
















  MEMORANDUM 

501 Avis Drive 
Ann Arbor, MI  48108 
734-332-1200 
Fax:  734-332-1212 
www.limno.com 

 

 

FROM:   Kathy Hall 
Hans Holmberg 

 

DATE:  December 6, 2012 
 

TO:  Robert Brundage, NCR             
 

SUBJECT:  Recommended Revised Water Quality Criteria for Lead 
 

The U.S. EPA’s National Recommended Water Quality Criteria are published pursuant to 
Section 304(a) of the Clean Water Act (CWA) and provide guidance for states and tribes to use 
in adopting water quality standards.  EPA’s recommended aquatic life criteria for lead were 
developed in 1984 (EPA, 1985a) and have not been updated since.  Additional studies on the 
toxicity of lead to aquatic organisms have been conducted since the development of the current 
criteria; these can be used to revise ambient water quality criteria to ensure adequate protection 
consistent with the best available scientific information.  This memorandum describes 
procedures for criteria development, summarizes available toxicity data, and presents 
recommended revised lead criteria based on the most recent available toxicity literature.  We 
recommend these revised criteria be adopted statewide. 

Criteria Development Procedures 
EPA guidelines for deriving numeric aquatic life criteria (EPA, 1985b) require toxicity data for 
at least one species of freshwater animal in at least eight different families.  In general, acute 
criteria are determined by calculating species mean acute values (SMAVs) and genus mean acute 
values (GMAVs), selecting the four most sensitive genera, and applying a statistical equation to 
calculate a criterion that is intended to protect 95% of a group of diverse genera (EPA, 1985b).   

For many metals, including lead, toxicity varies with hardness, and criteria are expressed as an 
equation of the form:  

criterion = exp (a * ln(Hardness) + b) 

where “a” and “b” are determined from a hardness-toxicity regression.  To determine the 
equation, the toxicity data are normalized for hardness, and a final acute value is determined as 
described above. A least-squares regression of the acute toxicity values on the corresponding 
hardness values is performed (EPA, 1985b) to determine the values of “a” and “b” in the 
equation.  Chronic criteria may be calculated using a similar approach, if sufficient chronic 
toxicity data are available. If sufficient data are not available, then an acute-to-chronic ratio 
(ACR) is applied to the acute criteria equation to determine the chronic criteria. 

Aquatic Toxicity Data 
The 1984 EPA criteria were based on acute toxicity data for only 10 species, and a hardness-
based regression based on data for only three species (EPA, 1985a); considerably more data are 
currently available.  The International Lead Zinc Research Organization (ILZRO) is funding 
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research to support the development of biotic ligand model-based ambient water quality criteria 
for lead.  The first phase of this work (WindWard, 2012) has resulted in the compilation of acute 
and chronic lead toxicity data that can be used to calculate revised lead criteria, as described 
below. 

Acute	Toxicity	
The ILZRO research compiled data from EPA’s previous criteria materials, more recent studies 
published in the scientific literature, and several reports developed for ILZRO, resulting in 
acceptable acute toxicity data for 36 species and 31 genera (WindWard, 2012).  Attachment 1 
summarizes these data.  The available data indicate that toxicity is related to hardness.  The 1984 
criteria were based on hardness-toxicity regressions for three species (EPA, 1985a).  The data 
shown in Attachment 1 include data for seven species that included tests at a range of hardness 
values, reported quantifiable toxicity results, and are suitable for use in hardness-toxicity 
regressions.  These seven species (Baetis tricaudatus, Ceriodaphnia dubia, Daphnia magna, 
Gyraulus sp., Oncorhynchus clarki lewisi, Oncorhynchus mykiss, Pimephales promelas) were 
used to develop a revised hardness-toxicity relationship. 

Following EPA procedures (1985b), hardness-toxicity regressions were developed for each of 
the seven species.  These regressions were used to adjust all toxicity values to 50 mg/l hardness.  
Data for each species were examined for potential outliers using normal probability plots; none 
were identified.  The data for each species were normalized by geometric mean acute value and 
geometric mean, and individual species regressions were performed on the normalized values, 
consistent with the EPA (1985b) procedures.  The resulting slopes for each species were 
compared and determined to be sufficiently similar to allow the use of a pooled data set.  The 
pooled data for the seven species was then used in the final regression.  Figure 1 shows the 
resulting hardness-toxicity regression, which has a slope of 0.5085. 
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Figure 1.  Hardness-Toxicity Regression 

This revised regression was used to normalize the available acute toxicity data based on hardness 
(acute values were normalized to a hardness of 50 mg/l).   The species mean acute value 
(SMAV) and genus mean acute value (GMAV) were calculated for each species and genus.  The 
GMAVs were ranked, the cumulative probabilities were calculated, and the four lowest GMAVs 
were used to calculate the Final Acute Value, using the statistical procedures described in the 
EPA (1985b) guidelines.  The four most sensitive genera were Hyalella, Gammarus, Lampsilis, 
and Ceriodaphnia. Note that the reported acute value for Hyalella was reported as “less than” 
(“<151 ug/l” before the hardness normalization); because Hyalella was the most sensitive 
organism in the database, it was included in the calculation, with the acute value assumed as the 
hardness-normalized “less than” value of 126 ug/l. The values used in the derivation of the 
proposed acute criterion are shown in Table 1.  These calculations yielded a revised acute 
criterion, normalized to a hardness of 50 mg/l.  The slope for the revised hardness-toxicity 
regression was then used to determine the hardness-based criteria equation to yield that acute 
criterion at 50 mg/l. 

Table 1. Derivation of the proposed acute lead criterion 

Genus  GMAV  Rank  Cumulative 
probability (P) 

ln(GMAV)  ln(GMAV)2  sqrt(P) 

Hyalella  126.0  1  0.0313  4.6634  21.7477  0.1768 
Gammarus  136.5  2  0.0625  4.9165  24.1724  0.2500 
Lampsilis  212.5  3  0.0938  5.3589  28.7175  0.3062 
Ceriodaphnia  247.5  4  0.1250  5.5113  30.3748  0.3536 

n=  31  Sum  0.3125  20.4502  105.0124  1.0865 
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The resulting acute equation is: 

Acute criterion = exp(0.5085 * ln(Hardness) + 2.9581) 

This equation results in higher acute criteria at lower hardness values, and lower criteria at high 
hardness, as shown in Figure 2. 

 

 
Figure 2. Comparison of Proposed and Existing Acute Criteria for Lead 
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Chronic	Toxicity	
The ILZRO research used the same data sources to compile toxicity data for chronic toxicity.  
These data (WindWard, 2012) do not meet EPA’s minimum phylogenetic diversity requirements 
for direct development of chronic toxicity criteria.  However, substantially more data are 
available than were used in the 1984 criteria, including additional acute-to-chronic ratios (ACRs) 
that can be used to calculate revised chronic criteria based on the acute toxicity criteria presented 
above. 

ACRs were available for seven species, as summarized in Attachment 2.  Figure 3 shows the 
relationship between the species mean acute value (SMAV) and the species mean acute-to-
chronic ratio (SMACR).  Consistent with EPA procedures (1985b), only ACRs for species 
whose SMAVs are close to the final acute value were used to determine the final ACR.  The 
final acute value at 50 mg/l hardness is 140 ug/l, so the calculation of the final ACR was based 
on the SMACRs for Ceriodaphnia dubia, Daphnia magna, Lampsilis siliquoidea, and 
Oncorhynchus mykiss, which had SMAVs ranging from 217 ug/l to 416 ug/l.  The resulting final 
ACR was 9.01. 

 

 
Figure 3. Relationship Between Species Mean Acute  
Values and Species Mean Acute-to-Chronic Ratios 

 

The final acute value at the normalized hardness (50 mg/l) was divided by the final ACR of 9.01 
to determine the final chronic value at that hardness.  The chronic equation was then derived 
using the hardness-toxicity slope, as described in the EPA guidance (1985b). 

The resulting chronic equation is: 

 
 Chronic criterion = exp(0.5085 * ln(Hardness) + 0.7597) 
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This equation results in noticeably different chronic criteria, as shown in Figure 4. 

 

 
Figure 4. Comparison of Proposed and Existing Chronic Criteria for Lead 
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Species Hardness 

(mg/l)

Result 

Reported as 

Total (T) or 

Dissolved 

(D)

Reported EC50 

(µg/L)
EC50, Diss. 

1 

(µg/L)

Dissolved EC50, 

Adjusted to 50 mg/l 

Hardness
2
 (µg/L)

Reference

Aplexa hypnorum (snail) 60.9 T 1340 1340 1212 Call et al. 1981

Arctopsyche sp. (caddisfly) 22 D >1255 >1255 >1905 Mebane et al. 2012

Baetis tricaudatus (mayfly) 15 D 592 592 1092 Mebane et al. 2012

Baetis tricaudatus (mayfly) 18 D 752 752 1264 Mebane et al. 2012

Baetis tricaudatus (mayfly) 20 D 664 664 1058 Mebane et al. 2008, 2012

Baetis tricaudatus (mayfly) 22 D 426 426 647 Mebane et al. 2012

Baetis tricaudatus (mayfly) 39 D 1002 1002 1137 Mebane et al. 2012

Baetis tricaudatus (mayfly) 67 D >952 >952 >820 Mebane et al. 2012

Baetis tricaudatus (mayfly) 84 D >683 >683 >525 Mebane et al. 2012

Baetis tricaudatus (mayfly) 17 D >494 >494 >855 Mebane et al. 2012

Baetis tricaudatus (mayfly) 11 D 322 322 695 Mebane et al. 2012

Baetis tricaudatus (mayfly) 13 D 511 511 1014 Mebane et al. 2012

Baetis tricaudatus (mayfly) 19 D 640 640 1047 Mebane et al. 2012

Baetis tricaudatus (mayfly) 33 D >952 >952 >1176 Mebane et al. 2012

Baetis tricaudatus (mayfly) 41 D <1250 <1250 <1383 Mebane et al. 2012

Ceriodaphnia dubia (cladoceran) 25 D 29.1 29.1 41 Diamond et al. 1997

Ceriodaphnia dubia (cladoceran) 25 D 187 187 266 Diamond et al. 1997

Ceriodaphnia dubia (cladoceran) 25 D 46.1 46.1 66 Diamond et al. 1997

Ceriodaphnia dubia (cladoceran) 25 D 26.4 26.4 38 Diamond et al. 1997

Ceriodaphnia dubia (cladoceran) 69.5 T 400 400 338 Tsui et al. 2005

Ceriodaphnia dubia (cladoceran) 82.4 T 255 209 162 Cooper et al. 2009

Ceriodaphnia dubia (cladoceran) 40 D 540 540 605 Parametrix 2010a

Ceriodaphnia dubia (cladoceran) 135 D 622 622 375 Parametrix 2010a

Ceriodaphnia dubia (cladoceran) 155 D 379 379 213 Parametrix 2010a

Ceriodaphnia dubia (cladoceran) 272 D >2033 >2033 >859 Parametrix 2010a

Ceriodaphnia dubia (cladoceran) 51 D 656 656 649 Parametrix 2010a

Ceriodaphnia dubia (cladoceran) 51 D 279 279 276 Parametrix 2010a

Ceriodaphnia dubia (cladoceran) 51 T 287 287 284 Parametrix 2010a

Ceriodaphnia dubia (cladoceran) 51 T 1614 482 477 Parametrix 2010a

Ceriodaphnia dubia (cladoceran) 50 D 104 104 104 Parametrix 2010a

Ceriodaphnia dubia (cladoceran) 38.1 D 100 100 115 Esbaugh et al. 2011

Ceriodaphnia dubia (cladoceran) 167.2 D 435 435 235 Esbaugh et al. 2011

Ceriodaphnia dubia (cladoceran) 225.5 D 996 996 463 Esbaugh et al. 2011

Ceriodaphnia dubia (cladoceran) 27.7 D 1180 1180 1593 Esbaugh et al. 2011

Ceriodaphnia dubia (cladoceran) 15.8 D 290 290 521 Esbaugh et al. 2011

Ceriodaphnia dubia (cladoceran) 228.1 D 108 108 50 Esbaugh et al. 2011

Ceriodaphnia dubia (cladoceran) 16.3 D 73.5 73.5 130 Esbaugh et al. 2011

Ceriodaphnia dubia (cladoceran) 5.8 D 28.8 28.8 86 Esbaugh et al. 2011

Ceriodaphnia dubia (cladoceran) 47.0 D 395 395 408 Mager et al. 2011a

Ceriodaphnia dubia (cladoceran) 116 D 387 387 252 Mager et al. 2011a

Ceriodaphnia dubia (cladoceran) 76.0 D 433 433 350 Mager et al. 2011a

Ceriodaphnia dubia (cladoceran) 125 D 597 597 375 Mager et al. 2011a

Ceriodaphnia dubia (cladoceran) 183 D 385 385 199 Mager et al. 2011a

Ceriodaphnia dubia (cladoceran) 250 D 319 319 141 Mager et al. 2011a

Ceriodaphnia dubia (cladoceran) 41.0 D 425 425 470 Mager et al. 2011a

Ceriodaphnia dubia (cladoceran) 54.0 D 546 546 525 Mager et al. 2011a

Ceriodaphnia dubia (cladoceran) 36.0 D 591 591 698 Mager et al. 2011a

Ceriodaphnia dubia (cladoceran) 102 D 532 532 370 Mager et al. 2011a

Ceriodaphnia dubia (cladoceran) 99.0 D 964 964 681 Mager et al. 2011a

Ceriodaphnia dubia (cladoceran) 106 D 3116 3116 2126 Mager et al. 2011a

Ceriodaphnia dubia (cladoceran) 51.0 D 384 384 380 Mager et al. 2011a

Ceriodaphnia dubia (cladoceran) 51.0 D 779 779 771 Mager et al. 2011a

Ceriodaphnia dubia (cladoceran) 44.0 D 571 571 609 Mager et al. 2011a

Ceriodaphnia dubia (cladoceran) 40.0 D 765 765 857 Mager et al. 2011a

Ceriodaphnia dubia (cladoceran) 33.0 D 446 446 551 Mager et al. 2011a

Ceriodaphnia dubia (cladoceran) 13 D 141 141 280 AquaTox 2012

Ceriodaphnia dubia (cladoceran) 14 D 120 120 229 AquaTox 2012

Ceriodaphnia dubia (cladoceran) 78 D 29 29 23 AquaTox 2012

Ceriodaphnia dubia (cladoceran) 48.3 D 389 389 396 De Schamphelaere 2012

Ceriodaphnia dubia (cladoceran) 115 D 332 332 217 De Schamphelaere 2012

Ceriodaphnia dubia (cladoceran) 183 D 91.0 91.0 47 De Schamphelaere 2012

Ceriodaphnia dubia (cladoceran) 237 D 54.6 54.6 25 De Schamphelaere 2012

Ceriodaphnia dubia (cladoceran) 125 D 579 579 363 De Schamphelaere 2012

Ceriodaphnia dubia (cladoceran) 125 D 470 470 295 De Schamphelaere 2012

Ceriodaphnia dubia (cladoceran) 125 D 549 549 345 De Schamphelaere 2012

Ceriodaphnia dubia (cladoceran) 125 D 596 596 374 De Schamphelaere 2012

Ceriodaphnia dubia (cladoceran) 125 D 388 388 243 De Schamphelaere 2012

Ceriodaphnia dubia (cladoceran) 122 D 235 235 149 De Schamphelaere 2012

Ceriodaphnia dubia (cladoceran) 125 D 216 216 136 De Schamphelaere 2012

Ceriodaphnia dubia (cladoceran) 121 D 410 410 262 De Schamphelaere 2012

Ceriodaphnia dubia (cladoceran) 40 D 221 221 248 De Schamphelaere 2012

Attachment 1

Acute Toxicity Data (WindWard, 2012)



Species Hardness 

(mg/l)

Result 

Reported as 

Total (T) or 

Dissolved 

(D)

Reported EC50 

(µg/L)
EC50, Diss. 

1 

(µg/L)

Dissolved EC50, 

Adjusted to 50 mg/l 

Hardness
2
 (µg/L)

Reference

Ceriodaphnia dubia (cladoceran) 112 D 275 275 182 De Schamphelaere 2012

Ceriodaphnia dubia (cladoceran) 181 D 249 249 129 De Schamphelaere 2012

Ceriodaphnia dubia (cladoceran) 258 D 320 320 139 De Schamphelaere 2012

Chironomus dilutus  (midge) 32 D 1955 1955 2453 Mebane et al. 2012

Chironomus dilutus  (midge) 32 D 3617 3617 4538 Mebane et al. 2008, 2012

Cottus confusus (shorthead sculpin) 21 D >855 >855 1329 Mebane et al. 2012

Daphnia magna (cladoceran) 54 T 612 612 589 Chapman et al. Manuscript

Daphnia magna (cladoceran) 110 T 952 554 371 Chapman et al. Manuscript

Daphnia magna (cladoceran) 152 T 1910 562 319 Chapman et al. Manuscript

Daphnia magna (cladoceran) 44 T 95 95 101 Yim et al. 2006

Daphnia magna (cladoceran) 150 T 894 439 251 Yim et al. 2006

Drunella sp. (mayfly) 19.5 D >267 >267 >431 Mebane et al. 2012

Dytiscidae (Coleoptera) 39 D >1035 >1035 >1174 Mebane et al. 2012

Epeorus sp. (mayfly) 17 D >494 >494 >855 Mebane et al. 2012

Epeorus sp. (mayfly) 11 D >346 >346 >747 Mebane et al. 2012

Gammarus pseudolimnaeus (amphipod) 48.3 T 140 140 142 Call et al. 1983

Gammarus pseudolimnaeus (amphipod) 45 T 124 124 131 Spehar et al. 1978

Gila elegans (bonytail chub) 199 T >170000 >785 >389 Buhl 1997

Gyraulus sp. (snail) 18 D 544 544 915 Mebane et al. 2012

Gyraulus sp. (snail) 20 D 537 537 856 Mebane et al. 2012

Gyraulus sp. (snail) 19 D 380 380 622 Mebane et al. 2012

Gyraulus sp. (snail) 22 D 796 796 1208 Mebane et al. 2012

Gyraulus sp. (snail) 39 D 981 981 1113 Mebane et al. 2012

Gyraulus sp. (snail) 67 D >952 >952 >820 Mebane et al. 2012

Gyraulus sp. (snail) 84 D >683 >683 >525 Mebane et al. 2012

Gyraulus sp. (snail) 13 D 644 644 1278 Mebane et al. 2012

Gyraulus sp. (snail) 19 D >1035 >1035 >1693 Mebane et al. 2012

Gyraulus sp. (snail) 33 D >952 >952 >1176 Mebane et al. 2012

Gyraulus sp. (snail) 41 D >683 >683 >756 Mebane et al. 2012

Hyalella azteca (amphipod) 71 D <151 <151 <126 Besser et al. 2005

Lampsilis rafinesqueana (neosho mucket) 42 D 188 188 205 Wang et al. 2010

Lampsilis siliquoidea (fatmucket) 47 D >299 >299 >309 Wang et al. 2010

Lampsilis siliquoidea (fatmucket) 41 D 142 142 157 Wang et al. 2010

Lampsilis siliquoidea (fatmucket) 47 D 298 298 308 Wang et al. 2010

Lampsilis siliquoidea (fatmucket) 40 D >426 >426 >477 Wang et al. 2010

Lecane hamata (rotifer) 85 T 680 503 384 Pérez-Legaspi and Rico-Martínez 2001

Lecane luna (rotifer) 85 T 140 140 107 Pérez-Legaspi and Rico-Martínez 2001

Lecane quadridentata (rotifer) 85 T 3700 616 470 Pérez-Legaspi and Rico-Martínez 2001

Lumbriculus variegatus (oligochaete) 290 T >8000 >8000 >3273 Schubauer-Berigan et al. 1993

Lumbriculus variegatus (oligochaete) 290 T >8000 >2307 >944 Schubauer-Berigan et al. 1993

Lumbriculus variegatus (oligochaete) 290 T >8000 >494 >202 Schubauer-Berigan et al. 1993

Oncorhynchus clarki lewisi (westslope 

cutthroat trout)

32 D >123 >123 >154 Mebane et al. 2012

Oncorhynchus clarki lewisi (westslope 

cutthroat trout)

31.5 D >54 >54 >68 Mebane et al. 2012

Oncorhynchus clarki lewisi (westslope 

cutthroat trout)

32 D 215 215 270 Mebane et al. 2012

Oncorhynchus clarki lewisi (westslope 

cutthroat trout)

30.5 D >72 >72 >93 Mebane et al. 2012

Oncorhynchus clarki lewisi (westslope 

cutthroat trout)

31.5 D 362 362 458 Mebane et al. 2012

Oncorhynchus clarki lewisi (westslope 

cutthroat trout)

56 D 487 487 460 Mebane et al. 2012

Oncorhynchus clarki lewisi (westslope 

cutthroat trout)

68 D >414 >414 >354 Mebane et al. 2012

Oncorhynchus clarki lewisi (westslope 

cutthroat trout)

72.5 D >409 >409 >339 Mebane et al. 2012

Oncorhynchus clarki lewisi (westslope 

cutthroat trout)

62.5 D >153 >153 >137 Mebane et al. 2012

Oncorhynchus clarki lewisi (westslope 

cutthroat trout)

62.5 D >197 >197 >176 Mebane et al. 2012

Oncorhynchus clarki lewisi (westslope 

cutthroat trout)

11.4 D 47 47 100 Mebane et al. 2012

Oncorhynchus clarki lewisi (westslope 

cutthroat trout)

40.5 D >387 >387 >431 Mebane et al. 2012

Oncorhynchus clarki lewisi (westslope 

cutthroat trout)

21 D >855 >855 >1329 Mebane et al. 2012

Oncorhynchus kisutch (coho salmon) 41.3 T 7000 725 799 Buhl and Hamilton 1990

Oncorhynchus kisutch (coho salmon) 41.3 T 21700 810 893 Buhl and Hamilton 1990

Oncorhynchus kisutch (coho salmon) 41.3 T 4180 686 756 Buhl and Hamilton 1990

Oncorhynchus kisutch (coho salmon) 41.3 T >18000 >796 >877 Buhl and Hamilton 1990

Oncorhynchus mykiss (rainbow trout) 41.3 T 30000 835 920 Buhl and Hamilton 1990

Oncorhynchus mykiss (rainbow trout) 41.3 T <1700 <619 <682 Buhl and Hamilton 1990

Oncorhynchus mykiss (rainbow trout) 290 D 1470 1470 601 Davies et al. 1976

Oncorhynchus mykiss (rainbow trout) 385 D 1320 1320 468 Davies et al. 1976

Oncorhynchus mykiss (rainbow trout) 32 D 1170 1170 1468 Davies et al. 1976

Oncorhynchus mykiss (rainbow trout) 20 D 138 138 220 Mebane et al. 2008, 2012

Oncorhynchus mykiss (rainbow trout) 32 D 127 127 159 Mebane et al. 2008, 2012

Oncorhynchus mykiss (rainbow trout) 32 D 160 160 201 Mebane et al. 2008, 2012

Oncorhynchus mykiss (rainbow trout) 120 D 1000 1000 641 Rogers et al. 2003

Oncorhynchus mykiss (rainbow trout) 120 T 1000 894 573 Sloman et al. 2003

Oncorhynchus mykiss (rainbow trout) 20 D 138 138 220 Mebane et al. 2012

Oncorhynchus mykiss (rainbow trout) 31.5 D 127 127 161 Mebane et al. 2012

Oncorhynchus mykiss (rainbow trout) 32 D 160 160 201 Mebane et al. 2012

Oncorhynchus mykiss (rainbow trout) 19 D 591 591 967 Mebane et al. 2012

Oncorhynchus mykiss (rainbow trout) 25 D 631 631 898 Mebane et al. 2012

Oncorhynchus mykiss (rainbow trout) 32 D 916 916 1149 Mebane et al. 2012
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(mg/l)

Result 
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Dissolved 
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Dissolved EC50, 

Adjusted to 50 mg/l 

Hardness
2
 (µg/L)

Reference

Oncorhynchus mykiss (rainbow trout) 33.5 D 969 969 1188 Mebane et al. 2012

Oncorhynchus mykiss (rainbow trout) 28.5 D >98 >98 >130 Mebane et al. 2012

Oncorhynchus mykiss (rainbow trout, Kootenai 

strain)

21 D 180 180 280 Mebane et al. 2012

Paraleptophlebia sp. (mayfly) 11 D >346 >346 >747 Mebane et al. 2012

Physa sp. (snail) 22 D 1159 1159 1759 Mebane et al. 2012

Pimephales promelas (fathead minnow) 33 D 622 622 768 Esbaugh et al. 2011

Pimephales promelas (fathead minnow) 26 D 3598 3598 5017 Esbaugh et al. 2011

Pimephales promelas (fathead minnow) 16 D 41 41 73 Esbaugh et al. 2011

Pimephales promelas (fathead minnow) 5 D 68 68 219 Esbaugh et al. 2011

Pimephales promelas (fathead minnow) 19 D 178 178 291 Mager et al. 2011a

Pimephales promelas (fathead minnow) 32 D 744 744 934 Mager et al. 2011a

Pimephales promelas (fathead minnow) 52 D 1015 1015 995 Mager et al. 2011a

Pimephales promelas (fathead minnow) 66 D 1068 1068 927 Mager et al. 2011a

Pimephales promelas (fathead minnow) 65 D 1148 1148 1005 Mager et al. 2011a

Pimephales promelas (fathead minnow) 301 D 1719 1719 690 Mager et al. 2011a

Pimephales promelas (fathead minnow) 20 D 608 608 969 Mager et al. 2011a

Pimephales promelas (fathead minnow) 21 D 1075 1075 1671 Mager et al. 2011a

Pimephales promelas (fathead minnow) 22 D 1356 1356 2059 Mager et al. 2011a

Pimephales promelas (fathead minnow) 21 D 3249 3249 5050 Mager et al. 2011a

Pimephales promelas (fathead minnow) 22 D 816 816 1239 Mager et al. 2011a

Pimephales promelas (fathead minnow) 23 D 996 996 1478 Mager et al. 2011a

Pimephales promelas (fathead minnow) 22 D 698 698 1060 Mager et al. 2011a

Pimephales promelas (fathead minnow) 23 D 370 370 549 Mager et al. 2011a

Pimephales promelas (fathead minnow) 28 D 162 162 218 Mager et al. 2011a

Pimephales promelas (fathead minnow) 29 D 265 265 350 Mager et al. 2011a

Pimephales promelas (fathead minnow) 30 D 624 624 809 Mager et al. 2011a

Pimephales promelas (fathead minnow) 25 D 340 340 484 Mager et al. 2011a

Pimephales promelas (fathead minnow) 43.9 T 2100 1662 1776 Spehar and Fiandt 1986

Pimephales promelas (fathead minnow) 290 T 810 810 331 Schubauer-Berigan et al. 1993

Pimephales promelas (fathead minnow) 290 T >5400 >2277 >931 Schubauer-Berigan et al. 1993

Pimephales promelas (fathead minnow) 290 T >5400 >473 >193 Schubauer-Berigan et al. 1993

Ptychocheilus lucius (Colorado pikeminnow) 199 T >170000 >785 >389 Buhl 1997

Ptychocheilus lucius (Colorado pikeminnow) 199 T >170000 >785 >389 Buhl 1997

Ptychocheilus lucius (Colorado pikeminnow) 199 T >170000 >785 >389 Buhl 1997

Rhithrogena sp. (mayfly) 15 D >737 >737 >1359 Mebane et al. 2012

Rhithrogena sp. (mayfly) 18 D >985 >985 >1656 Mebane et al. 2012

Rhithrogena sp. (mayfly) 19 D >166 >166 >272 Mebane et al. 2012

Salvelinus fontinalis (brook trout) 44.3 T 4100 2470 2627 Holcombe et al. 1976

Simulium sp. (black fly) 22 D 415 415 630 Mebane et al. 2012

Simulium sp. (black fly) 39 D 961 961 1090 Mebane et al. 2012

Sweltsa sp. (stonefly) 15 D >737 >737 >1359 Mebane et al. 2012

Sweltsa sp. (stonefly) 19.5 D 253 253 408 Mebane et al. 2012

Sweltsa sp. (stonefly) 17 D >494 >494 >855 Mebane et al. 2012

Tanytarsus dissimilis (midge) 46 T 224000 202530 211302 Call et al. 1983

Tanytarsini sp. (chironomid) 39 D >1035 >1035 >1174 Mebane et al. 2012

Tanytarsini sp. (chironomid) 22 D >1255 >1255 >1905 Mebane et al. 2012

Thymallus arcticus (Arctic grayling) 41.3 T >36000 >850 >937 Buhl and Hamilton 1990

Thymallus arcticus (Arctic grayling) 41.3 T >36000 >850 >937 Buhl and Hamilton 1990

Thymallus arcticus (Arctic grayling) 41.3 T 12000 765 843 Buhl and Hamilton 1990

Thymallus arcticus (Arctic grayling) 41.3 T <320 <320 <353 Buhl and Hamilton 1990

Thymallus arcticus (Arctic grayling) 41.3 T <1700 <619 <682 Buhl and Hamilton 1990

Thymallus arcticus (Arctic grayling) 41.3 T <1000 <581 <581 Buhl and Hamilton 1990

Tipula sp. (crane fly) 39 D >1035 >1035 >1174 Mebane et al. 2012

Xyrauchen texanus (razorback sucker) 199 T >170000 >785 >389 Buhl 1997

Xyrauchen texanus (razorback sucker) 199 T >170000 >785 >389 Buhl 1997

1 For tests in which only total recoverable or nominal Pb concentrations were reported, dissolved Pb concentrations were estimated as noted by WindWard (2012)

2 Dissolved EC50s normalized to 50 mg/l hardness using revised hardnes regression described in memo text



Species
Hardness 

(mg/l)

Acute Value, 

Dissolved (µg/L)

Hardness-

adjusted Acute 

Value (µg/L)

Chronic EC20, 

Dissolved 

(µg/L)

Hardness-

adjusted Chronic 

Value (µg/L)

ACR1 Reference

Baetis tricaudatus 20 664 1058 66 105 10.1 Mebane et al. 2008

Ceriodaphnia dubia 100 186 131 - Spehar and Fiandt 19862

Ceriodaphnia dubia 82.4 208.8 162 2.2 2 94.9 Cooper et al. 2009

Ceriodaphnia dubia 42 540 590 21.4 23 25.2 Parametrix 2010a,b

Ceriodaphnia dubia 134 622 377 34.4 21 18.1 Parametrix 2010a,b

Ceriodaphnia dubia 272 2033 >859 64.9 27 Parametrix 2010a,b

Ceriodaphnia dubia 50.5 656 653 41.6 41 15.8 Parametrix 2010a,b

Ceriodaphnia dubia 50.5 279 278 26.7 27 10.4 Parametrix 2010a,b

Ceriodaphnia dubia 53 104 101 67.5 66 1.5 Parametrix 2010a,b

Ceriodaphnia dubia 35.5 100 119 35.4 42 2.8 Esbaugh et al. 2011, 2012

Ceriodaphnia dubia 162 435 239 22.6 12 19.2 Esbaugh et al. 2011, 2012

Ceriodaphnia dubia 225 996 464 96.7 45 10.3 Esbaugh et al. 2011, 2012

Ceriodaphnia dubia 28 1180 1585 223 299 5.3 Esbaugh et al. 2011, 2012

Ceriodaphnia dubia 16 290 518 12.1 22 24.0 Esbaugh et al. 2011, 2012

Ceriodaphnia dubia 40 221 248 63.6 71 3.5 De Schamphelaere 2012; Nys et al. 2012

Ceriodaphnia dubia 111.5 275 183 91 61 3.0 De Schamphelaere 2012; Nys et al. 2012

Ceriodaphnia dubia 164 249 136 112 61 2.2 De Schamphelaere 2012; Nys et al. 2012

Ceriodaphnia dubia 228.5 320 148 101 47 3.2 De Schamphelaere 2012; Nys et al. 2012

Ceriodaphnia dubia 108 388 262 79.4 54 4.9 De Schamphelaere 2012; Nys et al. 2012

Ceriodaphnia dubia 107.5 235 159 80.8 55 2.9 De Schamphelaere 2012; Nys et al. 2012

Ceriodaphnia dubia 107.5 216 146 80.1 54 2.7 De Schamphelaere 2012; Nys et al. 2012

Ceriodaphnia dubia 105.5 410 280 153 105 2.7 De Schamphelaere 2012; Nys et al. 2012

Ceriodaphnia dubia 13 141 280 53.1 105 2.7 AquaTox 2012

Ceriodaphnia dubia 14 120 229 23 44 5.2 AquaTox 2012

Ceriodaphnia dubia 78 29 23 8.9 7 3.3 AquaTox 2012

Chironomus dilutus 32 3323 4170 28.00 35 118.7 Mebane et al. 2008

Daphnia magna 53 612 594 14.5 14 42.2 Chapman et al. Manuscript

Daphnia magna 106 554 378 109.0 74 5.1 Chapman et al. Manuscript

Daphnia magna 151.5 562 320 54.9 31 10.2 Chapman et al. Manuscript

Lampsilis siliquoidea 45 206 217 16 17 12.9 Wang et al. 2010

Oncorhynchus mykiss 30 1170 1517 21.0 27 55.7 Davies et al. 1976

Oncorhynchus mykiss 19.7 120 193 34 55 3.5 Mebane et al. 2008

Oncorhynchus mykiss 29.4 133 174 102 134 1.3 Mebane et al. 2008

Pimephales promelas 44 1662 1774 - Spehar and Fiandt 1986

Salvelinus fontinalis 44 2470 2636 104 111 23.8 Holcombe et al. 1976

Attachment 2

Acute to Chronic Ratios (WindWard, 2012)




































































































































































































































































































































