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Appendix S1: Site characteristics and methods details 

Our focal streams were a subset of those included in the U.S. Geological Survey Central 

Colorado Assessment Project (CCAP), linking local geology and stream chemistry (Wanty et al. 

2009), and selection followed the protocol of Kraus et al. (2014) (13 of our 16 focal streams 

were the same as sampled in that study).  Identical to Kraus et al. (2014), stream and riparian 

physical characteristics were measured in 10-m sections for each study reach and averaged.  

Stream measurements included number of pools (discontinuous areas of laminar flow), number 

of runs, active channel width, and dominant substrate type. Stream temperature and relative light 

intensity (150 – 1200 nm wavelength, mode = 900 nm) were measured ~5 – 10 cm below stream 

surface using data loggers (Hobo Pendant temperature/light data logger, Onset Computer 

Corporation) every 30 min (one logger per site) over 2 – 4 complete days (12 noon – 12 noon). 
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We characterized the amount of riparian available to contribute terrestrial insect input to streams 

by estimating the volume of riparian vegetation overhanging the active channel (up to 2m above 

ground level), and density of shrubs (willow and alder) and trees (pine, fir and spruce > 2m high) 

within 1 m of the active stream channel (Iwata 2007, Benjamin et al. 2011).  

For water chemistry, temperature, conductivity, and pH were measured in the field 

(Horiba D-24 pH/conductivity meter [Horiba Scientific, Edison, New Jersey, USA]). Water 

samples were collected in the field and immediately refrigerated for later analysis. For cation 

analysis, water was filtered through a 0.45-μm filter and acidified with ultrapure HNO3. Separate 

samples for anions, alkalinity, and total organic carbon were also collected using standard 

protocols (Wanty et al. 2009). Trace-metal concentrations (cations) in water samples were 

analyzed using inductively coupled plasma mass spectrometry (ICP-MS). Anions were 

determined by ion chromatography, and alkalinity was measured using standard acid-titration. 

Analytical blanks (DI water) were lower than the reporting limits (3.0 μg l-1 for Zn, 0.5 μg l-1 for 

Cu, and 0.02 μg l-1 for Cd). Reported concentrations were not blank corrected.  

We used the chronic criterion accumulation ratio (CCAR) to estimate trace metal 

bioavailability in our focal streams. CCAR is a ratio of accumulated free metal ion on the biotic 

ligand calculated by the biotic ligand model (BLM, HydroQual 2007) to that accumulated on the 

biotic ligand in water at the U.S. EPA criterion value, summed for trace metals of interest at a 

location (USEPA 2002, 2007, Schmidt et al. 2010). CCAR (Schmidt et al. 2010) has been 

applied in other papers (e.g., Schmidt et al. 2012, Kraus et al. 2014), has been contrasted with 

other approaches (Schmidt et al. 2010), and has been cited by nearly 30 other researchers 

including many developing new models for prediction of metal toxicity. Although both the 

metric we use (CCAR) and the model on which it is based (BLM) make simplifying assumptions 
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(like high complexation capacities for DOC and additivity of effects of multiple metals) about 

the factors determining bioavailability and their effects on aquatic communities, both are useful, 

available, published and successfully used tools for predicting aquatic insect responses in natural 

communities, which is the focus of our paper. To calculate CCAR, the concentration of dissolved 

metals as well as dissolved organic carbon (DOC), major cations and anions (Ca, Mg, Na, K, 

SO4 and Cl), alkalinity, and pH are used to estimate the concentration of free metal ion available 

to bind to the biotic ligand in water (i.e., bioavailable metal fraction), as calculated by the BLM 

(HydroQual, 2007). CCAR values for this study were highly correlated with those calculated in 

previous years (Schmidt et al. 2010, Kraus et al. 2014; log10CCAR, F1,14 = 474.5, slope = 0.96, 

R2 = 0.97, P < 0.001).  

Study sites ranged in elevation from 2,762 – 3,369 m (mean ± s.d., 3,175 ± 142 m, Table 

A1).  Vegetation consisted of montane and sub-alpine forests (predominantly willow [Salix spp.], 

alder [Alnus spp.], spruce [Picea engelmannii], fir [Pseudotsuga menziessii and Abies 

lasiocarpa] and pine [Pinus contorta]). Stream discharge around time of sampling was 9.6 ± 8.3 

m (mean ± s.d.). Active channel width of study reaches was 4.5 ± 2.0 m (mean ± s.d.), and 

channel depth was 0.32 ± 0.08 m. Number of “pools” (areas of laminar flow) and runs were 

similar across sites (12.1 ± 7.2 pools, 18.1 ± 6.9 runs per 100 m reach); dominant substrate was 

mainly cobble or cobble and small boulders. The volume of riparian vegetation over the stream 

channel was 64.6 ± 43.1 m3 per 100-m reach (mean ± s.d.). There were 89.4 ± 48.1 (mean ± s.d.) 

shrubs (willow and alder, Salex and Alnus spp.) less than 1 m from the active channel and 32.0 ± 

24.4 trees (spruce, fir and pine > 2m high) less than 1m from the active channel. Mean daily 

stream temperatures were 10.3 ± 2.0ºC (mean ± s.d.). Conductivity was 133.5 ± 66.7 µS/cm 

(mean ± s.d, range = 53.7 – 290.0 µS/cm) and pH was 6.8 ± 1.2 (mean ± s.d, range = 4.2 – 7.6).  
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The length of growing season in our study area is short (at ~3050 m on average most 

growing degree days occur over ~60 d in July and August, with ~25 frost free days annually; 

Colorado State University Extension http://www.ext.colostate.edu/pubs/garden/07220.html, and 

Western Regional Climate Center http://www.wrcc.dri.edu/summary/climsmco.html). As in 

Kraus et al. (2014), we excluded from consideration streams from all Pike Peak Granite and 

Minturn lithologies because of the unique effects of those geologies on stream chemistry (Wanty 

et al. 2009). Most of the selected streams were in watersheds that were either mined or 

prospected for mining (Schmidt et al. 2012). 
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Table S1. Site characteristics (means) of streams spatially grouped in five localities/hydrologic drainages (i.e., blocks). Streams were 

predominantly low to medium gradient and cobble-bottomed; riparian vegetation was shrub-dominated, consisting predominantly 

willow (Salix spp.), spruce and fir.  

Block Stream Metal level Elevation Temp† Discharge 
Vegetation 

over stream 
Trees > 2m Pool area Run area 

  (log CCAR) (m) (οC) (cfs) (m3/100-m) (no./100-m) (m2/100-m) (m2/100-m) 

2 Deer Creek -1.05 3369 NR 4.0 87.5 6.7 9.1 39.4 

2 NF Snake River -0.95 3240 7.9 4.8 20.0 43.8 10.0 29.4 

2 Sts John Creek 0.54 3263 NR 3.3 15.1 51.7 10.4 49.7 

2 Peru Creek 2.41 3110 9.7 17.1 155.7 62.9 6.7 41.5 

5 Upper French Gulch -0.78 3184 8.8 5.9 86.6 7.5 6.9 28.8 

5 Mosquito Creek 0.13 3295 10.9 8.0 93.5 13.0 9.6 27.5 

5 Buckskin Creek 0.54 3213 9.7 7.0 130.0 67.0 6.9 28.1 

6 West Tennessee Creek -0.83 3100 15.1 8.1 51.1 0.0 6.4 24.1 

6 Upper Arkansas -0.58 3328 13.5 6.4 45.6 0.0 11.6 19.3 

6 St Kevin Gulch 2.18 3037 9.6 0.3 11.3 39.0 25.7 44.2 

7 Graham Gulch -1.17 3198 8.2 4.3 33.9 27.8 8.1 20.0 

7 SF Clear Creek -0.94 3230 8.6 13.7 87.0 44.0 7.6 15.0 

7 NF Clear Creek -0.19 3217 9.5 12.5 64.8 49.5 10.2 29.3 

7 SF Lake Creek 2.44 3176 10.0 15.2 30.5 70.0 5.9 11.3 

8 Chalk Creek 0.13 2762 11.2 35.2 99.2 16.0 5.8 11.6 

8 South Chalk Creek 0.85 3080 11.2 7.7 22.3 13.6 11.8 8.6 
 

†Average daily stream temperature based on 24-hour periods (N = 2 or 3) of logger data. 

NR = not recorded. 
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Table S2. Taxa list, specimen count and assigned origin for all macroinvertebrates identified 

from fish stomach contents (N = 111 fish stomach contents from 13 streams). Habitat of origin 

for insects was assigned based on taxonomic family according to Merrit et al. (2008) and 

Triplehorn and Johnson (2005) 

Aquatic Taxa Count 

 

Terrestrial Taxa Count 

Total 7245 

 

Total 1779 

Coleoptera 28 

 

Araneae 18 

Dytiscidae 12  Linyphiidae 4 

Elmidae 15 

 

Tetragnathidae 6 

Hydrophilidae 1 

 

Thomisidae 1 

Diptera 4225 

 

Unknown 7 

Athericidae 3 

 

Coleoptera 223 

Blephariceridae 29 

 

Anthribidae 1 

Ceratopogonidae 33 

 

Buprestidae 2 

Chironomidae 1128 

 

Cantharidae 109 

Culicidae 5 

 

Carabidae 8 

Deuterophlebidae 1 

 

Cerambycidae 2 

Dixidae 2 

 

Chrysomelidae 13 

Empididae 509 

 

Coccinellidae 1 

Ephydridae 15 

 

Curculionidae 23 

Simuliidae 2472 

 

Elateridae 6 

Tipulidae 20 

 

Scarabeidae 6 

unknown aquatic 8 

 

Staphylinidae 29 

Ephemeroptera 2272 

 

unknown terrestrial 23 

Ameletidae 49 

 

Collembola 10 

Baetidae 1416 

 

Diplopoda 4 

Ephemerellidae 156 

 

Diptera 208 

Heptageniidae 550 

 

Anthomyiidae 4 

unknown 98 

 

Asilidae 3 

Hemiptera 2   Bibionidae 4 

Saldidae 2 

 

Ceccidomyiidae 18 

Nematode 4 

 

Chloropidae 7 

Plecoptera 321 

 

Dolichopodidae 1 

Chloroperlidae 56 

 

Muscidae 18 

Isoperlidae 1 

 

Mycetophilidae 44 

Nemouridae 94 

 

Phoridae 6 

Perlidae 5 

 

Pipunculidae 1 

Perlodidae 55 

 

Scathophagidae 6 

Pteronarcyidae 1 

 

Scatopsidae 1 

unknown 109 

 

Sciaridae 50 

Trichoptera 292 

 

Syrphidae 3 

Brachycentridae 1 

 

Tephritidae 1 

Glossosomatidae 11 

 

Unknown 22 
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Hydropsychidae 94 

 

Hemiptera 436 

Hydroptilidae 1 

 

Aphidae 108 

Lepidostomatidae 45 

 

Cercopidae 1 

Limnephilidae 9 

 

Cicadellidae 44 

Lygaeidae 3 

 

Delphacidae 14 

Rhyacophilidae 117 

 

Lygaeidae 125 

Uenoidae 4 

 

Miridae 9 

unknown 7 

 

Psyllidae 118 

Trombidiformes 104 

 

Reduviidae 3 

Hydrachnoidea 104 

 

Unknown 14 

   

Hymenoptera 831 

   

Apoidae 1 

   

Braconidae 10 

   

Chalcidoidea 31 

   

Diapriidae 4 

   

Figitidae 5 

   

Formicidae 711 

   

Halictidae 6 

   

Ichneumonidae 43 

   

Symphyta 2 

   

Tenthredinidae 4 

   

Tephritidae 3 

   

Unknown 11 

   

Lepidoptera 39 

   

Psocoptera 1 

   

Thysanoptera 2 

   

Parasitiformes 2 

   Unknown Terrestrial 6 
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Figure S1. 
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Figure S1. Allochthony by Brook (square) and Brown (triangle) Trout across a stream metal 

gradient measured as the ratio of identifiable terrestrial to aquatic insect dry mass (mg fish-1 

stream-1) in stomach contents. Species did not differ in mean allochthony or in how their 

allochthony changed over the stream metals gradient. The main effect of stream metals on fish 

diet was the only significant term in the model (sqrt[Tdiet/Adiet]: Y = 0.37x + 0.75).  



10 
 

 

Figure S2. 
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Figure S2. Relative consumption of aquatic dipterans by stream fish over a metals gradient, 

measured as percent of total identified aquatic insect dry mass (mg fish-1 stream-1) in fish 

stomach contents. 
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Figure S3. 
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Figure S3. Changes in (A) estimated fish density (no. m-2 stream-1) , (B) mass density (log[g fish 

wet mass m-2 stream-2]), (C) mass of organic matter in stomach contents fish-1 stream-1 

controlling for density as a significant covariate (log[mg dry mass]), (D) fish body condition 

(log[wet mass of fish (g)/(fork length3 [mm])*105)]), (E) and average wet mass of individual fish 

stream-1 (log[g fish-1]) over a stream metal gradient. Not shown: 3 fishless streams with CCAR > 

100. 
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Figure S4. 
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Figure S4. Relationship between fish density (log-transformed) and (A) average mass of organic 

matter in stomach contents (mg fish-1 stream-1; log [mg dry mass]: Y = -0.47x + 1.40) (B) fish 

body condition (g mm-3 fish-1 stream-1; log[wet mass of fish (g)/(fork length3 [mm])*105]: Y = -

0.05x – 0.02, block included) and (C) average wet mass of individual fish (g fish-1 stream-1; 

log[g fish-1]: Y = 0.37x2 + 0.79x + 2.03, block included; P-values are for x2 and x terms, 

respectively). Body condition and wet mass were measured for 305 fish at 13 streams; stomach 

contents were analyzed for a haphazardly selected subset of those fish (N = 111). “b” indicates 
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inclusion of spatial block effects in parameter estimation. 


