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1. SUMMARY 

Guidelines: Protocol IMAM01-00428 

 

Study Initiation  

Date: March 6, 2018 

  

Experimental  

Start / End Dates: March 14, 2018 / April 4, 2018 

  

Test Treatments: 1) Sulfide Treatments - HS-1 (1:4 ammonia-N:nitrate-N) [control], 

0.30, 1.56, 3.12, 7.78 mg/L sulfide in the presence of  0.8 or 2.8 mg/L 

Fe. 

  

Time-Weighted  

Average (TWA) Test 

Concentrations (fresh 

solutions at renewal): 

1) Sulfide Treatments - HS-1 (1:4 ammonia-N:nitrate-N) [control] 

<0.01, 0.38, 1.79, 3.33, and 7.94 mg/L sulfide each with 0.8 mg/L Fe; 

and 2)  HS-1 (1:4 ammonia-N:nitrate-N) [control] <0.01, 0.38, 1.71, 

3.39, and 7.71 mg/L sulfide each with 2.8 mg/L Fe. 

 

  

Test 

System: Seed 

  

Source of 

Seeds: 

 

Minnesota, USA 

 

Summary of Endpoints: See Table 1 

1.1. METHOD 

The definitive wild rice sulfide toxicity study was conducted in a static-renewal format in an 

environmental chamber equipped for hydroponic studies (Table 3) as prescribed by Fort et al. (1) and 

study ENVIO1-00352. Test solution (0.7 of total volume) was renewed daily. Each of the four replicates 

per solution contained two 1-L mesh-lined sub-baskets. Plastic mesh served as the medium on which the 

seeds were placed and served as physical support required for plants growing in hydroponic culture. 

Each sub-basket contained 40 seeds (80/replicate at T0, total seed number = 320 per treatment), which 

was adequate to evaluate concentration-response relationships and assess significant differences in the 

treatments relative to the control. The 10 study days (SD) were performed in the dark to promote 

mesocotyl emergence and mimic development-stimulating sediment light conditions. 

 

Visual assessments only (i.e., no plants harvested) of the following endpoints were conducted at 

SD 10 following dark-phase exposure to evaluate: 

 

 Activation expressed as % activation; 

 Mesocotyl Emergence expressed as % emergence;  
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 Time to emergence expressed as the time to 30% emergence (ET30) at the 

replicate and treatment levels; 

 Seedling survival expressed as % survival; and  

 Phytoxicity expressed as % affected.  

All baskets were evaluated for the following endpoints, as well as total plant biomass and signs of 

phytotoxicity during the free leaf stage at study conclusion (SD 21): 

 

 Activation expressed as % activation; 

 

 Mesocotyl Emergence expressed as % emergence; 

 

 Time to emergence expressed as the time to 30% emergence (ET30) at the 

replicate and treatment levels; 

 

 Seedling survival; 

 

 Shoot (mesocotyl, coleoptile and primary leaf) weight expressed as dry 

weight, or dw; 

 

 Shoot (mesocotyl, coleoptile and primary leaf) lengths; 

 

 Root (seminal and rootlets) dw; 

 

 Seminal Root length; and 

 

 Free leaf number and biomass dw. 

 

Since the frequency of mesocotyl emergence was not anticipated to be 100%, an acceptable 

frequency of mesocotyl emergence was determined from the MDP (ENVI01-00324 and 00351) and is 

listed in Table 5.  In addition to the HS-1 (1:4) negative control and HS-1 controls containing the 

additional iron concentrations, a 100 mg B/L treatment in HS-1 (1:4) media was included as a positive 

control toxicant.  For all endpoint assessments (Table 4), plants were carefully removed at the 

conclusion of exposure using watch maker forceps and placed into Petri dishes for each replicate to 

evaluate the appropriate endpoints.  Each set was digitally photographed, and length measurements of 

shoots and roots were recorded using digitization to the nearest mm.  Weights (dw at 105oC) were 

recorded using an analytical balance capable of recording to the nearest 0.1 mg.  The seminal root tissue 

was dissected from the seed, as well as the coleoptile and primary leaf (shoot) material, to specifically 

evaluate root tissue length (development). 

1.2. RESULTS AND CONCLUSIONS 

Results from the IMAM01-00428 study met the performance criteria established from Fort et al. 

(2017). Therefore, results from the study are considered valid. A summary of the 00428 results is 

provided in Tables 1 and 2. A consistent and anticipated adverse response to 100 mg B/L exposure was 
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noted. The pH was maintained at 6.0 to 7.5 s.u. in all replicates of the control and sulfide treatments, and 

±0.5 s.u. within a given replicate for each daily measurement at T0 and T24 over the course of the study. 

DO levels were maintained at <2.0 mg/L in all treatments during the course of the study.  Hydroponic 

chamber temperature was maintained at 21º  2ºC (day) and 12  2ºC (night) in all replicates of control 

and treatments. The inter-replicate CV for both pre- and post-renewal TWA sulfide concentrations was 

≤20% for each HS-1 control and associated sulfide treatments, indicating low variability between 

replicates of a given treatment or control. Free sulfide loss between 24-hour renewals ranged from 19.7 

to 27.1% in the 0.8 mg Fe/L treatments, and 36.7% to 55.5% in the 2.8 mg Fe/L treatments, respectively 

based on TWA measurements. The loss was presumably due in part to degradation, but primarily 

complexation with Fe. These results demonstrate that iron reduces free sulfide concentrations, but not 

necessarily as a linear function of iron concentration.   

 

Key findings from study 00428, expressed as nominal sulfide concentrations, included: 

1.2.1. STUDY DAY 10 

 Decreased emergence and increased median ET30, and the occurrence of phytotoxicity 

were observed in wild rice exposed to 100 mg B/L relative to the HS-1 control with 0.8 

mg Fe/L.  

 Sulfide exposure did not affect seed activation, seedling survival, or induce phytotoxicity 

at 7.78 mg/L in either of the Fe treatments. 

 Emergence was the most sensitive endpoint, with respective SD 10 NOEC and LOEC 

values of 3.12 mg/L and 7.78 mg/L sulfide for both the 0.8 mg/L and 2.8 mg/L Fe 

treatments. 

 IC25 and IC10 values were 2.19 (2.01-2.37) and 1.91 (1.61-2.26) mg/L sulfide for the 0.8 

mg/L Fe treatment, respectively; and 5.21 (4.97-5.45) and 2.37 (2.34-2.40) mg/L sulfide 

for the 2.8 mg/L Fe treatment. 

1.2.2. STUDY DAY 21 

 Decreased emergence and increased median ET30, and the occurrence of phytotoxicity 

were observed in wild rice exposed to 100 mg B/L relative to the HS-1 control with 0.8 

mg Fe/L.  

 Sulfide exposure did not affect seed activation, seedling survival, root weight or length, 

free leaf number or weight, or induce phytotoxicity at 7.78 mg/L in either of the Fe 

treatments. 

 Emergence (expressed as %) was the most sensitive endpoint, with respective SD 21 

NOEC and LOEC values of 1.56 mg/L and 3.12 mg/L sulfide for the 0.8 mg/L Fe 

treatment; and 3.12 and 7.78 mg Fe/L for the 2.8 mg/L Fe treatment. 

 SD 21 NOEC and LOEC values for both the percent emergence and ET30 were 1.56 

mg/L and 3.12 mg/L sulfide for the 0.8 mg/L Fe treatment.   SD 21 NOEC and LOEC 

values for percent emergence and ET30 were 3.12 and 7.78 sulfide, and 7.78 and >7.78 

mg/L for the 2.8 mg/L Fe treatment, respectively. 

 IC25 and IC10 values for emergence were 2.23 (2.13-2.33) and 1.55 (1.52-1.58) mg/L 

sulfide for the 0.8 mg/L Fe treatment, respectively; and 5.29 (5.13-5.45) and 2.38 (2.36-

2.40) mg/L sulfide for the 2.8 mg/L Fe treatment. 
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 For shoot weight and length, SD 21 NOEC and LOEC values of 3.12 mg/L and 7.78 

mg/L sulfide for the 0.8 and 2.8 mg/L Fe treatments; and 3.12 and 7.78 mg Fe/L for the 

2.8 mg/L Fe treatment were observed. 

 IC25 and IC10 values for shoot weight were 5.45 (5.40-5.50) and 4.52 (3.94-5.29) mg/L 

sulfide for the 0.8 mg/L Fe treatment, and 7.78 (7.60-8.00) and 4.91 (4.66-5.16) mg/L 

sulfide for the 2.8 mg/L Fe treatment. 

 IC25 and IC10 values for shoot length were 7.70 (7.63-7.77) and 4.91 (4.42-5.40) mg/L 

sulfide for the 0.8 mg/L Fe treatment, and >7.78 and 5.57 (5.44-5.70) mg/L sulfide for 

the 2.8 mg/L Fe treatment. 

 As observed in Fort et al. (1), the addition of 2.8 mg/L Fe reduced the toxicity 

(emergence) of sulfide, indicating that the concentration of oxygen in the headspace 

during mesocotyl emergence and early growth was not a significant factor in the 

sensitivity of wild rice to sulfide.   
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Table 1. Summary of Measurement Endpoints at SD 101 

Endpoint 

 

Study Day 10 NOEC/LOEC (mg/L S2-) ChV (mg/L S2-)2 IC25 (mg/L S2-)3 IC10 (mg/L S2-)4 

 

0.8 mg Fe/L  

 

 

2.8 mg Fe/L  

 

 

0.8/2.8 mg Fe/L 

 

0.8/2.8 mg Fe/L 0.8/2.8 mg Fe/L 

Activation 7.78/>7.78 7.78/>7.78 >7.78 / >7.78 >7.78/>7.8 >7.78/>7.8 

Emergence (%) 3.12/7.78 3.12/7.78 4.93/4.93 2.19 (2.01-2.37)/5.21 (4.97-5.45) 1.91 (1.61-2.26)/2.37 (2.34-2.40) 

Emergence (ET30)5 1.56/3.12 3.12/7.78 2.21/4.93 ---/--- [---/---] ---/--- [---/---] 

Survival 7.78/>7.78 7.78/>7.78 >7.78 / >7.78 >7.78/>7.8 >7.78/>7.8 

Phytotoxicity 7.78/>7.78 7.78/>7.78 >7.78 / >7.78 >7.78/>7.8 >7.78/>7.8 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                                      
1 Nominal concentrations. Significance based on ANOVA or KW-ANOVA, p≤0.05. 
2 Chronic Value = geometric mean of NOEC and LOEC values. 
3 25% inhibitory concentration determined by linear interpolation. 
4 25% inhibitory concentration determined by linear interpolation. 
5 Time to 30% emergence.  Significance based on Mann-Whitney U test, p<0.05. 
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Table 2. Summary of Measurement Endpoints at SD 211 

Endpoint 

 

Study Day 21 NOEC/LOEC (mg/L S2-) ChV (mg/L S2-)2 IC25 (mg/L S2-)3 IC10 (mg/L S2-)4 

 

0.8 mg Fe/L  

 

 

2.8 mg Fe/L  

 

 

0.8/2.8 mg Fe/L 

 

0.8/2.8 mg Fe/L 0.8/2.8 mg Fe/L 

Activation 7.78/>7.78 7.78/>7.78 >7.78 / >7.78 >7.78/>7.8 >7.78/>7.8 

Emergence (%) 1.56/3.12 3.12/7.78 2.21/4.93 2.23 (2.13-2.33)/5.29 (5.13-5.45) 1.55 (1.52-1.58)/2.38 (2.33-2.45) 

Emergence (ET30)5 1.56/3.12 7.78/>7.78 2.21/>7.78 ---/--- [---/---] ---/--- [---/---] 

Survival 7.78/>7.78 7.78/>7.78 >7.78 / >7.78 >7.78/>7.8 >7.78/>7.8 

Root Weight 7.78/>7.78 7.78/>7.78 7.78/>7.78 7.78/>7.78 7.78/>7.78 

Root Length 7.78/>7.78 7.78/>7.78 7.78/>7.78 7.78/>7.78 7.78/>7.78 

Shoot Weight 3.12/7.78 3.12/7.78 4.93/4.93 5.45 (5.40-5.50)/7.8 (7.6-8.0) 4.52 (3.94-5.29)/4.91 (4.66-5.16) 

Shoot Length 3.12/7.78 3.12/7.78 4.93/4.93 7.70 (7.63-7.77) />7.8 4.91 (4.42-5.40)/5.57(5.44-5.70) 

Leaf Number 7.78/>7.78 7.78/>7.78 >7.78 / >7.78 >7.78/>7.8 >7.78/>7.8 

Leaf Biomass 7.78/>7.78 7.78/>7.78 >7.78 / >7.78 >7.78/>7.8 >7.78/>7.8 

Phytotoxicity 7.78/>7.78 7.78/>7.78 >7.78 / >7.78 >7.78/>7.8 >7.78/>7.8 

 

 

 

 

 

 

 

 

                                                      
1 Nominal concentrations. Significance based on ANOVA or KW-ANOVA, p≤0.05. 
2 Chronic Value = geometric mean of NOEC and LOEC values. 
3 25% inhibitory concentration determined by linear interpolation. 
4 25% inhibitory concentration determined by linear interpolation. 
5 Time to 30% emergence.  Significance based on Mann-Whitney U test, p<0.05. 
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2. INTRODUCTION 

FEL was retained by the Iron Mining Association of Minnesota (IMAM) to conduct a study of 

sulfide toxicity to wild rice (Zizania palustris) using a partially hypoxic hydroponic exposure. An 

assessment of the ability of iron to reduce sulfide toxicity to wild rice was also performed.  The study 

will ultimately be used to assist in understanding the role of water-column based sulfate in the toxicity 

of sediment porewater sulfide to wild rice. The sulfide toxicity threshold was determined to facilitate a 

better understanding of the role of iron in altering sulfide toxicity, and will be used to support the efforts 

to re-evaluate the State of Minnesota’s sulfate water quality standard of 10 mg/L for wild rice waters. 

The study was conducted in accordance with the specifications identified in FEL’s Quality Assurance 

Management Plan (QAMP) (2), relevant facility standard operating procedures (SOPs), and Study 

Protocol No. IMAM01-2 prepared for FEL Study No. IMAM01-00428. 

 

The primary objective of the study IMAM01-00428 was to evaluate of standardized headspace 

oxygen used in the hydroponic design to provide a definitive toxicity evaluation of sulfide to wild rice.  

The oxygen levels in the headspace were maintained at concentrations (~4 mg/L) that might commonly 

be found in natural overlaying waters during wild rice’s emergence into the water column. 

Concentration-response data, including No and Lowest Observed Effect Concentrations (NOEC and 

LOEC), chronic values (ChV), and 25% inhibitory concentrations for the effects of sulfide on wild rice 

were determined.   

3. STUDY PERSONNEL 

 Mr. Kurt Anderson, Minnesota Power – Sponsor Representative 

 Dr. Douglas J. Fort, FEL – Study Director 

 Ms. Deanne Fort, FEL – Manager, In-life study facility 

 Mr. Kevin Todhunter, Technician 

 Ms. Jennifer Staines, Technician 

 Mr. Trenton Ging, Technician 

 Ms. Elisabeth Alder, Technician 

4. MATERIALS AND METHODS 

4.1. DILUTION WATER 

FEL used deionized water as the base water for this study. The deionized laboratory water was 

prepared by passing tap water through a four-filter system: a multimedia filter to remove suspended 

solids in the feed water; a 10 inch pre-treatment filter (5 m) to remove any additional solids; a 3.6 ft3 

activated virgin carbon treatment filter to remove chlorine, ammonia, and higher molecular weight 

organics; 1.2 ft3 cation, 1.2 ft3 anion, and two 1.2 ft3 mixed bed ion exchange polishing filters in series to 

deionize the water.  Both polishing filters were equipped with conductivity detection systems.  Water 

exceeding 5 μmhos/cm was signaled by a warning light.  A 5 μm solid filter completed the water 

treatment process and ensures no solids are released during deionization.  Seven water quality 
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characteristics of the laboratory water were monitored twice per month: pH, dissolved oxygen (DO), 

conductivity, hardness, alkalinity, ammonia, and residual oxidants. Additional water quality 

characteristics measured at least annually were iodide, polyaromatic hydrocarbons (PAHs), pesticides, 

and metals.  The dilution water was most recently analyzed for pesticides, PAHs, and metals in February 

2017, and all water quality measurements cited above met the U.S. EPA and American Society for 

Testing and Materials (ASTM) criteria for aquatic toxicity test culture water.   Deionized water was used 

to prepare the culture media (modified HS-1) in accordance with Table 3. Basic water chemistry 

parameters such as pH, hardness, and conductivity were documented on a representative sample of each 

test medium evaluated. 

4.2. TEST SUBSTANCE 

 Hydrated sodium sulfide (Na2S · 9 H2O, 99.99% pure, SigmaAldrich, St. Louis, MO, lot number 

MKBP2953V, expiration 7/2021) and ferric chloride (FeCl3, 98.00%, Merck KGaA, lot number 018400, 

expiration 11/2018) were used throughout the study. 

4.3. TEST SYSTEM 

The test system was wild rice (Zizania palustris). Given that wild rice seeds were obtained from 

natural wild rice lake located in Central Minnesota, care was taken to ensure that damaged or deformed 

seeds were not selected for the experiment.  Seeds were sieved through a #5 (4 mm) sieve followed by a 

#10 (2 mm) sieve to separate quality seeds from debris. Visual inspection was also conducted as seeds 

were loaded into test systems to ensure damaged, discolored, or deformed seeds were not utilized. 

4.3.1. ORIGIN AND HANDLING 

Wild rice was hand-harvested from Minnesota.  The ziplock bag containing wild rice seed was sent 

to FEL on November 2, 2017 by Kurt Anderson and received by FEL on November 3, 2017. Upon 

receipt the wild rice seed was unpacked and stored at 4°C in the dark.   

4.4. EXPOSURE SYSTEM 

Test solutions were provided using a static-renewal design in 10 L hydroponic tanks.  The 

renewal frequency was daily with 0.7 volume exchanges/day. Daily cleaning of the tanks using a turkey 

baster was performed during media renewal to remove biomass that may have grown during the course 

of the study. This helped minimize bio-fouling and maintained water quality, including ammonia 

accumulation, in the tanks. Care was taken not to disturb the seeds and seedlings.   

 

The hydroponic tanks were plastic aquaria (approximate measurements of 35 x 20 x 15 cm deep) 

equipped with baskets with inert mesh to support the seeds and seedlings. Each of the four tanks per 

treatment contained two 1-L baskets to house seeds and seedlings evaluated on study day (SD) 10. In 

total, eight baskets within the four replicates of wild rice seeds were evaluated per treatment and control.   

 

         Water temperature was maintained at 21º2ºC (day) and 122ºC (night). Test solution pH was 

maintained between 6 and 7.5 s.u. in the control and treatment exposures. Within a given replicate, 
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variation in pH was ±0.5 s.u. for each daily measurement at T0 and T24, and over the course of the 

study. This pH range was well within the range of conditions present where wild rice grows naturally.  

This range is also well within the range where the dynamic equilibrium between H2S and HS- shifts 

dramatically (~7.0), and these sulfur species are thought to differ in their toxicity. In order to maintain 

hypoxic (DO <2.0 mg/L) conditions within the hydroponic tanks, the HS-1 test medium was 

deoxygenated with N2 gas, stored in a sealed carboy until used, and checked for oxygen concentration 

immediately prior to use. Each hydroponic tank was equipped with a 6-inch, small-bubble air stone to 

deliver a constant flow of N2 gas to the tank and ensure hypoxic conditions were maintained.  For 

hypoxic root growth and aerobic vegetative growth, the basket was placed in the hydroponic aquaria 

such that the seeds resided in the culture media approximately 1 cm below the air:media interface 

consistent with Fort et al. (1).  The mesocotyl will develop in anaerobic conditions under this design.  

However, the emerged plant will grow in a controlled oxygen environmental chamber containing 

approximately 4 mg/L oxygen.  Plastic wire mesh was placed inside the aquaria in such a manner as to 

provide a trellis to ensure the vegetative growth occurs above the hypoxic culture media. Sulfide-treated 

test solutions were prepared daily for use in renewal.  Sulfide concentrations in the test solutions were 

measured prior to and following each daily media renewal using an ion-selective probe. The stability of 

sulfide in the culture media was aided by the N2 gas balance in the media. Summaries of the test 

concentrations and study conditions are provided in Tables 4 and 5. 

 

 The diurnal temperature variation was controlled with gradual 2-hour ramped warm-up from 

122ºC maintained from 2000 to 0400 hours to 21º2ºC maintained from 0600 to 1800 hours with the 

corresponding 2-hour ramped cool down.  During this period, the oxygen in the headspace was 

maintained at 4 mg/L. The combination of ramped diurnal temperature control and constant oxygen 

levels in the headspace allowed for control of oxygen levels in the hydroponic media to prevent oxygen 

saturation of the media. 

4.4.1. EXPOSURE SYSTEM MAINTENANCE 

Exposure tanks were siphoned on a daily basis to remove waste and any accumulated debris.  

Care was taken to minimize stress and trauma to the seeds/seedlings, especially during movement, 

cleaning of aquaria, and manipulation.  Potentially stressful conditions and rapid changes in 

environmental conditions (light availability, temperature, pH, DO) were avoided. 

4.5. WATER QUALITY ANALYSES 

4.5.1. WATER (CULTURE) QUALITY ANALYSES 

In each replicate tank, temperature and light intensity (lux) were measured daily throughout the 

10-d study.  DO (aqueous and headspace), pH, oxidation/reduction potential (ORP), and sulfide were 

measured twice daily (i.e., prior to and following solution renewal). DO, ORP, and sulfide 

measurements were conducted at the same water depth as seed exposure. Additionally, specific 

conductance (conductivity), total hardness, total alkalinity, total Fe, total residual oxidants, ammonia-

nitrogen, sulfate, nitrate, and phosphate were measured in the media in a replicate of each treatment at 

SD 0, 7, 14, and 21 (conclusion) of the in-life phase. 
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4.6. TEST METHOD 

The definitive wild rice sulfide toxicity study was conducted in a static-renewal format as 

prescribed by Fort et al. (1) and study ENVI01-00352 in an environmental chamber equipped for 

hydroponic studies (Table 5). Test solution (0.7 of total volume) was renewed daily.  Each of the four 

replicates per solution contained two 1 L mesh-lined sub-baskets.  The inert plastic mesh served as the 

medium on which the seeds were placed and served as a physical support required for hydroponic 

culture. Each basket contained 80 seeds (320 total per exposure condition), which was adequate to 

evaluate concentration-response relationships and assess significant differences in the treatments relative 

to their respective control (i.e., the HS-1 medium with a given iron concentration and no sulfide) (3,4). 

The study was performed in the dark to promote mesocotyl emergence and development. 

 

Visual assessments only (i.e., no plants harvested) of the following endpoints (Table 6) were 

conducted at SD 10 following dark-phase exposure to evaluate: 

 

 Activation expressed as % activation; 

 Mesocotyl Emergence expressed as % emergence;  

 Time to emergence expressed as the time to 30% emergence (ET30) at the 

replicate and treatment levels; 

 Seedling survival expressed as % survival; and  

 Phytotoxicity expressed as % affected.  

All baskets were evaluated for the following endpoints, as well as, total plant biomass and signs of 

phytotoxicity during the free leaf stage at study conclusion (SD 21): 

 

 Activation expressed a % activation; 

 

 Mesocotyl Emergence expressed as % emergence; 

 

 Time to emergence expressed as the time to 30% emergence (ET30) at the 

replicate and treatment levels; 

 Seedling survival; 

 

 Shoot (mesocotyl, coleoptile and primary leaf) weight expressed as dry 

weight, or dw; 

 

 Shoot (mesocotyl, coleoptile and primary leaf) lengths; 

 

 Root (seminal and rootlets) dw; 

 

 Seminal Root length; and 

 

 Free leaf number and biomass dw. 
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Since the frequency of mesocotyl emergence was not anticipated to be 100%, an acceptable 

frequency of mesocotyl emergence was determined from the MDP (ENVI01-00324 and 00351) and is 

listed in Table 7.  In addition to the HS-1 (1:4) negative control and HS-1 controls containing the 

additional iron concentrations, a 100 mg B/L treatment in HS-1 (1:4) media was included as a positive 

control toxicant.   

 

For all endpoint assessments (Table 6), plants were carefully removed at the conclusion of 

exposure using watch maker forceps and placed into Petri dishes for each replicate to evaluate the 

appropriate endpoints.  Each set was digitally photographed, and length measurements of shoots and 

roots were recorded using digitization to the nearest mm.  Weights (dw at 105oC) were recorded using 

an analytical balance capable of recording to the nearest 0.1 mg.  The seminal root tissue was dissected 

from the seed as well as the coleoptile and primary leaf (shoot) material to specifically evaluate root 

tissue length (development). 

4.7. BIOLOGICAL ENDPOINTS / OBSERVATIONS 

4.7.1. DATA COLLECTION AND BIOLOGICAL ENDPOINTS 

Test data and daily observations were recorded in the study records. Study records included 

study tracking sheets, test information sheets, study calendars identifying major events, study logs for 

recording detailed observations and comments, activation, daily mesocotyl emergence, seedling 

survival, and test termination data sheets. Endpoints selected for the present study were based on those 

required by OECD Test No. 208 (5).  The endpoints assessed were activation, mesocotyl emergence, 

and seedling survival (all of which were measured daily), and signs of phytotoxicity (wilting, chlorosis, 

stem and root rot). Table 3 provides an overview of the endpoints and the corresponding observation 

time points. 

4.7.1.1. ACTIVATION 

Activation was defined as the absorption of water by the seed and seed coat disruption.  All seeds 

were evaluated for activation using a magnification lens.  Activation data were presented as a percentage 

of the total seeds per sub-basket, by replicate, and by culture media (treatment).  

4.7.1.2. MESOCOTYL EMERGENCE 

Mesocotyl emergence was defined as the appearance of plant tissue in the form of shoots or roots 

from the germinated seed.  Emergence data were presented as a percentage of the total germinated seeds 

per pot, by replicate, and by culture media (treatment) and as the time required for mesocotyl emergence 

expressed as the time to 30% emergence (ET30) in each replicate and treatment. 

4.7.1.3. SEEDLING SURVIVAL 

Survival only applied to seeds with emerged plant tissue.  Mortality was defined as loss of living 

emerged plant tissue.  Survival data were presented as a percentage of the total seeds with emerged plant 

tissue per basket, by replicate, and by culture media (treatment). 
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4.7.1.4. PHYTOTOXICITY (FREE LEAF PHASE) 

Signs of phytotoxicity, including chlorosis of the leaves, darkening of the plant tissue (rot), 

wilting (loss of turgor pressure), and deformity were recorded and expressed as a percent of the seeds 

with emerged plant tissue.  Because this endpoint was somewhat subjective and is a descriptive 

endpoint, peer-review was used to verify results. 

 

4.7.2. DAY 0 TEST INITIATION AND SAMPLE COLLECTION 

Treatment tanks were randomly assigned to a position in the exposure system in order to account 

for possible variations in temperature and light intensity. On study day 0, seeds selected for study were 

randomly placed in each pot such that five seeds were added to each pot in accordance with a 

randomized design chart until each sub-basket contained 40 seeds.  Samples of the test solutions were 

collected and analyzed for parameters described in Table 5.  Tables 5 and 6 also provides an overview of 

the endpoints and the corresponding observation time points. 

4.8. DATA ANALYSIS 

All data from in-life portions of the study were tabulated in spreadsheets.  The experimental unit 

for the present study was the replicate.  For measurement endpoints (i.e., weights and lengths), replicate 

level data were based on the mean value for all plants measured in that replicate with the exception of 

the ET30 data sets which were based on median values.  The statistical tests used to compare the culture 

media to the sulfide and B positive control differed depending on the data type and distribution for each 

measurement endpoint. For determination of concentration-based endpoints (NOEC and LOEC 

numerical endpoints), data that were expressed as a percent or proportion were transformed using the 

arcsine square root prior to further analysis.  For measurement endpoints, comparisons between the 

treatments and designated controls were performed using one-way analysis of variance (ANOVA) or a 

nonparametric equivalent (KW-ANOVA).  In all cases, sulfide treatments sharing the same iron 

concentration were compared against a control condition containing that same concentration of iron.  

When the initial test was statistically significant, post hoc tests were Dunnett’s test for parametric test 

and Dunn's test for non-parametric tests.  Treatment median ET30 values were determined by deriving 

the median of replicate ET30 values.  
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5. RESULTS 

The statistical analyses and raw data are presented as Appendices A and B, respectively. An 

assessment of study performance is provided in Table 6. The discussion below refers to nominal sulfide 

concentrations unless otherwise noted (e.g., in the case of sulfide loss as a function of iron 

concentration). 

5.1. SULFIDE TOXICITY  

A summary of water quality measurements and study parameters for the negative controls (HS-1 

with each Fe concentration), positive control (boron, as boric acid), and Fe-sulfide treatments is 

presented in Table 8. The pH was maintained at 6 to 7.5 s.u. in all replicates of controls and treatments, 

and ±0.5 s.u. within a given replicate for each daily measurement over the course of the study.  DO 

levels in the aquatic media were maintained at <1.0 mg/L in all treatments during the course of the study 

and at approximately 4 mg/L in the headspace chamber above the hydroponics chamber.  Since the DO 

levels in the hydroponic media were maintained at <1 mg/L, no oxygen saturation occurred in the media.  

Hydroponic chamber temperature was maintained at 21º  2ºC (day) and 12  2ºC (night) in all 

replicates of control and treatments. A summary of sulfide concentrations based on time-weighted 

average values measured following test solution renewal (T0) and immediately prior to renewal (T24), 

along with an evaluation of 24-hour sulfide losses in each treatment is presented in Table 9. The mean 

sulfide concentration was calculated in accordance with OECD methods, and takes into account the 

variation in instantaneous concentration over time so that the area under the time-weighted mean is 

equal to the area under the concentration curve (6). Because the time intervals for all measurement 

periods were the same (i.e., 24 hours), the time-weighted mean values in Table 8 are equivalent to the 

arithmetic mean values for the newly prepared (post-renewal) and 24-hour old (pre- renewal) test 

solutions. Inter-replicate percent coefficient of variation (CV) within the control or a given sulfide 

exposure was ≤20% in both pre- and post-test solution renewal samples based on TWA concentrations. 

The inter-replicate CV for 24-hour sulfide loss based on the TWA concentration was ≤20%.  Free 

sulfide loss between 24-hour renewals ranged from 17.0 to 27.1% in the 0.8 mg Fe/L treatments, and 

36.7% to 55.5% in the 2.8 mg Fe/L treatments, respectively based on TWA measurements. The loss was 

presumably due in part to degradation, but primarily complexation with Fe.  The results indicate that 

nominal and measured sulfide concentrations in freshly-prepared test solutions were very similar, but 

that increased Fe reduced free sulfide concentrations, and that this decrease was not necessarily a linear 

function of iron concentrations.  

5.1.1. STUDY DAY 10 

5.1.1.1. SULFIDE WITH 0.8 OR 2.8 mg Fe/L 

The effects of sulfide exposure on developing wild rice in the presence of 0.8 mg Fe/L are 

presented in Tables 10-12.  Overall, the following findings were noted: 

 

 A boric acid positive control was performed with the 0.8 mg Fe/L treatment series.  

≥Decreased emergence and increased median ET30, and the occurrence of phytotoxicity 

were observed in wild rice exposed to 100 mg B/L relative to the HS-1 control with 0.8 

mg Fe/L.  
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 Sulfide exposure did not affect seed activation, seedling survival, or induce phytotoxicity 

at 7.78 mg/L in either of the Fe treatments. 

 Emergence was the most sensitive endpoint, with respective SD 10 NOEC and LOEC 

values of 3.12 mg/L and 7.78 mg/L sulfide for both the 0.8 mg/L and 2.8 mg/L Fe 

treatments. 

 IC25 and IC10 values were 2.19 (2.01-2.37) and 1.91 (1.61-2.26) mg/L sulfide for the 0.8 

mg/L Fe treatment, respectively; and 5.21 (4.97-5.45) and 2.37 (2.34-2.40) mg/L sulfide 

for the 2.8 mg/L Fe treatment. 

5.1.2. STUDY DAY 21 

5.1.2.1. SULFIDE WITH 0.8 OR 2.8 mg FE/L 

 A boric acid positive control was performed with the 0.8 mg Fe/L treatment series. 

Decreased emergence and increased median ET30, and the occurrence of phytotoxicity 

were observed in wild rice exposed to 100 mg B/L relative to the HS-1 control with 0.8 

mg Fe/L.  

 Sulfide exposure did not affect seed activation, seedling survival, root weight or length, 

free leaf number or weight, or induce phytotoxicity at 7.78 mg/L in either of the Fe 

treatments. 

 Emergence (expressed as %) was the most sensitive endpoint, with respective SD 21 

NOEC and LOEC values of 1.56 mg/L and 3.12 mg/L sulfide for the 0.8 mg/L Fe 

treatment; and 3.12 and 7.78 mg/L sulfide for the 2.8 mg/L Fe treatment. 

 Emergence (expressed as ET30) was the similarly sensitive to emergence express as %, 

with respective SD 21 NOEC and LOEC values of 1.56 mg/L and 3.12 mg/L sulfide for 

the 0.8 mg/L Fe treatment, respectively; and 7.78 and >7.78 mg/L sulfide for the 2.8 

mg/L Fe treatment, respectively. 

 IC25 and IC10 values for emergence were 2.23 (2.13-2.33) and 1.55 (1.52-1.58) mg/L 

sulfide for the 0.8 mg/L Fe treatment, respectively; and 5.29 (5.13-5.45) and 2.38 (2.36-

2.40) mg/L sulfide for the 2.8 mg/L Fe treatment. 

 For shoot weight and length, SD 21 NOEC and LOEC values of 3.12 mg/L and 7.78 

mg/L sulfide for the 0.8 and 2.8 mg/L Fe treatments; and 3.12 and 7.78 mg /L sulfide for 

the 2.8 mg/L Fe treatment were observed. 

 IC25 and IC10 values for shoot weight were 5.45 (5.40-5.50) and 4.52 (3.94-5.29) mg/L 

sulfide for the 0.8 mg/L Fe treatment, and 7.78 (7.60-8.00) and 4.91 (4.66-5.16) mg/L 

sulfide for the 2.8 mg/L Fe treatment. 

 IC25 and IC10 values for shoot length were 7.70 (7.63-7.77) and 4.91 (4.42-5.40) mg/L 

sulfide for the 0.8 mg/L Fe treatment, and >7.78 and 5.57 (5.44-5.70) mg/L sulfide for 

the 2.8 mg/L Fe treatment. 

 As observed in Fort et al. (1), the addition of 2.8 mg/L Fe reduced the toxicity 

(emergence) of sulfide, indicating that the concentration of oxygen in the headspace 

during mesocotyl emergence and early growth was not a significant factor in the 

sensitivity of wild rice to sulfide. 
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6. PERFORMANCE CRITERIA AND VALIDITY 

Results from the 00428 study met the performance criteria established (Table 6).  

7. DISCUSSION  

Results from this study indicate that for the most sensitive endpoint (mesocotyl emergence), 

exposure of developing wild rice to sulfide at concentrations ≥3.12 mg/L sulfide was toxic based on 

assessment of NOEC and LOEC values in the presence of 0.8 mg/L Fe. However, exposure of 

developing wild rice to sulfide at concentrations ≥7.8 mg/L was necessary to significantly reduce 

emergence in the presence of 2.8 mg Fe/L based on the mesocotyl emergence, and shoot weight and 

length. Overall, mesocotyl emergence was the most consistently sensitive endpoint in the study, while 

seed activation, seedling survival, root growth, leaf number and biomass, and phytotoxicity were the 

least sensitive endpoints. Based on measured sulfide concentrations, Fe reduced free sulfide 

concentrations in the 2.8 mg Fe/L treatment relative to the 0.8 mg Fe/L treatment. These observations, 

combined with differences in wild rice responses to sulfide across the different iron concentrations, 

demonstrate the ability of Fe to reduce sulfide toxicity to wild rice.  Further, the concentration of oxygen 

in the headspace during mesocotyl emergence and early growth was not a significant factor in the 

sensitivity of wild rice to sulfide. 

8. CONCLUSION 

As observed in Fort et al. (1), the addition of 2.8 mg/L Fe reduced the toxicity (emergence) of 

sulfide indicating that the depth of hydroponic exposure during mesocotyl emergence and early growth 

was not a significant factor in the sensitivity of wild rice to sulfide.  In the present study, a greater effect 

of Fe in reducing the effects of sulfide on mesocotyl emergence was noted at SD 10 compared to Fort et 

al. (1) based on NOEC and LOEC values, but the IC25 values were comparable.  Results from these 

studies demonstrated the concentration of oxygen in the headspace during mesocotyl emergence and 

early growth was not a significant factor in the sensitivity of wild rice to sulfide, and complexation with 

Fe is the primary mitigating factor in terms of sulfide toxicity.   
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Table 3. Modified Hoagland’s Solution – HS-1 with 1:4 Ammonia:Nitrate 

 

Primary Ingredient 

Media HS-1 

(1:4)  

mL Stock/L 

1 M NH4H2PO4 0.12 

1 M NH4NO3 0.70 

1 M KNO3 1.10 

1 M Ca(NO3)2 0.75 

1M MgSO4 0.50 

Micronutrients (Stock B) 
 

0.556 g H3BO3 

1.00 

9.163 g MnCl2 • 4 H2O 

0.219 g ZnSO4 • 7 H2O 

0.077 g CuSO4 • 5 H2O 

0.121 g Na2MoO4 • 2H2O 

2.417 g FeCl3 

 

 

Table 4. Experimental Design1 

  

Total Fe 

Concentration 

(mg/L) 

 

 

Sulfide (mg/L) 

0.8 (HS-1) 0 0.3  1.56 3.1  7.8 

2.8  0 0.3  1.56 3.1  7.8 

  

                                                      
1 100 mg B/L was also included with HS-1 only as a positive control. 
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Table 5. Experimental Conditions for Hydroponic Study – Definitive Phase 

 
Test Substance Sulfide 

Test System (species) Zizania palustris (wild rice) 

Initial Stage Seed, September 8, 2014seed lot from Little Round Lake (03-0302-00) 

Exposure Period 21-d (mesocotyl emergence phase in dark) and 21-d (free leaf phase)  

Selection Criteria Seed uniformity, visual quality, and activation 

Exposure System 
Static-renewal (daily) in controlled environmental chambers under 

anaerobic aquatic phase and aerobic vegetative phase 

Exposure Route Water (hydroponics) 

Exchange frequency Daily, 0.7 volumes/day 

Water Source   Deionized water 

Media HS-1 with 1:4 ammonia:nitrate 

Seed Density 40 seeds/1 L sub-basket (320 seeds per treatment or control) 

Test Vessel 1 L basket equipped with mesh bottom supports for seeds 

Replication 1 L baskets equipped with mesh bottom supports for seeds 

Vessel Placement 

4 replicate tanks with each replicate containing a sub-divided 1 L 

basket.  In total, there will be 40 seeds/sub-basket and 320 

seeds/treatment at SD 0.  

Positive Control Boric Acid (100 mg B/L)  

Test Performance Criteria (control) See Table 4 

Test Endpoints 

Daily 
Activation, mesocotyl emergence, seedling survival, and visual 

inspection of development (emergence and normalcy of development) 

SD 10 

Activation, mesocotyl emergence (%, time to emergence [TTE] 

expressed as 30% [ET30] if possible), survival, and signs of 

phytotoxicity 

Conclusion 

Activation, mesocotyl emergence (%, time to emergence [TTE] 

expressed as 30% [ET30] if possible), survival, shoot and seminal root 

length and weight, leaf number, second and free leaf biomass, and signs 

of phytotoxicity 

Feeding 
Nutrient/Micronutrients HS-1 modified with 1:4 ammonia:nitrate 

Frequency  Daily, 0.7 volumes renewed 

Lighting 
Photoperiod Dark through SD 10, then 16 h light:8 h dark 

Intensity (post SD 10) 5,000  1,000 lux (measured daily at water surface) 

Temperature In all replicates, daily, 21º  2ºC (day), and nightly, 12  2ºC (night) 

pH, ORP, DO, and sulfide 2x per day in all replicates prior to and following renewal 

Conductivity, alkalinity, hardness, ammonia, total Fe, 

nitrate, sulfate, phosphate, total residual oxidants 

Initiation, Day 7, Day 14, and Day 21(conclusion) of study in a 

representative test replicate of each treatment.    
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Table 6. Observation Time Points for Primary Endpoints  

Apical/Molecular/Biochemical 

Endpoints: 

Daily 

SD 10 

Emergence 

Phase 

SD 21 Free-

Leaf Phase 

Activation ●   

Survival ●   

Emergence ●   

Shoot1 weight    ● 

Shoot length   ● 

Root2 weight    ● 

Root length   ● 

Leaf number   ● 

Leaf biomass   ● 

Total plant biomass   ● 

Phytotoxicity  ● ● 

 

 

 

 

Table 7. General Test Performance Criteria 

 

Criterion 

Criterion Acceptance (value, if 

appropriate) 

Control activation 95% √ (100%) 

Control mesocotyl 

emergence 

≥30% on SD 21 √ (44.4 and 45.6% in the 

0.8 and 2.8 mg/L Fe 

controls) 

Control survival ≥90% √ (100%) 

Positive control 

(BA) phytotoxicity 

≥80% √ (100%) 

DO 
<2.0 mg/L for the aquatic media and approximately 4 mg/L in 

the headspace above the chamber 

√ (within range) 

pH 

6-7.5 in all replicates of control and treatments and ±0.5 s.u. 

within a given replicate for each daily measurement point at T0 

and T24 and over the course of the study in a given replicate 

√ (within range) 

Water temperature 
21º  2ºC (day), and nightly, 12  2ºC (night) in all replicates of 

control and treatments 

√ (within range) 

Sulfide 

concentration 

Inter-replicate CV ≤20% within each control or treatment 

condition at pre- or post-renewal time points based on TWA 

concentration; and ≤30% 24-hour sulfide loss in 0.8 mg Fe/L set 

(control) based on TWA concentration   

√ (within range) 

 

                                                      
1Includes mesocotyl, coleoptile, and primary leaf measured combined for weight and individually by structure for length. 
2Seminal roots and rootlets for weight and seminal root for length. 
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Table 8. Water Quality Summary 

 

Temp 

(ºC) 

Light Intensity  

(lux) 

pH DO ORP 

AM PM Pre-Renew Post-Renew 

Headspace Aquatic 

Pre-Renew Post-Renew Pre Post Pre Post 

HS-1 (1:4) Nutrient Media  

MIN 22.2 12.4 4210 6.4 6.5 3.8 3.8 0.6 0.5 53.0 53.2 

MAX 22.5 12.9 4870 7.2 7.1 4.1 4.1 0.9 0.9 57.7 58.4 

MEAN 22.3 12.7 4530 6.9 7.0 4.0 4.0 0.8 0.8 55.1 55.2 

SEM 0.01 0.01 34 0.01 0.01 0.01 0.01 0.01 0.01 0.10 0.11 

 100 mg/L Boric Acid Treatment 

MIN 22.2 12.3 4110 6.5 6.5 3.8 3.8 0.7 0.7 52.9 52.3 

MAX 22.5 12.8 4990 7.1 7.0 4.1 4.1 0.9 0.9 56.7 56.9 

MEAN 22.3 12.7 4597 6.9 7.0 4.0 4.0 0.8 0.8 54.5 54.9 

SEM 0.01 0.01 43 0.01 0.01 0.01 0.01 0.01 0.01 0.08 0.11 

 0.3 mg/L Sulfide 0.8 mg/L Fe 

MIN 22.2 12.4 4230 6.6 6.7 3.8 3.8 0.7 0.6 129.8 130.0 

MAX 22.4 12.8 4930 7.5 7.2 4.1 4.1 0.9 0.9 139.4 140.6 

MEAN 22.3 12.7 4496 6.9 6.9 3.9 4.0 0.8 0.8 132.1 132.6 

SEM 0.01 0.01 29.12 0.01 0.01 0.01 0.01 0.01 0.01 0.25 0.25 

 1.56 mg/L Sulfide 0.8 mg/L Fe 

MIN 22.2 12.3 4130 6.6 6.6 3.8 3.8 0.7 0.7 133.2 133.8 

MAX 22.4 12.8 4840 7.0 7.0 4.2 4.1 0.9 0.9 144.6 145.6 

MEAN 22.3 12.7 4445 6.9 6.9 3.9 4.0 0.8 0.8 139.0 139.0 

SEM 0.01 0.01 21.73 0.01 0.01 0.01 0.01 0.01 0.01 0.20 0.20 

 3.12 mg/L Sulfide 0.8 mg/L Fe 

MIN 22.2 12.3 4090 6.7 6.6 3.8 3.8 0.7 0.7 133.2 130.2 

MAX 22.4 12.8 4830 7.2 7.2 4.1 4.1 0.9 0.9 150.2 150.7 

MEAN 22.3 12.7 4430 6.8 6.9 3.9 4.0 0.8 0.8 142.7 142.1 

SEM 0.01 0.01 21.21 0.01 0.01 0.01 0.01 0.01 0.01 0.26 0.36 
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Table 8. Water Quality Summary (continued) 

 

Temp 

(ºC) 

Light Intensity  

(lux) 

pH DO ORP 

AM PM Pre-Renew Post-Renew 

Headspace Aquatic 

Pre-Renew Post-Renew Pre Post Pre Post 

 7.78 mg/L Sulfide 0.8 mg/L Fe 

MIN 22.2 12.4 4000 6.5 6.5 3.8 3.8 0.7 0.7 137.4 134.2 

MAX 22.4 12.8 4710 7.4 7.3 4.1 4.1 0.9 0.9 156.2 157.3 

MEAN 22.3 12.7 4389 6.8 6.8 3.9 4.0 0.8 0.8 150.6 151.2 

SEM 0.01 0.01 24.56 0.02 0.02 0.01 0.01 0.01 0.01 0.31 0.33 

 HS-1 (1:4) Nutrient Media 2.8 mg/L Fe 

MIN 22.2 12.4 4160 6.4 6.5 3.8 3.7 0.7 0.6 50.3 51.3 

MAX 22.4 12.8 4930 7.1 7.0 4.1 4.1 0.9 0.9 58.4 57.5 

MEAN 22.3 12.7 4480 6.9 6.9 4.0 4.0 0.8 0.8 55.0 55.2 

SEM 0.01 0.01 24 0.01 0.02 0.01 0.01 0.01 0.01 0.14 0.11 

 0.3 mg/L Sulfide 2.8 mg/L Fe 

MIN 22.2 12.4 4210 6.6 6.7 3.8 3.7 0.6 0.6 130.2 130.0 

MAX 22.4 12.8 4930 7.0 7.0 4.1 4.1 0.9 0.9 138.7 141.3 

MEAN 22.3 12.7 4460 6.8 6.9 3.9 3.9 0.8 0.8 132.3 132.7 

SEM 0.01 0.01 18.98 0.01 0.01 0.01 0.01 0.01 0.01 0.19 0.24 

 1.56 mg/L Sulfide 2.8 mg/L Fe 

MIN 22.2 12.3 4210 6.3 6.5 3.8 3.7 0.7 0.7 130.4 130.1 

MAX 22.4 12.9 4830 7.0 7.0 4.1 4.4 0.9 0.9 144.7 145.1 

MEAN 22.3 12.7 4528 6.8 6.8 4.0 3.9 0.8 0.8 138.8 139.0 

SEM 0.01 0.01 21.54 0.01 0.01 0.01 0.01 0.01 0.01 0.24 0.26 

 3.12 mg/L Sulfide 2.8 mg/L Fe 

MIN 22.2 12.4 4250 6.5 6.6 3.8 3.8 0.6 0.6 133.9 134.2 

MAX 22.4 12.8 4860 7.0 7.0 4.1 4.1 0.9 0.9 149.1 149.5 

MEAN 22.3 12.7 4558 6.8 6.8 3.9 3.9 0.8 0.8 142.4 142.7 

SEM 0.01 0.01 29.00 0.01 0.01 0.01 0.01 0.01 0.01 0.26 0.32 

 7.78 mg/L Sulfide 2.8 mg/L Fe 

MIN 22.2 12.4 4140 6.4 6.5 3.8 3.8 0.7 0.7 143.6 133.1 

MAX 22.4 12.8 4990 6.9 7.0 4.1 4.1 0.9 0.9 155.7 157.8 

MEAN 22.3 12.7 4601 6.7 6.7 4.0 4.0 0.8 0.8 150.7 151.0 

SEM 0.01 0.01 41.04 0.01 0.01 0.01 0.01 0.01 0.01 0.22 0.41 
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Table 9. Summary of Measured Sulfide Concentrations 

Treatment 

Nominal 

Concentration 

(µM/mg/L) 

Time-Weighted Average1 (mg/L) 

Post-

Renewal 

(T0)2 

CV 

(%) 

Pre-

Renewal 

(T24)3 

CV 

(%) 

Loss 

(%) 

HS-1 0.0 <0.01 - <0.01 - - 

100 mg B/L/wild 

rice 
0.0 <0.01 - <0.01 - - 

0.3 mg/L S2- 0.3 0.38 10.13 0.30 4.59 21.61 

1.56 mg/L S2- 1.56 1.79 11.57 1.44 5.04 19.65 

3.12 mg/L S2- 3.12 3.33 11.44 2.42 9.32 27.12 

7.78 mg/L S2- 7.8 7.94 7.01 6.59 5.02 17.00 

HS-1 2.8 mg/L Fe 0.0 <0.01 - <0.01 - - 

0.3 mg/L S2-  

2.8 mg/L Fe 
0.3 0.38 13.88 0.22 9.56 40.53 

1.56 mg/L S2- 

2.8 mg/L Fe 
1.56 1.71 12.78 1.08 8.65 36.65 

3.12 mg/L S2- 

2.8 mg/L Fe 
3.12 3.39 14.55 1.51 8.68 55.48 

7.78 mg/L S2- 

2.8 mg/L Fe 
7.8 7.71 12.21 4.25 8.06 44.93 

  

                                                      
1 Analysis based on OECD method 211 (11). 
2 Time-weighted based on analysis of fresh test solutions. 
3 Time-weighted based on analysis of aged test solutions at T24 prior to renewal of fresh test solutions. 
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Table 10. Study Day 10 Endpoint Summary 

Treatment Rep 

 Per Replicate 

Activated 

Seed (n) 

Activation 

(%) 

Mesocotyl 

Emerged 

(n) 

Mesocotyl 

Emergence 

(%) 

Seedling 

Survival 

(n) 

Survival 

(%) 

Mean 

Free 

Leaf 

(n) 

Phytotox: 

Abnormal 

Appearance 

(n) (%) 

HS-11 

A 40 100.0 15 37.5 15.0 100.0 0 0 0.0 

B 40 100.0 14 35.0 14.0 100.0 0 0 0.0 

C 40 100.0 13 32.5 13.0 100.0 0 0 0.0 

D 40 100.0 15 37.5 15.0 100.0 0 0 0.0 

Mean: 40 100 14.3 35.6 14.3 100.0 0 0 0.0 

SEM: 0.0 0.0 0.48 1.20 0.48 0.0 0.0 0.0 0.0 

100 mg/L 

BA 

A 40 100.0 3 7.5 3.0 100.0 0 3 100.0 

B 40 100.0 3 7.5 3.0 100.0 0 3 100.0 

C 40 100.0 3 7.5 3.0 100.0 0 3 100.0 

D 40 100.0 3 7.5 3.0 100.0 0 3 100.0 

Mean: 40 100 3.0 7.52 3.0 100 0 3 1003 

SEM: 0.0 0.0 0.00 0.00 0.00 0.0 0.0 0.0 0.0 

0.3 mg/L 

S2- 

A 40 100.0 14 35.0 14.0 100.0 0 0 0.0 

B 40 100.0 12 30.0 12.0 100.0 0 0 0.0 

C 40 100.0 13 32.5 13.0 100.0 0 0 0.0 

D 40 100.0 14 35.0 14.0 100.0 0 0 0.0 

Mean: 40 100 13.3 33.1 13.3 100 0 0.0 0 

SEM: 0.0 0.0 0.48 1.20 0.48 0.0 0.0 0.0 0.0 

1.56 mg/L 

S2- 

A 40 100.0 13 32.5 13.0 100.0 0 0 0.0 

B 40 100.0 13 32.5 13.0 100.0 0 0 0.0 

C 40 100.0 15 37.5 15.0 100.0 0 0 0.0 

D 40 100.0 12 30.0 12.0 100.0 0 0 0.0 

Mean: 40 100 13.3 33.1 13.3 100 0 0.0 0 

SEM: 0.0 0.0 0.63 1.57 0.63 0.0 0.0 0.0 0.0 

  

                                                      
1Contains 0.8 mg Fe/L.  Statistical comparisons made to HS-1 with 0.8, 2.8 mg Fe/L controls depending on treatment set 

analyzed to hold the nominal Fe constant during analysis.  
2Significantly less than 0.8 mg/L Fe HS-1 control (ANOVA, Dunnett’s test, p<0.05). 
3Significantly greater than 0.8 mg/L Fe HS-1 control (Mann-Whitney U test, p=0.029). 
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Table 10.  Study Day 10 Endpoint Summary (Continued) 

Treatment Rep 

 Per Replicate 

Activated 

Seed (n) 

Activation 

(%) 

Mesocotyl 

Emerged 

(n) 

Mesocotyl 

Emergence 

(%) 

Seedling 

Survival 

(n) 

Survival 

(%) 

Mean 

Free 

Leaf 

(n) 

Phytotox: 

Abnormal 

Appearance 

(n) (%) 

3.12 mg/L 

S2- 

A 40 100.0 9 22.5 9.0 100.0 0 0 0.0 

B 40 100.0 9 22.5 9.0 100.0 0 0 0.0 

C 40 100.0 7 17.5 7.0 100.0 0 0 0.0 

D 40 100.0 8 20.0 8.0 100.0 0 0 0.0 

Mean: 40 100 8.3 20.6 8.3 100 0 0.0 0 

SEM: 0.0 0.0 0.48 1.20 0.48 0.0 0.0 0.00 0.0 

7.78 mg/L 

S2- 

 

A 40 100.0 3 7.5 3.0 100.0 0 0 0.0 

B 40 100.0 3 7.5 3.0 100.0 0 0 0.0 

C 40 100.0 4 10.0 4.0 100.0 0 0 0.0 

D 40 100.0 3 7.5 3.0 100.0 0 0 0.0 

Mean: 40 100 3.3 8.11 3.3 100 0 0.0 0 

SEM: 0.0 0.0 0.25 0.63 0.25 0.0 0.0 0.00 0.0 

HS-1  

2.8 mg/L 

Fe 

A 40 100.0 13 32.5 13.0 100.0 0 0 0 

B 40 100.0 14 35.0 14.0 100.0 0 0 0 

C 40 100.0 14 35.0 14.0 100.0 0 0 0 

D 40 100.0 15 37.5 15.0 100.0 0 0 0 

Mean: 40 100 14.0 35.0 14.0 100 0 0.0 0 

SEM: 0.0 0.0 0.41 1.02 0.41 0.0 0.0 0.00 0.0 

0.3 mg/L 

S2-  

2.8 mg/L 

Fe 

A 40 100.0 16 40.0 16.0 100.0 0 0 0 

B 40 100.0 15 37.5 15.0 100.0 0 0 0 

C 40 100.0 15 37.5 15.0 100.0 0 0 0 

D 40 100.0 13 32.5 13.0 100.0 0 0 0 

Mean: 40 100 14.8 36.9 14.8 100 0 0.0 0 

SEM: 0.0 0.0 0.63 1.57 0.63 0.0 0.0 0.00 0.0 

  

                                                      
1Significantly less than 0.8 mg/L Fe HS-1 control (ANOVA, Dunnett’s test, p<0.05). 
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Table 10. Study Day 10 Endpoint Summary (Continued) 

Treatment Rep 

 Per Replicate 

Activated 

Seed (n) 

Activation 

(%) 

Mesocotyl 

Emerged 

(n) 

Mesocotyl 

Emergence 

(%) 

Seedling 

Survival 

(n) 

Survival 

(%) 

Mean 

Free 

Leaf 

(n) 

Phytotox: 

Abnormal 

Appearance 

(n) (%) 

1.56 mg/L 

S2- 

2.8 mg/L 

Fe 

A 40 100.0 13 32.5 13.0 100.0 0 0 0.0 

B 40 100.0 13 32.5 13.0 100.0 0 0 0.0 

C 40 100.0 14 35.0 14.0 100.0 0 0 0.0 

D 40 100.0 12 30.0 12.0 100.0 0 0 0.0 

Mean: 40 100 13.0 32.5 13.0 100 0 0.0 0 

SEM: 0.0 0.0 0.41 1.02 0.41 0.0 0.0 0.00 0.0 

3.12 mg/L 

S2- 

2.8 mg/L 

Fe 

A1 40 100.0 12 30.0 12.0 100.0 0 0 0.0 

A2 40 100.0 13 32.5 13.0 100.0 0 0 0.0 

B1 40 100.0 12 30.0 12.0 100.0 0 0 0.0 

B2 40 100.0 13 32.5 13.0 100.0 0 0 0.0 

Mean: 40 100 12.5 31.3 12.5 100 0 0 0 

SEM: 0.0 0.0 0.29 0.72 0.29 0.0 0.0 0.00 0.0 

7.78 mg/L 

S2-  

2.8 mg/L 

Fe 

A 40 100.0 8 20.0 8.0 100.0 0 0 0.0 

B 40 100.0 9 22.5 9.0 100.0 0 0 0.0 

C 40 100.0 7 17.5 7.0 100.0 0 0 0.0 

D 40 100.0 8 20.0 8.0 100.0 0 0 0.0 

Mean: 40 100 8.0 20.01 8.0 100 0 0 0 

SEM: 0.0 0.0 0.41 1.02 0.41 0.0 0.0 0.00 0.0 

 

                                                      
1Significantly less than 2.8 mg/L Fe HS-1 control (ANOVA, Dunnett’s test, p<0.05).  
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Table 11.   Study Day 21 Endpoint Summary 

Treatment Rep 

 
Per Replicate 

Activated 

Seed (n) 

Activation 

(%) 

Mesocotyl 

Emerged 

(n) 

Mesocotyl 

Emergence 

(%) 

Seedling 

Survival 

(n) 

Survival 

(%) 

Mean 

Root 

Length 

(mm) 

Mean 

Root 

Weight 

(g) 

Mean 

Shoot 

Length 

(mm) 

Mean 

Shoot 

Weight 

(g) 

Mean 

Dried 

Leaf 

Weight 

(g) 

Mean 

Free 

Leaf 

(n) 

Phytotox: 

Abnormal 

Appearance 

(n) (%) 

HS-11 

A 40 100.0 18 45.0 18.0 100.0 34.2 0.0009 35.7 0.0038 0.0012 0.7 0 0.0 

B 40 100.0 18 45.0 18.0 100.0 31.7 0.0008 36.8 0.0045 0.0018 0.8 0 0.0 

C 40 100.0 16 40.0 16.0 100.0 33.6 0.0007 39.6 0.0034 0.0021 1.3 0 0.0 

D 40 100.0 19 47.5 19.0 100.0 32.3 0.0008 38.5 0.0033 0.0015 0.9 0 0.0 

Mean: 40 100 17.8 44.4 17.8 100.0 32.9 0.0008 37.7 0.0037 0.0017 0.9 0 0.0 

SEM: 0.0 0.0 0.63 1.57 0.63 0.0 0.58 0.0000 0.86 0.0003 0.0002 0.1 0.0 0.0 

100 mg/L 

BA 

A 40 100.0 5 12.5 5.0 100.0 28.5 0.0005 19.9 0.0016 0.0015 0.8 5 100.0 

B 40 100.0 5 12.5 5.0 100.0 40.1 0.0006 16.6 0.0013 0.0011 0.2 5 100.0 

C 40 100.0 4 10.0 4.0 100.0 23.6 0.0016 19.7 0.0018 0.0015 0.3 4 100.0 

D 40 100.0 3 7.5 3.0 100.0 33.5 0.0006 21.6 0.0030 0.0007 0.7 3 100.0 

Mean: 40 100 4.3 10.62 4.3 100 31.4 0.0008 19.53 0.0019 0.0012 0.5 4.25 1004 

SEM: 0.0 0.0 0.48 1.20 0.48 0.0 3.53 0.0002 1.02 0.0004 0.0002 0.1 0.5 0.0 

0.3 mg/L 

S2- 

A 40 100.0 17 42.5 17.0 100.0 33.4 0.0010 28.4 0.0033 0.0036 0.2 0 0.0 

B 40 100.0 18 45.0 18.0 100.0 41.0 0.0011 45.9 0.0033 0.0025 0.4 0 0.0 

C 40 100.0 18 45.0 18.0 100.0 44.0 0.0012 29.1 0.0031 0.0014 1.2 0 0.0 

D 40 100.0 18 45.0 18.0 100.0 48.2 0.0009 35.8 0.0040 0.0009 1.2 0 0.0 

Mean: 40 100 17.8 44.4 17.8 100 41.6 0.0010 34.8 0.0034 0.0021 0.8 0.0 0 

SEM: 0.0 0.0 0.25 0.63 0.25 0.0 3.12 0.0001 4.07 0.0002 0.0006 0.3 0.00 0.0 

  

                                                      
1Contains 0.8 mg Fe/L.  Statistical comparisons made to HS-1 with 0.8, 2.8 mg Fe/L controls depending on treatment set analyzed to hold the nominal Fe constant during 

analysis.  
2Significantly less than 0.8 mg/L Fe HS-1 control (ANOVA, Dunnett’s test, p<0.05). 
3Significantly less than 0.8 mg/L Fe HS-1 control (ANOVA, Dunnett’s test, p<0.05). 
4Significantly greater than 0.8 mg/L Fe HS-1 control (Mann-Whitney U test, p=0.029). 
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Table 11. Study Day 21 Endpoint Summary (Continued) 

Treatment Rep 

 
Per Replicate 

Activated 

Seed (n) 

Activation 

(%) 

Mesocotyl 

Emerged 

(n) 

Mesocotyl 

Emergence 

(%) 

Seedling 

Survival 

(n) 

Survival 

(%) 

Mean 

Root 

Length 

(mm) 

Mean 

Root 

Weight 

(g) 

Mean 

Shoot 

Length 

(mm) 

Mean 

Shoot 

Weight 

(g) 

Mean 

Dried 

Leaf 

Weight 

(g) 

Mean 

Free 

Leaf 

(n) 

Phytotox: 

Abnormal 

Appearance 

(n) (%) 

1.56 mg/L 

S2- 

A 40 100.0 17 42.5 17.0 100.0 41.9 0.0007 52.0 0.0043 0.0018 0.9 0 0.0 

B 40 100.0 16 40.0 16.0 100.0 58.7 0.0007 42.0 0.0061 0.0041 0.3 0 0.0 

C 40 100.0 16 40.0 16.0 100.0 56.7 0.0007 58.2 0.0053 0.0017 0.4 0 0.0 

D 40 100.0 15 37.5 15.0 100.0 46.3 0.0007 56.1 0.0063 0.0011 0.5 0 0.0 

Mean: 40 100 16.0 40.0 16.0 100 50.9 0.0007 52.1 0.0055 0.0022 0.5 0.0 0 

SEM: 0.0 0.0 0.41 1.02 0.41 0.0 4.06 0.0000 3.59 0.0004 0.0007 0.1 0.00 0.0 

3.12 mg/L 

S2- 

A 40 100.0 11 27.5 11.0 100.0 39.6 0.0007 51.1 0.0027 0.0025 0.5 0 0.0 

B 40 100.0 11 27.5 11.0 100.0 41.5 0.0009 54.4 0.0049 0.0029 0.4 0 0.0 

C 40 100.0 9 22.5 9.0 100.0 42.4 0.0010 46.3 0.0032 0.0018 0.7 0 0.0 

D 40 100.0 9 22.5 9.0 100.0 53.2 0.0009 45.7 0.0051 0.0008 0.2 0 0.0 

Mean: 40 100 10.0 25.01 10.0 100 44.2 0.0009 49.4 0.0040 0.0020 0.4 0.0 0 

SEM: 0.0 0.0 0.58 1.44 0.58 0.0 3.06 0.0001 2.06 0.0006 0.0005 0.1 0.00 0.0 

7.78 mg/L 

S2- 

 

A 40 100.0 5 12.5 5.0 100.0 40.5 0.0007 21.3 0.0019 0.0016 0.2 0 0.0 

B 40 100.0 4 10.0 4.0 100.0 29.4 0.0010 26.6 0.0027 0.0007 0.3 0 0.0 

C 40 100.0 5 12.5 5.0 100.0 49.8 0.0008 35.9 0.0013 0.0019 0.6 0 0.0 

D 40 100.0 5 12.5 5.0 100.0 34.8 0.0007 20.3 0.0021 0.0018 0.2 0 0.0 

Mean: 40 100 4.8 11.91 4.8 100 38.6 0.0008 26.02 0.00203 0.0015 0.3 0.0 0 

SEM: 0.0 0.0 0.25 0.63 0.25 0.0 4.37 0.0001 3.58 0.0003 0.0003 0.1 0.00 0.0 

  

                                                      
1Significantly less than 0.8 mg/L Fe HS-1 control (ANOVA, Dunnett’s test, p<0.05).   
2Significantly less than 0.8 mg/L Fe HS-1 control (ANOVA, Dunnett’s test, p<0.05). 
3Significantly less than 0.8 mg/L Fe HS-1 control (ANOVA, Dunnett’s test, p<0.05). 
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Table 11. Study Day 21 Endpoint Summary (Continued) 

Treatment Rep 

 
Per Replicate 

Activated 

Seed (n) 

Activation 

(%) 

Mesocotyl 

Emerged 

(n) 

Mesocotyl 

Emergence 

(%) 

Seedling 

Survival 

(n) 

Survival 

(%) 

Mean 

Root 

Length 

(mm) 

Mean 

Root 

Weight 

(g) 

Mean 

Shoot 

Length 

(mm) 

Mean 

Shoot 

Weight 

(g) 

Mean 

Dried 

Leaf 

Weight 

(g) 

Mean 

Free 

Leaf 

(n) 

Phytotox: 

Abnormal 

Appearance 

(n) (%) 

HS-1  

2.8 mg/L 

Fe 

A 40 100.0 18 45.0 18.0 100.0 40.9 0.0009 60.4 0.0052 0.0006 0.6 0 0 

B 40 100.0 19 47.5 19.0 100.0 35.4 0.0008 49.2 0.0041 0.0015 0.6 0 0 

C 40 100.0 18 45.0 18.0 100.0 46.0 0.0010 54.3 0.0038 0.0017 0.3 0 0 

D 40 100.0 18 45.0 18.0 100.0 36.9 0.0009 39.7 0.0051 0.0027 0.3 0 0 

Mean: 40 100 18.3 45.6 18.3 100 39.8 0.0009 50.9 0.0046 0.0016 0.5 0.0 0 

SEM: 0.0 0.0 0.25 0.63 0.25 0.0 2.36 0.0000 4.38 0.0003 0.0004 0.1 0.00 0.0 

0.3 mg/L 

S2-  

2.8 mg/L 

Fe 

A 40 100.0 19 47.5 19.0 100.0 40.3 0.0010 60.3 0.0038 0.0032 0.2 0 0 

B 40 100.0 18 45.0 18.0 100.0 47.6 0.0009 40.5 0.0046 0.0020 0.5 0 0 

C 40 100.0 19 47.5 19.0 100.0 57.2 0.0009 39.6 0.0035 0.0009 1.3 0 0 

D 40 100.0 18 45.0 18.0 100.0 46.2 0.0009 38.5 0.0030 0.0012 1.1 0 0 

Mean: 40 100 18.5 46.3 18.5 100 47.8 0.0009 44.7 0.0037 0.0018 0.8 0.0 0 

SEM: 0.0 0.0 0.29 0.72 0.29 0.0 3.50 0.0000 5.21 0.0003 0.0005 0.3 0.00 0.0 

1.56 mg/L 

S2- 

2.8 mg/L 

Fe 

A 40 100.0 17 42.5 17.0 100.0 42.8 0.0008 62.4 0.0041 0.0019 1.0 0 0.0 

B 40 100.0 17 42.5 17.0 100.0 42.8 0.0008 60.3 0.0055 0.0048 0.6 0 0.0 

C 40 100.0 18 45.0 18.0 100.0 54.7 0.0008 38.8 0.0029 0.0024 1.4 0 0.0 

D 40 100.0 17 42.5 17.0 100.0 45.1 0.0008 49.9 0.0037 0.0016 2.0 0 0.0 

Mean: 40 100 17.3 43.1 17.3 100 46.4 0.0008 52.9 0.0040 0.0027 1.2 0.0 0 

SEM: 0.0 0.0 0.25 0.63 0.25 0.0 2.82 0.0000 5.42 0.0005 0.0007 0.3 0.00 0.0 
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Table 11. Study Day 21 Endpoint Summary (Continued) 

Treatment Rep 

 
Per Replicate 

Activated 

Seed (n) 

Activation 

(%) 

Mesocotyl 

Emerged 

(n) 

Mesocotyl 

Emergence 

(%) 

Seedling 

Survival 

(n) 

Survival 

(%) 

Mean 

Root 

Length 

(mm) 

Mean 

Root 

Weight 

(g) 

Mean 

Shoot 

Length 

(mm) 

Mean 

Shoot 

Weight 

(g) 

Mean 

Dried 

Leaf 

Weight 

(g) 

Mean 

Free 

Leaf 

(n) 

Phytotox: 

Abnormal 

Appearance 

(n) (%) 

3.12 mg/L 

S2- 

2.8 mg/L 

Fe 

A 40 100.0 16 40.0 16.0 100.0 50.4 0.0008 50.7 0.0040 0.0031 0.2 0 0.0 

B 40 100.0 15 37.5 15.0 100.0 39.8 0.0008 50.8 0.0050 0.0023 0.4 0 0.0 

C 40 100.0 16 40.0 16.0 100.0 54.6 0.0009 42.1 0.0052 0.0012 0.6 0 0.0 

D 40 100.0 16 40.0 16.0 100.0 44.6 0.0008 44.9 0.0048 0.0028 0.7 0 0.0 

Mean: 40 100 15.8 39.4 15.8 100 47.3 0.0008 47.1 0.0048 0.0023 0.5 0 0 

SEM: 0.0 0.0 0.25 0.63 0.25 0.0 3.25 0.0000 2.16 0.0003 0.0004 0.1 0.00 0.0 

7.78 mg/L 

S2-  

2.8 mg/L 

Fe 

A 40 100.0 10 25.0 10.0 100.0 34.2 0.0007 37.1 0.0033 0.0014 0.4 0 0.0 

B 40 100.0 12 30.0 12.0 100.0 34.8 0.0008 47.8 0.0035 0.0035 0.1 0 0.0 

C 40 100.0 10 25.0 10.0 100.0 36.6 0.0008 41.9 0.0030 0.0009 0.3 0 0.0 

D 40 100.0 10 25.0 10.0 100.0 32.4 0.0006 32.6 0.0030 - 0.0 0 0.0 

Mean: 40 100 10.5 26.31 10.5 100 34.5 0.0007 39.92 0.00323 0.0019 0.2 0 0 

SEM: 0.0 0.0 0.50 1.25 0.50 0.0 0.87 0.0001 3.26 0.0001 0.0008 0.1 0.00 0.0 

                                                      
1Significantly less than 0.8 mg/L Fe HS-1 control (KW-ANOVA, Dunnett’s test, p<0.05). 
2Significantly less than 0.8 mg/L Fe HS-1 control (ANOVA, Dunnett’s test, p<0.05). 
3Significantly less than 0.8 mg/L Fe HS-1 control (ANOVA, Dunnett’s test, p<0.05). 
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Table 12. Median Emergence Time (MET) in Wild Rice on SD211 

 

  

Median Emergence Time (d) 

Replicate HS-1 100 mg/L BA 
0.3 mg/L S2-  

0.8 mg/L Fe 

1.56 mg/L S2-  

0.8 mg/L Fe 

3.12 mg/L S2-  

0.8 mg/L Fe 

7.78 mg/L S2-  

0.8 mg/L Fe 

HS-1  

2.8 mg/L 

Fe 

0.3 mg/L S2-  

2.8 mg/L Fe 

1.56 mg/L S2-  

2.8 mg/L Fe 

3.12 mg/L S2-  

2.8 mg/L Fe 

7.78 mg/L S2-  

2.8 mg/L Fe 

Rep A 9 >21 9 10 >21 >21 10 9 9 9 >21 

Rep B 10 >21 10 10 >21 >21 9 9 10 10 >21 

Rep C 9 >21 10 9 >21 >21 9 9 9 10 20 

Rep D 9 >21 9 10 >21 >21 9 10 10 10 >21 

Median 9 >212 9.5 10 >213 >214 9 9 9.5 10 >215 

                                                      
1Based on time (in days) required to achieve 30% emergence. 
2Significantly greater than 0.8 mg/L Fe HS-1 control (Mann-Whitney U test, p=0.029). 
3Significantly greater than 0.8 mg/L Fe HS-1 control (Mann-Whitney U test, p=0.029). 
4Significantly greater than 0.8 mg/L Fe HS-1 control (Mann-Whitney U test, p=0.029). 
5Significantly greater than 0.8 mg/L Fe HS-1 control (t-test, p<0.001). 
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Appendix A. Raw Data and Statistical Analyses 
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