutus PC2Bio factor scores did not differ from C. latimanus or P. raneyi in either MQ or TC2 where it was collected.  
Patterns of PC3Bio (Cr, Fe) scores among taxa were less consistent among streams.  Within disturbed streams, Tipula had higher concentrations than C. latimanus, P. acutus, and P. raneyi in MQ and higher than C. latimanus in CB (Supplemental Data 5d).  However, Tipula scores did not differ from crayfish in U8 or U36 (Supplemental Data 5d).  Tipula had lower PC3Bio factor scores than C. latimanus and P. acutus in TC2.  Crayfish species did not differ in MQ or U36, but C. latimanus accumulated higher concentrations than P. raneyi, but not P. acutus in TC2.  
Within streams, Tipula tended to accumulate lower Hg concentrations (PC4Bio) than crayfish: lower than P. raneyi in U36, TC2 and MQ, and lower than C. latimanus in TC2, MQ, and CB (Supplemental Data 5d).  Among crayfish in MQ, P. raneyi accumulated higher Hg concentrations than C. latimanus and P. acutus.  In TC2, both C. latimanus and P. raneyi accumulated higher concentrations than P. acutus.  

Biota sediment accumulation factor
A BSAF value > 1 indicates higher concentrations in the biota than in the sediment.  Whether an element accumulated to higher concentrations in biota than sediment differed among elements.  However, these patterns were generally consistent among study taxa—but exceptions exist (Table 5).  Concentrations of Zn, Cu, and Hg in biota always averaged higher than sediment concentrations (Table 5).  Similarly, Se, Ba, and Ni concentrations averaged higher in biota than sediment, except sometimes for Tipula in reference sites.  In contrast, V, Al, and Pb concentrations always averaged higher in sediment than any of the biota.  Similarly, As and Fe concentrations were always lower than sediment than in the 3 crayfish species, but concentrations in Tipula sometimes exceeded sediment in disturbed sites (Table 5).  Cd, Mn, and Co concentrations were most often higher in biota than sediment; most exceptions occurred in reference sites.  

Relationships between sediment and biota concentrations
	Concentrations of V, As, and Ba were positively correlated to sediment concentration in Tipula and C. latimanus in both runs and depositional zones (rranks p < 0.05).  Biota were combined from all habitats within our study reaches, but patterns of the relationships between element concentrations in the sediment and biota often differed between depositional zones and runs (Table 6).  Overall, more significant positive correlations occurred in runs than depositional zones for both Tipula and C. latimanus.  More negative correlations between the biota and sediment concentrations occurred for elements with a BSAF greater than one in depositional zones (e.g. Hg, Mn, Cd), but numerous exceptions existed (Table 6).  Whether a correlation existed and direction of correlation sometimes differed between species. 

DISCUSSION
Industrial coverage and physical disturbance
Presences of industrial areas in MQ and especially CB and U8 reduced tree coverage and increased the amount of impervious surfaces in these drainages compared to the 2 reference streams.  Excessive runoff from impervious surfaces can result in erosion and relocation of stream sediments (Paul and Meyer 2001; Walsh et al. 2005).  Overall the MQ, CB, and U8 were more heavily eroded as evident by deeper incision and less stable bottom sediments.  Fine sediments can be mobilized during flood pulses in urban rivers with high levels of impervious surfaces and may be selectively scoured from stream sediments reducing fine sediment in such streams (Finkenbine et al. 2000; Taylor and Owen 2009).  Fine sediments were reduced in MQ, CB, and U8 as evidenced by the reduced silt coverage as well as the elevated DB50s and DB84s.  
Similarly, the flashy discharge patterns of urban streams can cause scouring of OM from stream sediments (Walsh et al. 2005).  Along with fine sediments, OM content was reduced in sediment from these 3 disturbed streams.  Two potential causes of this reduction of OM in the disturbed systems include reduced OM input from riparian forests or removal by scouring.  Even though the 3 disturbed watersheds had reduced forest coverage, the riparian zones within the watersheds were largely forested.  Additionally, previous work on an SRS stream found most leaf litter to be entering streams from the immediate riparian zone and that detritus sources from upland areas of the watershed were largely decoupled from the stream (Dosskey and Bertsch 1994).  Thus, the reduction in OM in MQ, CB, and U8 sediments compared to the reference sites was likely due to it being scoured away along with the fine sediments.  Deposition in upstream beaver impacted areas could also be a factor in MQ. 

Stream disturbance and trace element accumulation
Higher concentrations of trace elements can be associated with higher levels of OM and finer sediments (Paul and Meyer 2001).  Consequently, higher concentrations of trace elements often settle out in sediments of slow water velocity depositional zones than faster water velocity habitats (Shelton and Capel 1994; Paul and Meyer 2001; Fletcher et al. 2014).  Across all of our study streams, most trace elements accumulated to higher concentrations in the sediment depositional zones than runs.  This pattern was particularly evident in PC1Sed elements (Pb, Cr, Mn, Zn, Ba, Cu, Fe, Al, Co, Ni, and Hg) and to a lesser degree PC3Sed elements (As and V).
Contaminants associated with fine sediments and organic matter are susceptible to movement by flowing water.  Storm events can be a major driver in annual fluxes of sediment associated contaminants through a stream (Horowitz 2008).  Large expanses of impervious surfaces in a watershed can escalate these fluxes of both fine sediment and sediment associated contaminants (Horowitz 2008; Taylor and Owens 2009).  Consequent of such scouring, urban streams can have reduced amounts of fine materials in sediments (Finkenbine et al. 2000) as was observed in our study streams.  Thus, the erosion, bottom instability, and subsequent loss of fine sediment and organic matter could have strong effects on trace element retention in bottom sediments of MQ and particularly CB and U8.  Deposition in upstream beaver impacted areas could also reduce trace element concentrations in sediment from our study reaches of MQ.  Contrary to our expectations for trace elements in sediment and contrary to patterns observed in the biota, presence of the industrial runoff and effluents in the headwaters of the disturbed systems did not significantly increase the trace element concentrations of depositional zone sediments.  Consequently, the apparent scouring of fine sediments and OM in our disturbed streams may also be reducing trace element accumulation in these systems.  
Trace elements can be higher in sediment than biota (Farag et al. 1998; Corbi et al. 2010).  In contrast, in a Brazilian stream, Cd was not detected in the sediment, but was accumulating in dragonfly nymphs (Corbi et al. 2008).  Overall, relationships between biota and sediment can be taxa and element specific (Hare and Tessier 1998; Goodyear and McNeill 1999).  Aquatic invertebrates accumulate both essential and nonessential trace elements in or on their bodies and whether the element accumulates to higher levels or is regulated to a constant level can also be element and species specific (Rainbow 2002).  If essential elements are low in sediments, aquatic invertebrates would naturally accumulate necessary levels that may exceed that in the sediments.  The often higher BSAF values for our samples indicate higher concentrations for both essential (Zn, Cu, Mn, Ni) and non-essential (Cd, Hg) elements in the biota than sediment.  
Despite trace elements not generally being elevated in the sediments of disturbed streams (MQ, CB, and U8), biota showed patterns of higher concentrations of some elements in these streams.  The cause of the incongruity between patterns of many trace elements accumulating in the sediment among our sites versus biota is presently unknown.  One possible explanation is temporal variability in stream sediment concentrations.  Mobilization of fine sediments during flood events in urban streams can result in large fluxes of contaminants moving through a stream (Taylor and Owens 2009).  As described above, the disturbed systems are incised, unstable and scoured suggesting substantial movement of sediment.  Consequently, temporal variability of contaminant levels and distributions are expected in this type of system depending upon precipitation patterns.  In contrast, contaminant body burdens of aquatic macroinvertebrates are integrated over time and are influenced by exposure pathway and chemical form among other factors (Karimi and Folt 2006).  It is possible that the single snapshot of sediment load does not provide adequate representation of contaminant exposure to the invertebrates.  For example, crayfish have been reported to integrate Hg and Ni over longer periods of time, but crayfish body burdens of Cu and Zn represented more recent exposures since these elements are more rapidly eliminated from their bodies (Kouba et al. 2010).  Furthermore, higher levels of OM in stream sediments can reduce bioavailability of trace elements in the sediments (Bryan and Langston 1992).  The reduction of OM in the disturbed stream sediments may be lowering contaminant levels, but making some existing trace elements more bioavailable.  Water exposure may also be a factor, but is likely even more variable than concentrations in the sediment.  However, the ecology of invertebrates can strongly influence the importance of water versus sediment as a source of trace elements accumulated by aquatic invertebrates, and water can sometimes be the most important source (Hare et al. 2003).  Additionally, the food web an organism belongs to strongly influences trophic uptake by organisms (Cardwell et al. 2013) and trophic pathways can be a primary source of trace elements accumulating in aquatic invertebrates (Hare et al. 2003).  Future work needs to discern the importance of water, sediment, and trophic pathways in accumulation of trace elements by invertebrates in these systems.  Overall, instability of stream sediments made them poor predictors of bioavailability, whereas spatial and temporal integration of trace element exposure by biota made them more suitable monitors. 

Taxonomic variability
Trace element accumulation among macroinvertebrate taxa frequently varies due to differences in exposure, uptake rates from solution and diet, as well as efflux rates (Rainbow 2002; Luoma and Rainbow 2005; Buchwalter et al. 2008; Poteat et al. 2013).  Additionally, higher levels of contamination in a stream can amplify taxonomic differences in accumulation (Cain et al. 1992).  In the current study, whether taxa differed in accumulation depended upon element and stream system.  Correspondingly, Tipula accumulated higher concentrations of several elements (PC1Bio: As, Zn, V, Al, Cd, Mn, Fe, and Pb) than the crayfish species in the 3 disturbed systems, but did not differ from them in the reference systems.  Additional taxonomic differences included Tipula tending to accumulate higher concentrations of Co, Pb, V, Al, whereas crayfish accumulated higher concentrations of Se, Ba, Cu, and Ni (PC2Bio).  The herbivorous Tipula also tended to accumulate lower levels Hg than the omnivorous crayfish, which was expected since Hg tends to biomagnify (Kouba et al. 2010).  Differences in accumulation of trace elements between crayfish species have been previously reported (Gherardi et al. 2002).  When crayfish differed, C. latimanus accumulated higher concentrations of Co, Pb, V, Al and lower concentrations of Se, Ba, Cu, and Ni than P. raneyi.  Overall however, Tipula accumulated higher concentrations of many elements than the crayfish.  Even though trace element concentrations differed among crayfish species, concentrations of most elements in all crayfish species were generally distinct from Tipula.  Phylogenetically based differences in physiology and ecology can strongly influence variability in accumulation among taxa (Cain et al. 1992; Buchwalter et al. 2008; Poteat et al. 2013).  Thus, considering the difference in physiology and ecology between Tipula and crayfish compared to similarities among the crayfish species, this is not surprising.  Some taxonomic groups like dragonflies can differ greatly among genera within an order or family, but these genera differ greatly in morphology and habitat use ranging from clean sand to depositional zones (Fletcher et al. 2017).  In contrast, all 3 species of crayfish collected in this study were typically found in depositional zones and all have similar body forms, so less variability is expected.  

CONCLUSIONS
In stream drainages with industrial complexes, the physical disturbance including increased scouring and incision appears to be influencing sediment OM content, clay content, and prevalence of fine sediments.  This was likely responsible for the reduced trace element accumulation in depositional sediments of the disturbed systems.  In contrast, concentrations of some contaminants were elevated in biota of the disturbed streams.  Study taxa differed in trace element accumulation.  Moreover, differences in body burdens among taxa were often greater in the disturbed systems.  The biota better indicated presence of bioavailable contaminants than sediment because they integrate contaminant availability somewhat spatially, but more importantly temporally.  Lower levels of OM in disturbed stream sediment could also increase bioavailability of present trace elements.  Overall, a single snapshot of sediment concentrations may not be sufficient to characterize contaminant exposures to aquatic biota in unstable systems receiving excessive runoff from developed areas.  Future studies should examine temporal variability in sediment contamination levels as well as fluxes of contaminants during storm events.
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FIGURE CAPTIONS
FIGURE 1.  Aerial photo with hydrologic map of the 5 study drainages.  U8 – Upper Three Runs tributary U8; CB – Crouch Branch; MQ – McQueen Branch; U36 – Upper Three Runs Tributary U36; TC2 – Tinker Creek tributary TC2.
FIGURE 2.  Average (a) channel width, (b) channel depth, (c) bankfull area, (d) hydraulic radius, (e) penetration-firmness, (f) DB84, (g) DB50, (h) silt coverage, (i) headwater gully depth, (j) downstream gully depth for 2010 and 2011 for each study stream. 
FIGURE 3.  Mean (a) percent organic matter and (b) percent clay content of the depositional zone and run habitat sediment samples collected from each study stream.  Error bars represent + 1 SE.
FIGURE 4.  Mean (a) PC1Sed, (b) PC2Sed, and (c) PC3Sed factor scores from the depositional zone and run habitat sediment samples within each study stream.  Error bars represent + 1 SE.
FIGURE 5.  Mean (a) PC1Bio and (b) PC2Bio factor scores from the whole body trace element concentration analysis for Tipula and each crayfish species within each site.  Error bars represent + 1 SE.  Ref = Reference sites, Dist = Disturbed sites.
FIGURE 6.  Mean (a) PC3Bio and (b) PC4Bio factor scores from the whole body trace element concentration analysis for Tipula and each crayfish species within each site.  Error bars represent + 1 SE.  Ref = Reference sites, Dist = Disturbed sites.
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TABLE 1:  Numbers of composites of each taxa/media analyzed in the five study streams
	
	
	Reference
Streams
	
	Disturbed
Streams
	

	
	
	U36
	TC2
	
	MQ
	CB
	U8
	Total

	Tipulidae (Crane fly)
	
	
	
	
	
	
	
	

	   Tipula
	larvae
	18
	15
	
	18
	18
	18
	87

	Cambaridae (Crayfish)
	
	
	
	
	
	
	
	

	   Cambarus latimanus
	females
	14
	18
	
	11
	22
	21
	86

	
	males
	16
	19
	
	12
	21
	22
	90

	   Procambarus raneyi
	females
	10
	3
	
	23
	0
	0
	36

	
	males
	6
	1
	
	25
	0
	0
	32

	   Procambarus acutus
	females
	0
	2
	
	3
	0
	0
	5

	
	males
	0
	0
	
	1
	0
	0
	1

	Sediment
	
	
	
	
	
	
	
	

	   Depositional zone
	
	8
	8
	
	8
	8
	8
	40

	   Run
	
	8
	8
	
	8
	8
	8
	40

	Total
	
	80
	74
	
	109
	77
	77
	417







TABLE 2:  Loadings of concentrations in sediment on the first three principal componentsa  
	
	PC1Sed
	PC2Sed
	PC3Sed

	Pb
	0.925
	
	

	Cr
	0.909
	
	

	Mn
	0.906
	
	

	Zn
	0.904
	
	

	Ba
	0.878
	
	

	Cu
	0.861
	
	

	Fe
	0.852
	
	0.388

	Al
	0.821
	
	0.432

	Co
	0.791
	0.383
	

	Ni
	0.725
	0.441
	0.357

	THg
	0.722
	0.338
	

	Se
	0.353
	0.805
	

	Cd
	
	0.802
	

	As
	
	
	0.845

	V
	0.424
	
	0.706

	% Variance
	54.8
	13.4
	13.0


aFor clarity, we display only loadings >0.3 or <-0.3.  Axis in analyses are defined by elements with loadings ≥ 0.5 or ≤ -0.5.


TABLE 3:  Loadings of body concentrations on the first four principal componentsa
	
	PC1Bio
	PC2Bio
	PC3Bio
	PC4Bio

	As
	0.827
	
	
	

	Zn
	0.790
	
	
	

	V
	0.730
	0.578
	
	

	Al
	0.725
	0.577
	
	

	Cd
	0.700
	
	
	

	Mn
	0.685
	0.457
	
	0.380

	Fe
	0.602
	0.319
	0.625
	

	Pb
	0.521
	0.706
	
	

	Se
	
	-0.849
	
	

	Ba
	
	-0.831
	
	

	Cu
	
	-0.801
	-0.402
	

	Ni
	
	-0.762
	0.460
	

	Co
	0.467
	0.751
	
	

	Cr
	
	
	0.653
	

	THg
	
	
	
	0.891

	% Variance
	28.2
	31.6
	10.2
	8.0


aFor clarity, we display only loadings >0.3 or <-0.3.  Axis in analyses are defined by elements with loadings ≥ 0.5 or ≤ -0.5.


TABLE 4:  Mean and standard deviation of each element concentration (mg/kg) in the study taxa analyzed from each stream
	
	As
	
	Zn
	
	V
	
	Al
	
	Cd
	
	Mn
	
	Fe
	

	PC
	1
	
	1
	
	1
	
	1
	
	1
	
	1
	
	1,3
	

	Tipula
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	   U36
	0.22  
	±0.10
	50.5
	±18.5
	0.71
	±0.29
	551
	±233
	0.42
	±0.19
	182
	±82.6
	820
	±368

	   TC2
	0.16
	±0.09
	52.9
	±9.23
	0.69
	±0.17
	307
	±59.5
	0.27
	±0.06
	213
	±56.9
	816
	±282

	   MQ
	0.89
	±0.14
	66.0
	±13.1
	1.88
	±0.29
	852
	±202
	1.80
	±0.65
	473
	±154
	2,438
	±448

	   CB
	0.62
	±0.11
	82.6
	±12.1
	2.47
	±0.35
	1,072
	±199
	0.91
	±0.14
	352
	±106
	1,984
	±612

	   U8
	1.05
	±0.24
	92.1
	±13.8
	2.30
	±0.31
	1,240
	±237
	0.95
	±0.21
	360
	±93.5
	2,104
	±334

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	C. latimanus
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	   U36
	0.21
	±0.06
	55.6
	±9.28
	0.18
	±0.16
	36.7
	±18.3
	0.52
	±0.12
	56.6
	±19.8
	629
	±438

	   TC2
	0.32
	±0.07
	53.1
	±7.34
	0.19
	±0.09
	20.4
	±12.1
	0.50
	±0.24
	58.5
	±18.3
	931
	±433

	   MQ
	0.51
	±0.06
	61.8
	±7.42
	0.46
	±0.16
	123
	±64.1
	0.50
	±0.19
	248
	±144
	882
	±359

	   CB
	0.45
	±0.09
	59.5
	±7.54
	0.61
	±0.44
	159
	±122
	1.01
	±0.25
	259
	±148
	683
	±346

	   U8
	0.36
	±0.14
	57.1
	±7.50
	0.32
	±0.16
	120
	±76.6
	0.71
	±0.25
	114
	±36.0
	705
	±208

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	P. raneyi
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	   U36
	0.23
	±0.05
	46.6
	±4.93
	0.13
	±0.06
	14.4
	±6.34
	0.41
	±0.10
	37.2
	±11.7
	479
	±88.0

	   TC2
	0.30
	±0.04
	49.5
	±4.93
	0.18
	±0.02
	8.27
	±1.25
	0.32
	±0.07
	34.4
	±15.7
	499
	±109

	   MQ
	0.46
	±0.11
	49.8
	±6.67
	0.31
	±0.15
	80.4
	±54.9
	0.41
	±0.17
	201
	±152
	633
	±319

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	P. acutus
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	   TC2
	0.34
	±0.00
	47.0
	±5.02
	0.11
	±0.06
	8.48
	±1.26
	0.19
	±0.01
	29.9
	±15.7
	926
	±422

	   MQ
	0.44
	±0.12
	56.0
	±7.93
	0.36
	±0.22
	55.0
	±14.8
	0.30
	±0.09
	122
	±34.8
	873
	±741





TABLE 4:  Continued
	
	Pb
	
	Se
	
	Ba
	
	Cu
	
	Ni
	
	Co
	
	Cr
	
	Hg
	

	PC
	1,2
	
	2
	
	2
	
	2
	
	2
	
	2
	
	3
	
	4
	

	Tipula
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	   U36
	1.74
	±0.83
	0.59
	±0.23
	31.1
	±12.0
	10.3
	±3.73
	2.25
	±0.89
	5.43
	±2.23
	3.59
	±3.23
	0.08
	±0.01

	   TC2
	1.57
	±0.26
	1.38
	±0.86
	12.3
	±2.78
	9.93
	±2.90
	1.40
	±0.51
	12.1
	±3.18
	2.32
	±0.70
	0.06
	±0.01

	   MQ
	1.26
	±0.25
	0.79
	±0.29
	29.7
	±6.64
	7.93
	±0.69
	3.07
	±0.49
	9.19
	±2.49
	3.53
	±1.68
	0.08
	±0.01

	   CB
	1.87
	±0.26
	0.87
	±0.24
	46.7
	±7.56
	9.40
	±0.91
	3.84
	±0.54
	10.5
	±2.35
	3.25
	±0.92
	0.10
	±0.01

	   U8
	2.08
	±0.50
	1.40
	±0.31
	29.0
	±6.05
	9.41
	±1.35
	2.82
	±0.50
	5.43
	±0.99
	3.24
	±0.39
	0.13
	±0.20

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	C. latimanus
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	   U36
	0.17
	±0.06
	2.64
	±0.78
	142
	±46.9
	31.4
	±6.91
	6.08
	±1.25
	0.72
	±0.21
	18.5
	±40.8
	0.10
	±0.04

	   TC2
	0.29
	±0.09
	3.74
	±0.43
	73.9
	±20.0
	19.0
	±3.38
	9.04
	±1.72
	1.70
	±0.57
	1.39
	±0.29
	0.11
	±0.02

	   MQ
	0.16
	±0.06
	3.34
	±1.13
	102
	±52.1
	39.4
	±8.61
	4.53
	±0.80
	2.70
	±1.52
	2.22
	±2.64
	0.14
	±0.03

	   CB
	0.50
	±0.30
	4.06
	±0.61
	141
	±38.0
	55.3
	±9.07
	4.52
	±0.58
	3.27
	±2.36
	2.00
	±0.44
	0.17
	±0.03

	   U8
	0.33
	±0.12
	4.75
	±1.90
	105
	±33.1
	37.4
	±8.15
	7.20
	±1.34
	0.80
	±0.23
	2.03
	±1.55
	0.10
	±0.02

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	P. raneyi
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	   U36
	0.14
	±0.12
	3.84
	±0.59
	119
	±24.4
	26.4
	±6.54
	5.51
	±1.07
	0.59
	±0.17
	2.34
	±2.67
	0.12
	±0.03

	   TC2
	0.13
	±0.05
	3.46
	±0.20
	37.3
	±13.0
	17.2
	±2.11
	6.15
	±1.72
	1.71
	±0.26
	1.43
	±0.19
	0.14
	±0.03

	   MQ
	0.14
	±0.06
	2.40
	±0.51
	89.7
	±52.3
	35.3
	±5.86
	4.43
	±1.04
	2.45
	±1.48
	6.12
	±20.4
	0.16
	±0.04

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	P. acutus
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	   TC2
	0.15
	±0.07
	3.18
	±0.70
	78.0
	±21.7
	23.2
	±2.80
	8.42
	±1.59
	0.67
	±0.21
	1.11
	±0.11
	0.07
	±0.00

	   MQ
	0.13
	±0.03
	3.24
	±1.70
	113
	±43.8
	38.1
	±7.86
	3.24
	±1.06
	0.99
	±0.27
	1.91
	±1.14
	0.13
	±0.01




TABLE 5:  Mean Biota-Sediment Accumulation Factors (BSAF) and standard deviation for each of the analyzed taxa in the five study streamsa
	
	As
	
	Zn
	
	V
	
	Al
	
	Cd
	
	Mn
	
	Fe
	
	Pb
	

	Tipula
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	    U36
	0.44
	±0.19
	5.13
	±1.88
	0.15
	±0.06
	0.16
	±0.07
	1.08
	±0.48
	2.13
	±0.97
	0.52
	±0.23
	0.43
	±0.20

	    TC2
	0.38
	±0.22
	5.82
	±1.01
	0.12
	±0.03
	0.09
	±0.02
	0.64
	±0.15
	2.85
	±0.76
	0.53
	±0.18
	0.27
	±0.05

	    MQ
	0.43
	±0.07
	11.42
	±2.27
	0.13
	±0.02
	0.39
	±0.09
	4.60
	±1.67
	13.76
	±4.47
	2.57
	±0.47
	0.90
	±0.18

	    CB
	1.17
	±0.22
	6.93
	±1.02
	0.14
	±0.02
	0.33
	±0.06
	2.33
	±0.37
	3.56
	±1.07
	0.69
	±0.21
	0.59
	±0.08

	    U8
	1.46
	±0.33
	12.78
	±1.90
	0.26
	±0.04
	0.32
	±0.06
	2.43
	±0.55
	5.87
	±1.53
	0.78
	±0.12
	0.67
	±0.16

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	C. latimanus
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	    U36
	0.41
	±0.12
	5.66
	±0.94
	0.04
	±0.03
	0.01
	±0.00
	1.34
	±0.31
	0.66
	±0.23
	0.40
	±0.28
	0.04
	±0.02

	    TC2
	0.77
	±0.16
	5.83
	±0.81
	0.03
	±0.02
	0.01
	±0.00
	1.20
	±0.57
	0.78
	±0.24
	0.60
	±0.28
	0.05
	±0.02

	    MQ
	0.25
	±0.03
	10.69
	±1.28
	0.03
	±0.01
	0.06
	±0.03
	1.28
	±0.49
	7.23
	±4.18
	0.93
	±0.38
	0.12
	±0.04

	    CB
	0.86
	±0.17
	5.00
	±0.63
	0.03
	±0.02
	0.05
	±0.04
	2.59
	±0.64
	2.61
	±1.49
	0.24
	±0.12
	0.16
	±0.10

	    U8
	0.49
	±0.19
	7.92
	±1.04
	0.04
	±0.02
	0.03
	±0.02
	1.82
	±0.63
	1.86
	±0.59
	0.26
	±0.08
	0.11
	±0.04

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	P. raneyi
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	    U36
	0.45
	±0.09
	4.74
	±0.50
	0.03
	±0.01
	0.00
	±0.00
	1.06
	±0.27
	0.44
	±0.14
	0.31
	±0.06
	0.03
	±0.03

	    TC2
	0.72
	±0.09
	5.44
	±0.54
	0.03
	±0.00
	0.00
	±0.00
	0.78
	±0.17
	0.46
	±0.21
	0.32
	±0.07
	0.02
	±0.01

	    MQ
	0.22
	±0.05
	8.61
	±1.15
	0.02
	±0.01
	0.04
	±0.02
	1.05
	±0.43
	5.85
	±4.41
	0.67
	±0.34
	0.10
	±0.04

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	P. acutus
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	    TC2
	0.81
	±0.01
	5.16
	±0.55
	0.02
	±0.01
	0.00
	±0.00
	0.46
	±0.02
	0.40
	±0.21
	0.60
	±0.27
	0.03
	±0.01

	    MQ
	0.21
	±0.06
	9.69
	±1.37
	0.02
	±0.02
	0.03
	±0.01
	0.77
	±0.24
	3.56
	±1.01
	0.92
	±0.78
	0.09
	±0.02


aOrange cells: BSAF > 1; green cells BSAF < 1.


TABLES 5:  Continued
	
	Se
	
	Ba
	
	Cu
	
	Ni
	
	Co
	
	Cr
	
	Hg
	

	Tipula
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	    U36
	0.94
	±0.369
	0.60
	±0.229
	4.99
	±1.811
	0.64
	±0.251
	2.05
	±0.844
	0.46
	±0.415
	6.39
	±0.936

	    TC2
	1.95
	±1.213
	0.39
	±0.088
	4.62
	±1.349
	0.45
	±0.163
	2.53
	±0.664
	0.29
	±0.088
	3.84
	±0.566

	    MQ
	1.22
	±0.444
	2.19
	±0.490
	7.21
	±0.627
	1.13
	±0.179
	10.50
	±2.849
	1.59
	±0.757
	25.25
	±4.950

	    CB
	1.64
	±0.455
	1.06
	±0.171
	4.23
	±0.408
	1.21
	±0.171
	3.05
	±0.684
	0.56
	±0.158
	13.72
	±1.321

	    U8
	2.87
	±0.640
	1.38
	±0.288
	7.18
	±1.034
	1.61
	±0.283
	6.81
	±1.244
	0.48
	±0.056
	32.85
	±50.096

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	C. latimanus
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	    U36
	4.23
	±1.248
	2.71
	±0.898
	15.23
	±3.355
	1.72
	±0.354
	0.27
	±0.079
	2.38
	±5.243
	8.19
	±3.082

	    TC2
	5.29
	±0.609
	2.33
	±0.631
	8.87
	±1.574
	2.87
	±0.545
	0.36
	±0.118
	0.18
	±0.036
	7.09
	±1.416

	    MQ
	5.14
	±1.745
	7.53
	±3.843
	35.86
	±7.832
	1.66
	±0.294
	3.08
	±1.738
	1.00
	±1.194
	45.67
	±9.282

	    CB
	7.71
	±1.149
	3.19
	±0.859
	24.84
	±4.074
	1.43
	±0.182
	0.95
	±0.688
	0.35
	±0.075
	24.49
	±3.992

	    U8
	9.77
	±3.906
	4.99
	±1.574
	28.56
	±6.224
	4.12
	±0.765
	1.01
	±0.295
	0.30
	±0.226
	24.59
	±6.097

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	P. raneyi
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	    U36
	6.15
	±0.946
	2.27
	±0.469
	12.81
	±3.171
	1.56
	±0.304
	0.22
	±0.063
	0.30
	±0.343
	9.68
	±2.317

	    TC2
	4.88
	±0.289
	1.18
	±0.409
	8.01
	±0.980
	1.95
	±0.546
	0.36
	±0.054
	0.18
	±0.024
	9.51
	±1.703

	    MQ
	3.70
	±0.788
	6.62
	±3.861
	32.05
	±5.332
	1.63
	±0.381
	2.80
	±1.687
	2.76
	±9.197
	54.41
	±13.665

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	P. acutus
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	    TC2
	4.50
	±0.982
	2.46
	±0.684
	10.82
	±1.305
	2.68
	±0.504
	0.14
	±0.043
	0.14
	±0.014
	4.80
	±0.231

	    MQ
	4.99
	±2.622
	8.33
	±3.233
	34.66
	±7.143
	1.19
	±0.391
	1.13
	±0.310
	0.86
	±0.513
	41.88
	±4.626



TABLE 6:  Spearman Ranks correlation coefficients between the concentration of each element in the biota and the average concentration in the sediment from each habitat typea
	
	Tipula-dep
	C.lat-dep
	Tipula-run
	C.lat-run

	Hg
	-0.334*
	-0.158*
	0.450*
	0.032

	Mn
	-0.756*
	-0.633*
	0.000
	0.396*

	Co
	0.384*
	0.180*
	0.145
	0.238*

	Ni
	-0.349*
	0.109
	0.655*
	-0.697*

	Cu
	0.355*
	-0.499*
	-0.345*
	0.747*

	Zn
	0.007
	-0.040
	0.776*
	0.316*

	Se
	-0.237
	-0.257*
	
	

	Cd
	-0.594*
	-0.367*
	
	

	Al
	-0.570*
	-0.769*
	0.775*
	0.671*

	V
	0.748*
	0.736*
	0.626*
	0.713*

	Cr
	-0.193
	-0.379*
	0.325*
	0.357*

	Fe
	0.001
	-0.100
	0.656*
	-0.162

	As
	0.859*
	0.453*
	0.772*
	0.329*

	Ba
	0.321*
	0.424*
	0.724*
	0.548*

	Pb
	0.165
	0.043
	0.610*
	0.442*


a(*) denotes significant correlation (p < 0.05); dep = depositional zone




image2.png
1 3 40 20 8
a) b) c) d) e)
104
=7 L
e A — 5
& [} e
£ == rE 2159 ?
g0 £ = 2 &
S ] L
z s . 1 o £
57 e \ =< 204 L &
T T = = &
= c 2 © S
c c \ h v 5 =5 L
T 64 ] = g - ©
= < v © > j
&) (SR [ @ L 109 . K]
c
54 P 104 R r — & \-
4 L
44 —, — I \
3 T T 0 T T 0 T T 05 T T 3 T T
2010 2011 2010 2011 2010 2011 2010 2011 2010 2011
YEAR YEAR YEAR YEAR YEAR
70 L 70 50 5 5
f) 9) h) . 51) ) Stream
2 = [V
80 80 ° ":,g
40 s 34
~ £ 3
50 50 O) @ )
) 2
g 3 3
< 2
2 S
< 40 o 40 a 8 30 a2 33
£ c
< I £
Q =) € = <
o a 8 2 £
30 30 3 5 . = £ 4
s B g
v <
£ a
20 . 20 1 2 =
a S
10 v 1 o} v
10 10 - 3 «
v - -
0 T 0 T 0 T 0 0 T
2009 2010 2011 2009 2010 2011 2009 2010 2011 2008 2010 2008 2009 2010
YEAR YEAR YEAR YEAR




image3.png
20 1 1 1 1 1
a) A Depositional
® Run
—
R T R B RRED —
®
=
Q
@ 10 —fmm -k oo =
=
(@)
R
5 S S g | |-
i } a
0 * * * u +
u3e TC2 MQ CB us
6 | | | | |

O
=
—_——
[ —

4
>
)
(@]
R i i [}
2 } i 3
$ ¢
0 T T T T T
u36 TC2 MQ CB us

Reference Disturbed




image4.png
Pb, Cr, Mn, Zn, Ba, Cu, Fe, Al, Co, Ni, Hg

Se, Cd

As, V

A Depositional

} { @® Run

uss TC2 MQ cB ug

-1.5

uss TC2 MQ CcB ug

Reference Disturbed




image5.png
Se, Ba, Cu, Ni

As, Zn,V, Al, Cd, Mn, Fe, Pb

Co, Pb, V, Al

2 I I

a) Cambarus
latimanus

Procamb
raneyi

arus P. acutus

® Female
4 Male
¢ Larvae
3 I I I I I I I I I
b) Cambarus Procambarus P. acutus Tipula
latimanus raneyi 3
2
2
om
N *
O
o
[}
e 2 * 9 A
x : 2 ¢
-1

T T T T T T T T T T T T T T T
IR R P S R S S i

Ref

Dist

Ref

Dist Ref Dist

Ref

Dist





image6.png
Cr, Fe

Cambarus
latimanus

Procambarus P. acutus

raneyi

® Female]
A Male

Hg

¢ Larvae

\
P S K N 4

T T T
PSR )

PR AR

Cambarus
latimanus ;'

Procambarus P. acutus

raneyi

T T T T T T T T T T T T T T
PP PR FEGFTELFEE

Ref Dist

Ref

Dist Ref Dist

Ref

Dist




image1.png
Intermittent stream
Perennial stream
—— Runoff or effluent route

[ Drainage basin

15
Kilometers|

I





