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ABSTRACT 

A whole-stream nitrogen and phosphorus (nutrient) addition study was carried out in a perennial prairie 
stream in eastern Montana. The study site (on Box Elder Creek) has been identified by DEQ since the 
1990s as a reference-quality stream. The ǎǘǳŘȅΩǎ ǇǳǊǇƻǎŜǎ ǿŜǊŜ ǘƻ όмύ ōŜǘǘŜǊ ǳƴŘŜǊǎǘŀƴŘ ǘƘŜ ŜŦŦŜŎǘǎ ƻŦ 
nutrient enrichment in prairie streams, and (2) collect data which lent themselves best to the 
interpretation of harm to prairie stream beneficial uses. DEQ is constantly striving to better understand 
the linkages between pollutants and the effects they manifest on legally-defined stream beneficial uses 
and their associated water-quality standards; observing controlled eutrophication effects on a reference 
stream was an ideal way to study these linkages. The study design was a Before After Control Impact 
Paired (BACIP) study in which there was an upstream Control Reach followed by a Low Dose Reach and 
then a High Dose Reach. Work was carried out in summer and early fall over three years beginning in 
2009. In 2009, Ψ.ŜŦƻǊŜΩ Řŀǘŀ ǿŜǊŜ ŎƻƭƭŜŎǘŜŘ from all three reaches. Ambient soluble nutrient 
concentrations in the stream were found to be low (3 µg NO3-N/L and 4 µg SRP/L). In 2010, soluble 
nutrients (nitrate and phosphate) were dripped into the stream in a controlled manner using gravity-fed 
supply tanks. Over the nearly two-month period during which nutrients were added, concentrations in 
the Low Dose Reach were increased to 38.6 µg NO3-N/L and 4.4 SRP/L, and in the High Dose Reach to 
118.7 µg NO3-N/L and 15.6 SRP/L. In 2011 no nutrients were added, when follow-up/stream recovery 
data were collected. In 2010 and as a result of dosing, impacts were documented in the High Dose 
Reach, and included seasonal DO concentrations below state standards, pH increases bordering on 
exceeding standards, development of nuisance attached algae levels, and a decline in macroinvertebrate 
metric scores to the threshold DEQ has used to define impairment of that biotic community. The DO 
impact in the High Dose Reach was seasonal, occurring in the early fall when large volumes of algae 
senesced and these decaying algae exerted a strong DO demand on the stream. In the Low Dose Reach 
ecological changes were documented, but definitive harm to beneficial uses was largely absent. These 
findings were in alignment with our pre-study predictions. Both the Low and High Dose reaches 
returned to their original (i.e., 2009) biological and chemical status in 2011, less than a year after 
nutrient dosing ended. During the study there was rotational grazing by cattle occurring at the study 
site, but no discernable impact on water quality from their presence was documented. The report 
concludes with a number of recommendations which Ŏŀƴ ōŜ ǳǎŜŘ ǘƻ ƛƴŦƻǊƳ ŦǳǘǳǊŜ ǳǇŘŀǘŜǎ ǘƻ 59vΩǎ 
stream assessment methodologies. 

                                                           
 
1
 Respectively, Environmental Science Specialist, MT Dept. of Environmental Quality, Water Quality Standards 

Modeling Section, 1520 E. 6
th
 Ave, Helena, MT 59620, msuplee@mt.gov; Environmental Science Specialist, MT 

Dept. of Environmental Quality, Water Quality Standards Modeling Section, 1520 E. 6
th
 Ave, Helena, MT 59620, 

rsada@mt.gov; Environmental Science Specialist, MT Dept. of Environmental Quality, now Senior NPDES Permit 
Writer with the Oregon Department of Environmental Quality, 811 SW 6

th
 Ave, Portland, OR 97204, 

FELDMAN.David@deq.state.or.us;  Administrator (retired), Carter County Conservation District, 400 Mormon St, 
Ekalaka, MT 59324, Georgia.Bruski@mt.nacdnet.net . 

 
 

mailto:msuplee@mt.gov
mailto:rsada@mt.gov
mailto:FELDMAN.David@deq.state.or.us
mailto:Georgia.Bruski@mt.nacdnet.net


 

 



Whole-stream Nitrogen and Phosphorus Addition Study to Identify Eutrophication Effects in a Wadeable Prairie 
Stream ς Table of Contents 

05/11/16 Final i 

TABLE OF CONTENTS 

 
Abstract ......................................................................................................................................................... 3 

Table of Contents ........................................................................................................................................... i 

List of Tables ................................................................................................................................................. ii 

List of Figures ............................................................................................................................................... iii 

Acronyms ...................................................................................................................................................... v 

1.0 Introduction ......................................................................................................................................... 1-1 

2.0 Background .......................................................................................................................................... 2-1 

2.1 Questions, Hypotheses, and predictions ......................................................................................... 2-1 

3.0 Methods and Materials ........................................................................................................................ 3-1 

3.1 Stream Site Selection ....................................................................................................................... 3-1 

3.2 Study Design: Before After Control Impact Paired (BACIP) ............................................................. 3-3 

3.3 Lengths of the Study reaches and Stream Features in each Reach ................................................. 3-5 

3.4 Nutrient Dosing: Forms of the Additions, Dose Rates, and the Delivery System ............................ 3-5 

3.4.1 Determining the Chemical Forms and the Dosing Rates .......................................................... 3-6 

3.4.2 Nutrient Delivery System .......................................................................................................... 3-7 

3.4.3 Regulating the Nutrient Dose Rate ......................................................................................... 3-10 

3.5 Data Collection ............................................................................................................................... 3-10 

3.5.1 Physical Measurements .......................................................................................................... 3-10 

3.5.2 Chemical/Water Quality Measurements ................................................................................ 3-11 

3.5.3 Biological Data Collection ....................................................................................................... 3-14 

4.0 Results .................................................................................................................................................. 4-1 

4.1 Weather ........................................................................................................................................... 4-1 

4.2 Channel Geometry and Stream Flow ............................................................................................... 4-3 

4.2.1 Wetted Channel Geometry ....................................................................................................... 4-3 

4.2.2 Stream Flow .............................................................................................................................. 4-3 

4.3 Chemical/Water Quality Measurements ......................................................................................... 4-4 

4.3.1 Quality Control Check on the Nutrient Solutions in the Dosing Tanks ..................................... 4-4 

4.3.2 Common Water-quality Parameters ......................................................................................... 4-5 

4.3.3 Nutrient Concentrations in the Control Reach ......................................................................... 4-6 

4.3.4 Nutrient Concentrations in the Low Dose Reach ...................................................................... 4-7 

4.3.5 Nutrient Concentrations Just Upstream of the High Dose Reach ............................................. 4-8 



Whole-stream Nitrogen and Phosphorus Addition Study to Identify Eutrophication Effects in a Wadeable Prairie 
Stream ς Table of Contents 

05/11/16 Final ii 

4.3.6 Nutrient Concentrations in the High Dose Reach ..................................................................... 4-8 

4.4 Continuously-monitored Water Quality Measurements ............................................................... 4-10 

4.4.1 Temperature and Dissolved Oxygen ....................................................................................... 4-10 

4.4.2 pH ............................................................................................................................................ 4-16 

4.4.3 Phytoplankton Chlorophyll-a .................................................................................................. 4-22 

4.5 Attached (Benthic) Plant Biomass .................................................................................................. 4-23 

4.5.1 Quantitative Measurement of Attached Algae ....................................................................... 4-23 

4.5.2 Visual Evaluation of Aquatic Flora .......................................................................................... 4-25 

4.6 Periphyton (Diatom Algae)............................................................................................................. 4-34 

4.6.1 Diatom Assemblage Patterns in the Control Reach, 2009 to 2011 ......................................... 4-34 

4.6.2 Individual Diatom Taxa Responses to Nutrient Dosing ........................................................... 4-35 

4.6.3 Diatom Metrics and their Response to Nutrient Dosing......................................................... 4-37 

4.7 Macroinvertebrates ....................................................................................................................... 4-44 

4.7.1 Individual Macroinvertebrate Taxa Responses to Nutrient Dosing ........................................ 4-44 

4.7.2 Macroinvertebrate Metrics and their Response to Nutrient Dosing ...................................... 4-48 

5.0 Discussion ............................................................................................................................................. 5-1 

6.0 Conclusions and Recommendations .................................................................................................... 6-1 

7.0 Acknowledgements .............................................................................................................................. 7-1 

8.0 References ........................................................................................................................................... 8-1 

Appendix AΧΧΧΧΧΧ..ΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧф-1   
 

LIST OF TABLES 

Table 3-1. Illustration of BACIP-design statistical testing. ......................................................................... 3-4 
Table 3-2. Target Concentrations of Nutrient Salt Solutions in the Dosing Supply Tanks for each 
Experimental Reach. .................................................................................................................................. 3-7 
Table 3-3. Analytical Methods and Lower Reporting Limits for Nutrients and Other Samples............... 3-12 
Table 3-4. Deployment, Cleaning/Servicing, and Final Retrieval of YSI Sondes During the Study. ......... 3-14 
Table 4-1. Weather Conditions in 2009 and 2010. Data are the averages for the date range shown. ..... 4-1 
Table 4-2. Weather Conditions in 2009, 2010, and 2011. Data are the averages for the date range shown.
 ................................................................................................................................................................... 4-1 
Table 4-3. Wetted Channel Geometry for the Three Study Reaches, 2009-2011. .................................... 4-3 
Table 4-4. Stream Flow Measured in Box Elder Creek during the Study. .................................................. 4-4 
Table 4-5. Percent Difference Between Calculated and Measured Nutrient Concentrations in the Dosing 
Tanks. ......................................................................................................................................................... 4-5 
Table 4-6. BACIP-arrayed Potassium (K) Data for the Control, Low Dose, and High Dose reaches. ......... 4-5 
Table 4-7. Statistical Summaries for Common Water-quality Parameters in the Control Reach. ............. 4-6 
Table 4-8. Descriptive Statistics for Nutrient Concentrations in the Control Reach. ................................ 4-7 
Table 4-9. Descriptive Statistics for Nutrient Concentrations in the Low Dose Reach. ............................. 4-8 
Table 4-10. BACIP-arrayed NO2+3 Data (µg NO2+3-N/L) for the Control- and Low Dose reaches. .............. 4-8 



Whole-stream Nitrogen and Phosphorus Addition Study to Identify Eutrophication Effects in a Wadeable Prairie 
Stream ς Table of Contents 

05/11/16 Final iii 

Table 4-11. Descriptive Statistics for Nutrient Concentrations Just Upstream of the High Dose Reach. .. 4-8 
Table 4-12. Descriptive Statistics for Nutrient Concentrations in the High Dose Reach. .......................... 4-9 
Table 4-13. BACIP-arrayed NO2+3 Data (µg NO2+3-N/L) for the Control- and High Dose reaches. ............... 4-9 
Table 4-14. Average Water Temperature (degrees C) Recorded by the Deployed Sondes. ................... 4-10 
Table 4-15. Average Phytoplankton Chlorophyll-a Concentration in Box Elder Creek. ........................... 4-23 
Table 4-16. Average Benthic Algal Chlorophyll a Density in Box Elder Creek. ......................................... 4-24 
Table 4-17. Average Benthic Algal AFDM Density in Box Elder Creek. .................................................... 4-25 
Table 4-18. Average Filamentous Algae Coverage (%) of the Stream Bed in the Study Reaches............ 4-26 
Table 4-19. Average Macrophyte Coverage (%) of the Stream Bed in the Study Reaches...................... 4-27 
Table 4-20. Average Moss Coverage (%) of the Stream Bed in the Study Reaches. ................................ 4-27 
Table 4-21. Diatom Metrics, with Expected Responses and Observed BACIP Responses to Different Levels 
of Nutrient Dosing. ................................................................................................................................... 4-39 
Table 4-22. Probability of Nutrient Impairment Based on DEQ's Warm-water Nutrient Increaser Diatom 
Taxa Metric. ............................................................................................................................................. 4-44 
Table 4-23. Macroinvertebrate Taxa, with Expected Responses (Based on Tolerance Values) and 
Observed BACIP Responses to Different Levels of Nutrient Dosing. ....................................................... 4-45 
Table 4-24. Macroinvertebrate Metrics, with Expected Responses and Observed BACIP Responses to 
Different Levels of Nutrient Dosing ......................................................................................................... 4-50 
Table 5-1. Summary of Effects on Benthic Flora Resulting from Nutrient Additions. ............................... 5-4 
Table 5-2. Summary of Harms to Beneficial Uses Documented in the Study, Resulting from Nutrient 
Dosing. ....................................................................................................................................................... 5-8 
Table 6-1. Summary of Harms to Beneficial Uses Documented in the Study, Resulting from Nutrient 
Dosing. ....................................................................................................................................................... 6-1 

 

LIST OF FIGURES 

Figure 1-1. Flowchart Exemplifying the Relationships between Increased Nutrient Concentrations and 
Stream Beneficial Uses. .............................................................................................................................. 1-2 
Figure 3-1. Upper Panel. Map of Montana (with Counties) Highlighting the Box Elder Creek Watershed in 
Carter County. Lower Panel. Closer View of the Watershed, Showing the Study Site at the Northern end 
of the Watershed, near the Montana-South Dakota border. .................................................................... 3-2 
Figure 3-2. Close-up View of the Box Elder Creek Study Site. ................................................................... 3-4 
Figure 3-3. The Nutrient Supply Tanks for the High Dose Reach. .............................................................. 3-8 
Figure 3-4. The Nutrient-dripper Assembly, Located Mid-channel at the Head of a Riffle. ...................... 3-8 
Figure 3-5. Cross-section Diagram of the Instream Nutrient-dripper Assembly. ...................................... 3-9 
Figure 3-сΦ ¢ƘŜ άǎǘǳǊƎŜƻƴέ ǎƻƴŘŜ ŘŜǇƭƻȅŜǊΦ ............................................................................................ 3-13 
Figure 4-1. Paired Wind Rose Data for Box Elder Creek, 7/29 to 9/28, in 2009 and 2010. ....................... 4-1 
Figure 4-2. Wind Rose Data for Box Elder Creek, 8/26 to 9/24, 2009, 2010, and 2011. ........................... 4-2 
Figure 4-3. DO in the Study Reaches, 2009. ............................................................................................. 4-11 
Figure 4-4. Dissolved Oxygen Patterns Recorded by Sondes Located in the Control- and Low Dose 
Reaches in 2010. ...................................................................................................................................... 4-13 
Figure 4-5. Dissolved Oxygen Patterns Recorded by Sondes Located in the Control- and High Dose 
Reaches in 2010. ...................................................................................................................................... 4-14 
Figure 4-6. DO in the Study Reaches, 2011. ............................................................................................. 4-15 
Figure 4-7. Values of pH in the Study Reaches, 2009. ............................................................................. 4-17 



Whole-stream Nitrogen and Phosphorus Addition Study to Identify Eutrophication Effects in a Wadeable Prairie 
Stream ς Table of Contents 

05/11/16 Final iv 

Figure 4-8. Patterns of pH Recorded by Sondes Located in the Control- and Low Dose Reaches in 2010. 4-
19 
Figure 4-9. Patterns of pH Recorded by Sondes Located in the Control- and High Dose Reaches in 2010. 4-
20 
Figure 4-10. Values of pH in the Study Reaches, 2011. ........................................................................... 4-21 
Figure 4-11. Average Benthic Algal Chla over a Common Period (August to October) in the Three Study 
Reaches. ................................................................................................................................................... 4-24 
Figure 4-12. Average Benthic Algal AFDM over a Common Period (August to October) in the Three Study 
Reaches. ................................................................................................................................................... 4-25 
Figure 4-13. Average Stream Bed Cover by Filamentous Algae and Macrophytes over a Common Period 
(Aug to Oct). ............................................................................................................................................. 4-28 
Figure 4-14. Average Thickness of Attached Microalgae in 2010 and 2011. ........................................... 4-29 
Figure 4-15. Maximum Length of Filamentous-algae Filaments in 2010 and 2011. ............................... 4-30 
Figure 4-16. Growth Status of Attached Microalgae Superimposed on the DO Data (same DO Data 
Presented in Figures 4-4A and 4-5B). ...................................................................................................... 4-31 
Figure 4-17. Photo Series of Filamentous Algae Growth over Time at the 1st Riffle below the Low Dose 
Dripper. .................................................................................................................................................... 4-33 
Figure 4-18. First and Second Principal Components of Principal Components Analysis for Diatom 
Assemblages from the Control Reach (2009-2011). ................................................................................ 4-34 
Figure 4-19. Percent Relative Abundance of Navicula recens During the Study Period. ......................... 4-35 
Figure 4-20. The percent relative abundance of Epithemia sorex during the study period. ................... 4-36 
Figure 4-21. The percent relative abundance of Amphipleura pellucida during the study period. ........ 4-37 
Figure 4-ннΦ ¢ƘŜ ΨwƘƻǇŀƭƻŘƛŀƭŜǎ ¢ŀȄŀ tŜǊŎŜƴǘΩ 5ƛŀǘƻƳ aŜǘǊƛŎΦ .............................................................. 4-40 
Figure 4-ноΦ ¢ƘŜ ΨtƻƭȅǎŀǇǊƻōƻǳǎ ¢ŀȄŀ tŜǊŎŜƴǘΩ 5ƛŀǘƻƳ aŜǘǊƛŎΦ ............................................................. 4-41 
Figure 4-нпΦ ¢ƘŜ Ψ[ƻǿ bƛǘǊƻƎŜƴ ¢ŀȄŀ tŜǊŎŜƴǘΩ 5ƛŀǘƻƳ aŜǘǊƛŎΦ ............................................................... 4-42 
Figure 4-нрΦ ¢ƘŜ ΨIƛƎƘ bƛǘǊƻƎŜƴ ¢ŀȄŀ tŜǊŎŜƴǘΩ 5ƛŀǘƻƳ aŜǘǊƛŎΦ ............................................................... 4-43 
Figure 4-26. Percent Relative Abundance of Thienemannimyia sp. During the Study. ........................... 4-46 
Figure 4-27. Percent Relative Abundance of Cladotanytarsus sp. During the Study............................... 4-47 
Figure 4-28. Percent Relative Abundance of Simulium sp. During the Study. ......................................... 4-47 
Figure 4-29. Percent Relative Abundance of Orthocladius sp. During the Study. ................................... 4-48 
Figure 4-30. Response of the Montana Plains MMI During the Study. ................................................... 4-49 
Figure 4-31. Response of the Observed/Expected (O/E) Metric During the Study. ................................ 4-51 
Figure 4-32. Response of the Percent Filterer and Collector (FiltCollPct) Metric During the Study. ...... 4-51 
Figure 4-33. Response of the Metric Comprising % EPT but Excluding Hydropsychidae and Baetidae 
Families (EPTnoHBPct), During the Study. ............................................................................................... 4-52 
Figure 4-34. Response of the Predator Taxa Metric (PredatorTax) During the Study. ............................ 4-52 
Figure 5-1. Longitudinal Zones of Low Dissolved Oxygen, as Suggested by Findings in the High Dose 
Reach. ......................................................................................................................................................... 5-2 
Figure 5-2. Michaelis-Menten Relationship between Nutrient Concentration (X-axis) and Nutrient Uptake 
Rate (Y-axis), from Figure 32.2 in Chapra (1997). ...................................................................................... 5-8 
Figure 5-3. Stream Total Suspended Sediment (TSS) Concentrations During the Study. ........................ 5-11 
Figure 5-4. Stream Biochemical Oxygen Demand (BOD) During the Study. ............................................ 5-12 

 

 
 



Whole-stream Nitrogen and Phosphorus Addition Study to Identify Eutrophication Effects in a Wadeable Prairie 
Stream ς Acronyms 

05/11/16 Final v 

ACRONYMS 

Acronym  Definition 

AFDM   Ash Free Dry Mass 
ARM   Administrative Rules of Montana 
AUM  Animal Unit Month 
BACIP  Before After Control Impact Paired (study design) 
BOD  Biochemical Oxygen Demand 
Chla   Chlorophyll-a 

DEQ   Department of Environmental Quality (Montana) 
DO   Dissolved Oxygen 
NRCS  Natural Resource Conservation Service 
QAPP  Quality Assurance Project Plan 
SOP   Standard Operating Procedure 
SRP   Soluble Reactive Phosphate 
TN   Total Nitrogen 
TP   Total Phosphorus 
TDS  Total Dissolved Solids 
TSS   Total Suspended Solids 
USGS   United States Geological Survey 
WWTP   Wastewater Treatment Plant 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Whole-stream Nitrogen and Phosphorus Addition Study to Identify Eutrophication Effects in a Wadeable Prairie 
Stream ς Acronyms 

05/11/16 Final vi 

 



Whole-stream Nitrogen and Phosphorus Addition Study to Identify Eutrophication Effects in a Wadeable Prairie 
StreamτSection 1.0 

05/11/16 Final 1-1 
 

1.0 INTRODUCTION 

Development of numeric nitrogen (N) and phosphorus (P) criteria for surface waters for all regions of 
ǘƘŜ ǎǘŀǘŜ ƛǎ ƻƴŜ ƻŦ ǘƘŜ 5ŜǇŀǊǘƳŜƴǘ ƻŦ 9ƴǾƛǊƻƴƳŜƴǘŀƭ vǳŀƭƛǘȅΩǎ Ƴŀƴȅ ŀŎǘƛǾƛǘƛŜǎ supporting its statewide 
water quality management goals and responsibilities. The Department  of Environmental Quality (DEQ) 
used ecoregions (Omernik 1987) to establish zones in which specific N and P (nutrient) standards2 apply 
(Montana Department of Environmental Quality 2014). These standards are intended to be protective of 
ǘƘŜ ǊŜƎƛƻƴŀƭ ǎǘǊŜŀƳǎΩ ǿŀǘŜǊ ǉǳŀƭƛǘȅ ŀƴŘ ōŜƴŜŦƛŎƛŀƭ ǳǎŜǎ όŜΦƎΦΣ ŦƛǎƘŜǊƛŜǎΣ ŀǉǳŀǘƛŎ ƭƛŦŜΣ ǊŜŎǊŜŀǘƛƻƴύΦ {ŎƛŜƴǘƛŦƛŎ 
studies showing linkages between nutrient concentrations and effects on streams are critical to the 
criteria derivation process, and DEQ has been able to identify quite a number of these studies in the 
ǎŎƛŜƴǘƛŦƛŎ ƭƛǘŜǊŀǘǳǊŜ ǿƘƛŎƘ ǇŜǊǘŀƛƴ ǘƻ aƻƴǘŀƴŀΩǎ ŜŎƻǊŜƎƛƻns (Suplee and Watson 2013). However, the 
Northwestern Great Plains ecoregion in southeastern Montana was not well studied, and for this reason 
DEQ decided to ŎŀǊǊȅ ƻǳǘ ŀ ǎŎƛŜƴǘƛŦƛŎ ǎǘǳŘȅ ǘƘŜǊŜ ǘƻ ŀǎŎŜǊǘŀƛƴ ǘƘŜ ŜŦŦŜŎǘǎ ƻŦ ƴǳǘǊƛŜƴǘǎ ƻƴ ǘƘŀǘ ǊŜƎƛƻƴΩǎ 
streams. This document is the result of that study. 
 
The effect of increased nutrients on stream water quality and beneficial uses is relatively complex. It is 
mediated through interactions of autotrophic and heterotrophic organisms. The proximate stressors 
that are known to harm waterbody beneficial uses may be several steps removed from the ultimate 
cause of the problemτelevated nutrients (Figure 1-1). Due to these complexities, it can be difficult to 
extrapolate laboratory- or mesocosm-scale studies of nutrient effects in flowing waters to the whole 
stream scale. For these reasons we decided to carry out a nutrient addition study in situ in a stream of 
the Northwestern Great Plains; we believed that a whole-stream fertilization study would provide the 
Ƴƻǎǘ ŀŎŎǳǊŀǘŜ ǳƴŘŜǊǎǘŀƴŘƛƴƎ ƻŦ ƴǳǘǊƛŜƴǘ ŜŦŦŜŎǘǎ ƻƴ ǳǎŜǎ ƻŦ ǘƘŜ ǊŜƎƛƻƴΩǎ ǇǊŀƛǊƛŜ ǎǘǊŜŀƳǎΦ  
 
 
 
 
 

                                                           
 
2
  Standards (i.e., water quality standards) are criteria that have been adopted into law to protect waterbody 

beneficial uses. 
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Figure 1-1. Flowchart Exemplifying the Relationships between Increased Nutrient Concentrations and 
Stream Beneficial Uses.  
Beneficial use impacts are usually several steps removed from increased nutrients, which are the ultimate cause of 
the changes. This model/flowchart was developed as part of the Stream Nutrient Enrichment Workshop 
(U.S.Environmental Protection Agency 2014). 
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2.0 BACKGROUND 

This study followed standard scientific method (formulation of a question, hypothesis, prediction, 
testing, analysis, and conclusion). The vast majority of this report addresses the last three elements 
(testing, analysis, and conclusion). Here, we present our questions, hypotheses, and predictions, which 
were developed at the beginning of the study in 2009. The experimental unit in the study was a length 
of stream and the water flowing through it (i.e., a stream reach). Stream reaches were then assigned to 
different treatments (control, low-level nutrient dose, high-level nutrient dose).  
 

2.1 QUESTIONS, HYPOTHESES, AND PREDICTIONS 

Questions 
The following two questions were included in the project QAPP (Montana Department of Environmental 
Quality 2010). 
 
1. If nitrogen and phosphorus are added to the stream during the growing season (July-Sept) in order to 
bring the concentrations up to levels DEQ currently believes are appropriate as regional nutrient criteria, 
what will be the effŜŎǘ ƻƴ ǘƘŜ ǎǘǊŜŀƳΩǎ ŘƛǎǎƻƭǾŜŘ ƻȄȅƎŜƴ ŀƴŘ ǇI ǇŀǘǘŜǊƴǎΣ ōŜƴǘƘƛŎ ŀƴŘ ǇƘȅǘƻǇƭŀƴƪǘƻƴ 
algal density and composition, and macroinvertebrate density and composition?  
 
2. If nitrogen and phosphorus are added to the stream during the growing season (July-Sept) in order to 
bring the concentrations to levels somewhat beyond what DEQ believes are appropriate as regional 
nutrient criteria, what will be the effect on the dissolved oxygen and pH patterns, benthic and 
phytoplankton algal density and composition, and macroinvertebrate density and composition?  
 
Based on earlier work (Suplee 2004; Suplee et al. 2008), DEQ has a fairly good idea what total nitrogen 
concentration criteria for eastern Montana prairie streams ought to look like. That work also showed 
nitrate to be very important in these streams, however the exact nitrate loading and concentration that 
these streams could tolerate was not clear. We bracketed some nitrate tolerance estimates and these 
estimates formed the basis of the two nutrient dosing rates (low, high) that were applied.  
 
Hypotheses 
We hypothesized that in the reach of prairie stream receiving an increase in nutrients up to the level 
defined in question 1 above, we would see changes in the dissolved oxygen (DO) and pH patterns, 
benthic and phytoplankton algal density and composition, and macroinvertebrate density and 
composition. However, we did not necessarily expect those changes would be so pronounced as to 
ŎƻƴǎǘƛǘǳǘŜ άƘŀǊƳ ǘƻ ǳǎŜέΣ ƛΦŜΦΣ ŀ ǉǳŀƴǘƛŦƛŀōƭŜ ŀƴŘ ŘŜƳƻƴǎǘǊŀōƭŜ ƛƳǇŀŎǘ ǘƻ ǘƘŜ ƭŜƎŀƭƭȅ-defined designated 
beneficial uses of the stream. Readers should note that the stream is classified C-3 and beneficial uses 
are bathing, swimming, and recreation, growth and propagation of non-salmonid fishes and associated 
aquatic life, waterfowl, and furbearers.  
 
In contrast, we did expect to ƳŜŀǎǳǊŜ ŀƴŘ ŘƻŎǳƳŜƴǘ ƘŀǊƳ ǘƻ ǘƘŜ ǎǘǊŜŀƳΩǎ ōŜƴŜŦƛŎƛŀƭ ǳǎŜǎ ƛƴ ǘƘŜ ǊŜŀŎƘ 
receiving an increase in nutrients up to the level defined in question 2. In this more highly-dosed reach, 
we also expected to see the nutrient induced effects on the stream extend further downstream 
(compared to the lower dosed reach in question 1) because nutrients in excess of the assimilative 
capacity of the local biota would move downstream and continue to manifest effects. 
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Predictions 
In 2009 we discussed several predictions which we anticipated would result from the addition of 
nutrients to the stream. Specifically: 
 
1) Reach receiving low nutrient dose 

a) Higher daily highs and lower daily lows for pH and DO, but the daily DO lows would not drop 
below minimum standards, for example the 1-day minimum in Circular DEQ-7 (Montana 
Department of Environmental Quality 2012). 

b) An increase in benthic and phytoplankton algae density, but the benthic algae reach average 
would remain below the nuisance threshold of 150 mg Chla/m2 (Suplee et al. 2009). 

c) An increase in the probability of nutrient impairment according to the warm-water diatom 
increaser taxa metric (Teply 2010a; Teply 2010b), but still with an overall probability of 
impairment less than 50%. 

d) Based on the macroinvertebrates, a decrease in the plains MMI score but still above the 
recommended impact threshold of 37 (Montana Department of Environmental Quality, Water 
Quality Planning Bureau 2006). 

 
2) Reach receiving high nutrient dose 

a) Higher daily highs and lower daily lows for pH and DO, with daily DO lows dropping below the 
minimum standards, for example the 1-day minimum in Circular DEQ-7 (Montana Department of 
Environmental Quality 2012). The pH might show change in excess of the standard, in that it 
might rise to values greater than 9.0 or it could change more than 0.5 standard units compared 
to naturalτnatural in this case being the pH measured in the study control reach. 

b) An increase in benthic and phytoplankton algae density, with benthic algae reach averages 
exceeding the nuisance threshold of 150 mg Chla/m2 (Suplee et al. 2009). 

c) An increase in the probability of nutrient impairment according to the warm-water diatom 
increaser taxa metric (Teply 2010a; Teply 2010b), with a change showing the probability of 
impairment to be greater than 50%, i.e., indicative of an excess nutrient problem per the current 
DEQ SOP (Montana Department of Environmental Quality 2011a). 

d) Based on the macroinvertebrates, a possible decrease in the plains MMI to a level below the 
recommended threshold of 37 (Montana Department of Environmental Quality, Water Quality 
Planning Bureau 2006) 

e) Some of the impacts listed here in bullet 2, but probably not all, would reach levels that could 
readily be identified ŀǎ άƘŀǊƳ ǘƻ ōŜƴŜŦƛŎƛŀƭ ǳǎŜέΦ  

 
Regarding 2d above, we were less certain that the macroinvertebrate community would actually exceed 
the threshold for the plains MMI. This is because macroinvertebrates have longer lifespans than, say, 
diatoms, and the study duration (8-12 weeks) might have been too short for changes large enough to 
exceed the MMI threshold to occur. Diatom algae have generation times measured in weeks or less, 
whereas macroinvertebrates operate on time scales of weeks to years (Hering et al. 2006a; Hering et al. 
2006b). Per 2e, we knew that nutrient impacts on beneficial uses are mediated through complex 
interactions of autotrophic and heterotrophic organisms (see Introduction), therefore the predictability 
of the outcomes becomes more uncertain. Because of this, we were not certain that all the parameters 
we measured would exceed defined thresholds, but we were fairly certain that at least some of them 
would. 
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3.0 METHODS AND MATERIALS 

3.1 STREAM SITE SELECTION  

The study was carried out on a reach of Box Elder Creek east of Mill Iron, MT (Figure 3-1; latitude             
-104.1387, longitude 45.8458, measured in NAD83). Box Elder Creek is classified C-3. It is an 
intermittent-to-perennial, 5th-order stream located in Carter County (southeastern Montana), where it 
flows northeast across prairie landscape from its headwaters until exiting Montana and entering South 
Dakota. The stream is wholly contained within HUC 10110202. Summer baseflow is typically around 7 
CFS (0.2 m3/s). 
 
The stream site was selected because it is on state-owned land and has been classified by DEQ as a 
reference site since the early 1990s (Bahls et al. 1992). In 2009, an NRCS riparian assessment (Pick et al. 
2004) carried out by DEQ and Carter County Conservation District staff (including a trained range 
botanist) deemed the site ǘƻ ƘŀǾŜ ŀ ǎǳǎǘŀƛƴŀōƭŜ ǊŀǘƛƴƎΦ ¢ƘŜ ǎƛǘŜΩǎ ǿŀǘŜǊ ǉǳŀƭƛǘȅ ƘŀŘ ōŜŜƴ ǎŀƳǇƭŜŘ 
repeatedly by DEQ during the past decade (2001, 2005, 2006, and 2007). From these data, the reference 
reach was known to have fairly low N and P concentrations. The stream is sodium-sulfate dominated 
with a strong buffering capacity (total alkalinity about 400 mg/L as CaCO3); however, the anions 
carbonate and bicarbonate are almost as abundant as sulfate. Sodium-sulfate and sodium-bicarbonate 
dominated streams are extremely common in ǘƘŜ ǊŜƎƛƻƴΣ ǘƘŜǊŜŦƻǊŜ .ƻȄ 9ƭŘŜǊ /ǊŜŜƪΩǎ ōŀǎƛŎ ǿŀǘŜǊ 
chemistry is typical of the area. From headwaters to the site, the stream is wholly contained within 
ecoregions with prairie-like characteristics (i.e., it does not have mountain water influences on its water-
quality as does, for example, the Yellowstone River).  
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Figure 3-1. Upper Panel. Map of Montana (with Counties) Highlighting the Box Elder Creek Watershed 
in Carter County. Lower Panel. Closer View of the Watershed, Showing the Study Site at the Northern 
end of the Watershed, near the Montana-South Dakota border.  
The stream is located in Hydrologic Unit Code (HUC) 10110202. 
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3.2 STUDY DESIGN: BEFORE AFTER CONTROL IMPACT PAIRED (BACIP) 

The basic study design is a Before After Control Impact Paired (BACIP) study (Stewart-Oaten et al. 1986). 
BACIP designs are used when the ability to have standard treatment replicates (e.g., five prairie 
reference streams that receive nutrient dosing and five different prairie reference streams that are 
untreated and serve as controls) is not feasible. The design involves comparing measured stream 
characteristics before and after an impact in a single stream, in this case the impact being nutrient 
addition. To account for effects of natural changes over time (e.g., weather effects), a stream reach that 
receives no impact is paired with one or more reaches that will (Smith, 2002).  
 
In this study, there was one no-impact reach (Control Reach), and two impact reaches; a Low Dose 
Reach and a High Dose Reach (Figure 3-2). The Control Reach was the most upstream, followed 
immediately downstream by the Low Dose Reach. The High Dose Reach began 900 m downstream from 
the terminus of the designated Low Dose Reach.  
 
BACIP designs comprise specific statistical approaches and a brief overview of the method is warranted 
here. The statistical design and testing followed Stewart-Oaten et al. (1986) wherein, for any given 
parameter (e.g., daily dissolved oxygen minima), the mean (or median) of the differences (D) between 
the Control Reach and an experimental reach (e.g., the Low Dose Reach) in the Before period are 
ŎƻƳǇŀǊŜŘΣ Ǿƛŀ {ǘǳŘŜƴǘΩǎ ¢-test or (preferably) the non-parametric Mann-Whitney test3, to the mean (or 
median) of the Ds for the same parameter in the After period. An example of the data handling is given 
in Table 3-1, which is example data for dissolved oxygen (DO) to illustrate the concept. Note in Table 3-1 
that it is the calculated values of D that are used in the statistical test (Before vs. After), not the original 
values measured in the Low- and High Dose reaches. It is by this mechanism that natural changes in DO 
(or any parameter) that occur in the impacted reaches are separated from experimentally induced 
changes; the Control Reach acts as a covariate, and it is assumed that DO in the experimental reaches 
would have been the same as DO in the Control Reach if the experimental reaches had not received 
their respective perturbations. In the Table 3-1 example, there is no statistical difference (Mann-
Whitney test, alpha = 0.05) in median D for the Low Dose Reach between the Before and After periods, 
whereas the difference between the Before and After periods in the High Dose Reach is significant (p = 
0.01).  
 

                                                           
 
3
 Using a non-parametric test is more robust when the data may or may not fit a normal distribution function 

(Conover, 1999).  



Whole-stream Nitrogen and Phosphorus Addition Study to Identify Eutrophication Effects in a Wadeable Prairie 
StreamτSection 3.0 

05/11/16 Final 3-4 
 

 
Figure 3-2. Close-up View of the Box Elder Creek Study Site.  
Stream flow is from left to right. The black outlined box is the boundary of the state-owned parcel. Start and end 
points of the Control, Low Dose, and High Dose reaches are shown by black lines perpendicular to stream flow. 

 
Table 3-1. Illustration of BACIP-design statistical testing.  
Fictitious dissolved oxygen concentrations in the Control, Low, and High Dose Reaches. A Mann-Whitney or T-test 
is carried out on the D values from the Before vs. After periods. 

 
Daily Dissolved Oxygen Minima 

(mg/L) 
 Calculated Difference (D) 

PERIOD 
Sampling 

Event 
Control 

Low 
Dose 

High 
Dose 

Median: 

Difference (D): 
Control ς Low Dose 

Difference (D): 
Control ς High Dose 

BEFORE 

1
st
 6.0 6.0 6.0 0.0 0.0 

2
nd

 5.5 5.3 5.5 0.2 0.0 

3
rd

 6.0 5.9 6.1 0.1 -0.1 

4
th

 7.0 7.0 7.1 0.0 -0.1 

5
th

 6.5 6.4 6.5 0.1 0.0 

    0.1 0.0 

AFTER 

1
st
 6.0 5.9 5.4 

Median: 

0.1 0.6 

2
nd

 6.0 6.0 5.0 0.0 1.0 

3
rd

 7.0 7.0 6.2 0.0 0.8 

4
th

 7.3 7.2 6.4 0.1 0.9 

5
th

 6.0 6.0 5.0 0.0 1.0 

    0.1 0.9 

 
In the results that follow, BACIP statistical testingτregardless of which parameter is addressedτwill 
follow the procedures just described. In addition to the BACIP statistical analyses, other inferential 
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statistical tests (as well as descriptive statistical summaries) of data will be presented throughout. 
Where we had a priori knowledge or expectations about an inferential test (e.g., we expect a particular 
biometric to manifest higher values in the After period compared to Before) we ran one-sided tests. We 
have considered statistical tests significant when p-values are Җ0.05 and marginally significant when 
>0.05 but Җ0.1. We selected this more graded alpha-error significance threshold to help reduce beta 
error. Beta error is important as it represents the chance of declaring a truly significant difference as 
insignificant; if there is a reasonable chance that nutrients had an effect on the stream water quality or 
biota, we want to be able to consider it. Because sample size of the D values is low (often n = 4), the 
remaining option to reduce beta error is to increase alpha error, which has been done by considering 
results to be at least marginally significant if p <0.1.  
 

3.3 LENGTHS OF THE STUDY REACHES AND STREAM FEATURES IN EACH REACH 

The BACIP design anticipates that the control and impact reaches are in fairly close proximity so that 
they experience the same climate and weather, and that they be as physically similar as possible in 
terms of geomorphology, geology, and hydraulics such that natural influences manifest in each reach 
about the same way. All three reaches were contained within the one square mile (259 hectare) state-
owned parcel (Figure 3-2).  
 
To establish reasonably similar reaches, in 2009 we identified the proportions of riffle, pool, and glide 
along Box Elder Creek within the state parcel, along stretches of the stream where we estimated the 
study reaches were likely be placed. Along this longitudinal extent of stream (777 m), stream features 
were identified every 3.05 m as either riffle, pool, or glide. The 777 m reach examined was found to be 
15% riffle, 24% pool, and 60% glide.  
 
Stream nutrient spiraling calculations (Newbold et al. 1981; Newbold et al. 1982; Ensign and Doyle 2006; 
Mulholland et al. 2002; Kohler et al. 2008) were used to approximate the stream length necessary for 
the added nutrients to have time to be taken up by aquatic flora and microorganisms within each 
experimental reach. Estimates were quite variable, but calculations indicated 200 m of stream length 
was appropriate.  
 
Based on the spiraling calculations, the goal was that each of the study reaches would be approximately 
200 m in length and would encompass riffle, pool, and glide in proportions approximately equal to that 
typical for the stream as a whole (i.e., 15% riffle, 24% pool, and 60% glide, per above). After carefully 
reviewing the longitudinal extent of stream within the state parcel, each reach was identified. At the 
transects where data-collection would be occurring, the layout of the Control Reach comprised 9% riffle, 
18% pool, and 73% glide, whereas the Low Dose was 18% riffle, 18% pool, and 64% glide and High Dose 
Reach was 18% riffle, 27% pool, and 55% glide. The need to balance stream features against the realities 
and constraints of the study area led to proportions of stream features that differed from the ideal and, 
in addition, slightly varied reach lengths (Control Reach length of 150 m, Low Dose Reach of 200 m, and 
High Dose Reach of 200 m). The three reaches were benchmarked and had reach midpoints of: 45.8460, 
-104.1407, (Control); 45.8458; -104.1387, (Low Dose); and 45.8514, -104.1414, (High Dose). 
 

3.4 NUTRIENT DOSING: FORMS OF THE ADDITIONS, DOSE RATES, AND THE 

DELIVERY SYSTEM 

Two reaches (Low Dose, High Dose) each received different nutrient concentration additions. The intent 
was to add nutrients to the Low Dose Reach at concentrations approaching but short of our best 
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esǘƛƳŀǘƛƻƴ ƻŦ ŀ άƘŀǊƳ ǘƻ ǳǎŜέ ƭŜǾŜƭΣ ǿƘƛƭŜ ǘƘŜ IƛƎƘ 5ƻǎŜ wŜŀŎƘ ǿŀǎ ǘŀǊƎŜǘŜŘ ǘƻ ǊŜŎŜƛǾŜ ŀ ŘƻǎŜ ƘƛƎƘŜǊ 
than this (about four times higher).  
 

3.4.1 Determining the Chemical Forms and the Dosing Rates 
We had to decide the form by which nutrients were to be added to the stream. Because nitrate has 
been shown to be a key limiting nutrient in Montana prairie streams (Suplee 2004), and nitrate is known 
to increase in regional ground and stream water due to human activity (Nimick and Thamke 1998), it 
was concluded that nitrogen should be added as nitrate. Sodium nitrate (NaNO3) and dipotassium 
phosphate (P source; K2HPO4) were selected after a review of what others have used in similar studies 
(Perrin and Richardson 1997; Ferreira et al. 2006)Σ ŀƭƻƴƎ ǿƛǘƘ ŎƻƴǎƛŘŜǊŀǘƛƻƴ ƻŦ .ƻȄ 9ƭŘŜǊ /ǊŜŜƪΩǎ ōŀǎŜ 
water chemistry. Sodium and potassium concentrations are high in Box Elder Creek (about 305 mg Na/L 
and 8 mg K/L during summer baseflow), and calculations showed that to elevate N and P to levels 
suitable for the experiment the dissolved counter ions (Na and K) in the additions would increase 
ŀƳōƛŜƴǘ ǎǘǊŜŀƳ bŀ ŀƴŘ Y ōȅ ғм҈Φ ¢ƘŜǊŜŦƻǊŜΣ ǘƘŜ ŎƻǳƴǘŜǊ ƛƻƴǎΩ ǇƻǘŜƴǘƛŀƭ ŜŦŦŜŎǘs on the experiment were 
negligible. Further, the K2HPO4 ǎƻƭǳǘƛƻƴ ƘŀŘ ŀ ǇI ƻŦ ŀōƻǳǘ фΦлΣ ǾŜǊȅ ŎƭƻǎŜ ǘƻ .ƻȄ 9ƭŘŜǊ /ǊŜŜƪΩǎ ǘȅǇƛŎŀƭ ǇI 
of 8.5. (In contrast, another candidate P source, KH2PO4, would have had a solution pH of 4.5.) Each of 
the compounds was reasonably safe to transport and store and very soluble in water, so concentrated 
drip solutions could be easily made.  
 
The scientific literature was consulted to derive the dosing rates. A body of work in prairie streams from 
the Konza Prairie Biological Station (Kansas) was the most applicable to Box Elder Creek (Tate 1990; 
Dodds et al. 1996; Kemp and Dodds 2001; Kemp and Dodds 2002; Dodds and Oakes 2006; O'Brian and 
Dodds 2008). hΩ.Ǌƛŀƴ ŀƴŘ 5ƻŘŘǎ (2008) find that a Michaelis-Menten curve adequately describes N 
uptake by a stream, and the half-saturation constant (Ks) for their study stream was 27 µg N/L. Ks is the 
concentration at which the soluble N uptake rate in the stream is half of the maximum (Vmax). In effect, 
Ks is a nutrient concentration at which stream primary productivity is still constrained by nutrient 
concentrations. At approximately five times Ks, nutrients are reported to be saturated and further 
increases in nutrients will not further increase Vmax (Chapra, 1997). Also considered was a large number 
of laboratory and field-derived Ks values for algae (phytoplankton and benthic algae); the median Ks for 
that dataset was 67 µg N/L (United States Environmental Protection Agency 1985). The median Ks for 
soluble P for the same EPA dataset was 15 µg P/L. These and other information were considered in 
developing the following:  
 
ü The dose rate for the Low Dose Reach was targeted to achieve 40 µg NO3-N/L and 6 µg SRP/L4 at 

the headwaters of the study reach. These concentrations included the ambient stream N and P 
concentrations, which were about 3 µg NO3-N/L and 4 µg SRP/L (2009 data). We assumed 
complete mixing near the point of nutrient addition. (It was not expected that 40 µg NO3-N/L 
and 6 µg SRP/L would persist to the end of the 200 m study reach; the target concentrations 
were the goal at the headwaters, after mixing.) The final soluble N:P ratio would be 6.7 (by 
mass), close to the Redfield ratio of 7:1 (Redfield 1958), which provided balanced resource 
availability (i.e., neither N nor P would be strongly limiting).  

 
ü The dose rate for the High Dose Reach was targeted to achieve 150 µg NO3-N/L and 23 µg SRP/L. 

Again, this was the target for the reach headwaters after mixing and included natural 
background. We included an estimate of residual nitrate that would arrive to the headwaters of 

                                                           
 
4
 All SRP (solubƭŜ ǊŜŀŎǘƛǾŜ ǇƘƻǎǇƘƻǊǳǎύ ŎƻƴŎŜƴǘǊŀǘƛƻƴǎ ŘƛǎŎǳǎǎŜŘ ƛƴ ǘƘƛǎ ǊŜǇƻǊǘ ŀǊŜ άŀǎ tέΦ  
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the High Dose Reach due to the dosing of the Low Dose (it was assumed no residual P would 
arrive to the High Dose Reach). We assumed an additional 2 µg NO3-N/L above ambient 
background for this purpose. The target dose rate should have, theoretically, brought the 
stream close to N saturation (i.e., five time Ks). The selected dosing concentrations were 
intended to maintain a soluble N:P ratio at 6.5 by weight, very close to Redfield ratio and 
therefore providing balanced resource availability (i.e., neither N nor P would be strongly 
limiting). 
 

3.4.2 Nutrient Delivery System 
The nutrient dosing equipment comprised two polyethylene tanks at each experimental reach, one tank 
for NaNO3 solution and one for K2HPO4 solution (Figure 3-3). Each tank was color coded (white and blue 
for N and P, respectively). The solution concentrations used are shown in Table 3-2. The reduction in P-
solution strength at the Low Dose Reach on August 23, 2010 (Table 3-2) was necessary because 
declining stream flow could not be matched by simply reducing the P delivery rate (the delivery rate was 
already very slow). Batches of nutrient solution were made offsite by weighing NaNO3 or K2HPO4 using 
an Ohaus 15-kg balance (0.5 g readability), dissolving the salts in appropriate volumes of distilled water 
in carboys, and then transporting the carboys to the site to fill the tanks. For quality control, soluble 
nutrient samples were collected directly from the filled High Dose and Low Dose tanks on 3 different 
dates throughout the study and provided to the Montana Department of Public Health & Human 
Services (DPHHS) Environmental Laboratory for analysis.  
 
Table 3-2. Target Concentrations of Nutrient Salt Solutions in the Dosing Supply Tanks for each 
Experimental Reach.  
The equivalent grams of N or P per liter provided by each solution are also shown. 

                                         Experimental Reach 

Time Period 
Low Dose   High Dose 

grams 
NaNO3/L 

g N/L grams 
K2HPO4/L 

g P/L grams 
NaNO3/L 

g N/L grams 
K2HPO4/L 

g P/L 

Aug 8th to Aug 23rd  300 49.4 25 4.45 400 65.9 50 8.89 

Aug 23rd onward 300 49.4 15 2.67 400 65.9 50 8.89 
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Figure 3-3. The Nutrient Supply Tanks for the High Dose Reach.  
Note that the tanks are located on a high terrace above the stream, allowing gravity feed of the solutions to the 
instream drip assembly. A similar arrangement was established for the Low Dose Reach. 

 

 
Figure 3-4. The Nutrient-dripper Assembly, Located Mid-channel at the Head of a Riffle.  
The assembly comprised an N supply line and a P supply line, control valves, and a perforated PVC tube into which 
the two solutions dripped. It was secured by a fencepost pounded into mid channel. 

 
Figure 3-3 shows the tanks on the terrace above the High Dose Reach, surrounded by stock panels to 
prevent interference by cattle and wildlife (Low Dose tanks were similarly protected). Nutrient solution 
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was delivered to the stream by gravity feed5 via ½ inch ID reinforced vinyl tubing which was buried 
about 15 cm underground. Near the stream, the vinyl tubing was also placed inside PVC pipe to provide 
extra protection from hoof shear or potential stream scour. The vinyl delivery tubing (inside PVC pipe) 
was buried under the streambed until mid-channel. At mid-channel, the vinyl tubes re-emerged, were 
attached to needle valves used to control the drip rate, and then additional vinyl tubing was placed on 
the delivery side of the needle valves and placed inside a perforated PVC tube. The entire assembly was 
attached to a fencepost (Figure 3-4, previous page, and Figure 3-5). The perforated PVC pipe allowed 
the nutrient solutions to drip into the stream without the possibility of being licked by cattle or wildlife. 
The lengths of vinyl tubing on the delivery side of the needle valves were cut (and periodically adjusted) 
so that they ended just above the water surface; this assured that dripped solution made it to the 
stream and did not dry on the sides of the PVC pipe. Early tests with colored dye showed that stream 
flow very rapidly washed the dripped solution out from the inside of the PVC tube and into the stream. 
 

 
Figure 3-5. Cross-section Diagram of the Instream Nutrient-dripper Assembly.  
For simplicity, only one vinyl nutrient-delivery tube is shown inside the perforated PVC pipe, but in situ both were 
there. Lengths of the vinyl extension tubes on the delivery end of the needle valves (inside the perforated PVC 
pipe) were maintained just above the water level, as shown. 

 
The experiment assumed nearly instantaneous mixing of stream water and dripped tank solutions, so to 
achieve this the location of the dripper arrays and the positioning of the Low- and High Dose reaches 
were carefully selected. For both the Low- and High Dose reaches the most upstream reach feature was 
a riffle, and the dripper arrays were placed in the stream just upstream of these riffles to provide fastest 
mixing.  

                                                           
 
5
 ¢ƘŜ ǘŀƴƪǎ ǿŜǊŜ ŀǘ ŦƛǊǎǘ ŎƻƴŦƛƎǳǊŜŘ ŀǎ aŀǊƛƻǘǘŜΩǎ ōƻǘǘƭŜǎ (McCarthy 1934), which provide constant drip rates 

regardless of changing liquid levels in the tanks. However we found that the Mariotte configuration only works for 
rigid-walled vessels and was not practical for plastic tanks, and therefore switched to gravity feed.  

PVC pipe buried under the bank and 
streambed 
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3.4.3 Regulating the Nutrient Dose Rate 
Drip rates from the tanks to each experimental reach were varied according to stream flow in order to 
maintain the target dose rates. We assumed that background nutrient concentrations in the stream in 
2010 would be similar to what was measured in August and September 2009 (3 µg NO3-N/L and 4 µg 
SRP/L), and also assumed (as noted above) a slightly higher N background (5 µg NO3-N/L) at the head of 
the High Dose Reach to account for residual nitrate from the Low Dose Reach. In 2009 we measured 
flow repeatedly at a location in the Low Dose Reach and at a location in the High Dose Reach and found 
no significant difference between them (p = 0.129; paired t-test). As a result, we only made flow 
measurements in 2010 in the Low Dose Reach but applied the measured values to both study reaches.  
 
Flow was measured regularly during the dosing period (August-October 2010), on average about every 
four days. A computer spreadsheet had been developed which, when stream flow was input, provided 
the drip rate needed to maintain the target dosages. Using a laptop and the spreadsheet, the 
appropriate drip rates were determined (based on the most currently-measured stream flow) and then 
the drip rates were adjusted via the needle valves. At the stream, at each experimental reach, the N and 
P drip rates (ml/min) were measured using a graduated cylinder for drip volume and a wristwatch with a 
second hand for time. Drip volumes/times were measured at least twice before locking the valve in 
position. 
 

3.5 DATA COLLECTION  

A full suite of physical, chemical, and biological data collections was undertaken during the study. 
Methods for each are described below. 
 

3.5.1 Physical Measurements 
Stream flow was obtained using a Marsh-McBirney FlowMate meter set to thirty second averaging, with 
the velocity measurements being taken at twenty equally-spaced points across the channel using the 0.6 
m depth method (Rantz 1982). Flow was measured a total of thirty three times from 2009 to 2011, 
twenty one of those being taken in 2010 alone, during the nutrient dosing.  
 
The main reach features of each experimental reach (riffle, pool, glide; see Section 3.3) were 
documented each year of the study. Basic wetted channel geometry was also quantified annually, in late 
September. To do this, stream depth was measured at five equidistant locations across each sampling 
transect (i.e., transects A to K) within each study reach, and stream width at the same locations was also 
recorded. However, in 2009 these measurements were only collected from three longitudinally-spaced 
transects in the High-Dose reach and four longitudinally-spaced transects in the Control and Low Dose 
reaches.  
 
Weather data were collected during summer and fall all three years of the project using a HOBO 
Weather Station and Logger. The station recorded air temperature, wind speed and direction, solar 
radiation, and relative humidity. The centers of the anemometer cups were positioned 2 m above the 
ground surface and the station referenced to true north. The station was placed in the same location all 
three years, near the upstream boundary of the Control Reach in an open grassy area with no trees or 
large topographic features in the immediate vicinity.  
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3.5.2 Chemical/Water Quality Measurements 
In all three years of the study, water-quality data were collected from each of the study reaches 
(Control, Low Dose, High Dose). In 2009 and 2011, water samples were collected near the middle of 
each study reach. In 2010, water-quality samples were collected towards the downstream end of each 
experimental reach to capture the largest effect of the treatments (i.e., collection occurred at or very 
close to transect A in each reach). In addition, in 2010, data were collected just upstream of the 
headwaters of the High Dose Reach during nutrient dosing in order to document arriving water quality 
and to ascertain if any residual nutrients from the Low Dose Reach (located upstream) were influencing 
the High Dose Reach. 
 
Soluble Nutrients: For nitrate + nitrite (NO2+3), ammonia, and SRP samples, well-mixed stream water was 
collected and filtered through a 0.45 um filter. Then, 250 ml of the filtrate was placed in a HDPE bottle 
and frozen until analyzed; summary information is in Table 3-3. Filtration was accomplished with a large 
syringe connected to a disposable filter capsule. A small amount of deionized water followed by a small 
amount of the sample was wasted through the 0.45 um filter before the filtered sample was collected. 
All reusable gear was acid washed (10% HCl) and triple rinsed in deionized water between uses. All 
sample bottles were new or were acid washed in 10% HCl and triple-rinsed in deionized water. Sample 
bottles were pre-rinsed with a small amount of the filtered sample before collecting the final filtered 
sample. All samples were analyzed by the DPHHS Environmental Laboratory in Helena, MT.  
 
Total Nutrients, TSS & TDS, Turbidity, Common Ions, and Biochemical Oxygen Demand (BOD). Summary 
information is shown in Table 3-3; all samples were collected from well-mixed parts of the stream. A 250 
ml HDPE bottle was collected for TP and TN and was immediately frozen. Common ions were collected 
in two 250 ml HDPE bottles and held on ice (not frozen). One bottle was analyzed for cations (including 
hardness and cation/anion balance) and the other for anions (including total alkalinity). The cation 
sample was preserved with nitric acid and held on ice, while the anion sample was held on ice without 
acid preservation. TSS, TDS, and turbidity were collected in a 1000 ml HDPE bottle and held on ice (not 
frozen). All sample bottles were new or were acid washed in 10% HCl and triple rinsed with de-ionized 
water. Five day biochemical oxygen demand (BOD5) samples were collected in 1000 ml HDPE bottles and 
held on ice (not frozen), and delivered to the analytical laboratory within 48 hrs. All samples were 
analyzed by the DPHHS Environmental Laboratory in Helena, MT.  
 
Sestonic CNP samples. To measure sestonic (suspended particulate) carbon (C), N and P content, known 
volumes of stream water were filtered through GF/F filters. For each sampling event at least one filtered 
sample was collected from each study reach (in some cases duplicates were collected), including the site 
just upstream of the High-Dose reach which was only sampled in 2010. Samples were stored in 50 cc 
centrifuge tubes (or in small petri dishes) on ice (not frozen). For each study reach, equal volumes of 
water were filtered on a pair of filters. Vacuum on the filters was kept below 9.0 inches Hg to prevent 
cell rupture and loss of their contents into the filtrate (Wetzel and Likens, 1991). At the LCG Water 
Laboratory in Helena, one of the filters (for C & N analysis) was placed on a filter holder and rinsed with 
10% HCl until it stopped fizzing, to remove inorganic carbonates (Nieuwenhuize et al., 1994). Fifty ml tap 
water was then pulled through the filter to remove the acid, and the filter was dried at 105 o C. The 
remaining filter (for P analysis) was dried directly. Dried CNP samples were analyzed by the Agricultural 
Analytical Services Laboratory at Penn State University, State College, PA (Table 3-3). Lower reporting 
limits for sestonic CNP varied by the volume filtered, and ranged as follows: Cτ0.15 to 1.08 mg/l 
(median: 0.26 mg/l); Nτ0.10 to 0.72 mg/l (median: 0.17 mg/l); and Pτ5 to 38 µg/l (median: 8 µg/l).   
 



Whole-stream Nitrogen and Phosphorus Addition Study to Identify Eutrophication Effects in a Wadeable Prairie 
StreamτSection 3.0 

05/11/16 Final 3-12 
 

Table 3-3. Analytical Methods and Lower Reporting Limits for Nutrients and Other Samples. 
Analyte Method Lower Report Limit 

Total Phosphorus (TP) EPA 365.1 1 µg/l 

Total Nitrogen (TN) Standard Methods 4500-N B or C 5 or 10 µg/l 

Nitrate + Nitrite (NO2+NO3-N) EPA 353.2 1 or 5 µg/l 

Total Ammonia (NH3+NH4-N) EPA 350.1 5 µg/l 

Soluble Reactive Phosphorus (SRP)  EPA 365.1 1 µg/l 

Total Suspended Solids (TSS) EPA 160.2 1000 µg/l 

Total Dissolved Solids (TDS) EPA 160.1 1000 µg/l 

Specific Conductance Standard Methods 2510 B 1 µmho/cm 

Sulfate EPA 300.0 1000 µg/l 

Chloride EPA 300.0 1000 µg/l 

Alkalinity (Bicarb., Carb.) EPA 310.2/A2320 B 1000 µg/l 

Calcium, Magnesium, Potassium, Sodium EPA 200.7 10 or 200 µg/l 

Total Hardness as CaCO3  Standard Methods 2340 B (Calculated) 1000µg/l 

Sodium Absorption Ratio (SAR) Calculated   

Cation-Anion Milliequivalent Standard Methods 1050 A   

BOD5 Standard Methods 5210 B 4000 µg/l 

 Chlorophyll a, corrected for pheophytin Standard Methods 10200 H 
Variable, dependent on 
area sampled/volume 
filtered 

Ash Free Dry Mass (AFDM) Standard Methods 10300 C (5) 
0.01 g/m

2
 (hoop) and 0.8 

g/m
2
 (template) 

Sestonic Carbon and Nitrogen High temperature induction furnace* 
Variable, dependent on 
volume filtered 

Sestonic Phosphorus 
Ashing followed by molybdate P 
ƳŜǘƘƻŘϞ 

Variable, dependent on 
volume filtered 

*American Society of Agronomy (1998) 
Ϟ(Solorzano and Sharp, 1980) 

 
Continuous Monitoring via Deployed Instruments. Yellow Springs Instruments (YSI) 6600 V2-4 sondes 
were deployed all years of the study and were the principle means by which temperature, dissolved 
oxygen, pH, conductivity, and turbidity were measured in the stream. Logging was set at 15 minute 
intervals. In 2009 one sonde was placed in each reach (Control, and what would become the Low- and 
High Dose reaches), and the sondes were located near the middle of each study reach in glides with 
laminar flow. In 2010 the Low Dose and High Dose reaches each received two sondes; one placed in the 
same location as in 2009, and another near the terminus of the 200 m study reach. The Control Reach in 
2010 received one sonde at the same location as 2009. In 2010 (during dosing) a sonde was also located 
just upstream of the High Dose Reach in order to monitor water quality as it arrived to the headwaters 
of the High Dose Reach; the intent was assess any residual water quality effects from the Low Dose 
Reach (located upstream). In 2011, each of the three study reaches again received one sonde each, in 
the same locations as in 2009. 
 
{ƻƴŘŜǎ ǿŜǊŜ ŘŜǇƭƻȅŜŘ ǳǎƛƴƎ άǎǘǳǊƎŜƻƴέ-type platforms that held the sondes in a horizontal position 12 
cm off the streambed (Figure 3-6). Sonde probes always faced the rear of the deployer. There was one 
exception to the use of the sturgeon-type deployers; in 2010 the downstream sonde of the High Dose 
Reach was deployed vertically on a mid-channel fencepost, with its probes positioned at a comparable 
depth from the stream bottom. 
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Figure 3-6. ¢ƘŜ άsǘǳǊƎŜƻƴέ sonde deployer.  
(A) Looking from the back towards the front. (B) Looking at the unit from the front, where there is a large deflector 
which faces the oncoming flow.  

 
Quality Control for YSI calibration and allowable drift from calibration for the measured parameters are 
detailed in Section 4.0 of the project QAPP (Appendix A). During deployment the sondes were inspected 
and cleaned routinely (especially in 2010) to replace failed probes, recalibrate as necessary, and to clear 
the instruments of any biofouling that might have interfered with the measurements. Table 3-4 shows 
the deployment, cleaning/servicing, and retrieval schedule for deployed YSI sondes for all years of the 
project. 
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Table 3-4. Deployment, Cleaning/Servicing, and Final Retrieval of YSI Sondes During the Study. 

YSI Activity 

Year, Sites, and Date of Activity 

2009 

Control Low Dose High Dose   

Deployment 25-Jul 25-Jul 25-Jul 

Cleaning/Service 31-Aug 29-Aug 29-Aug 

Retrieval 27-Sep 27-Sep 27-Sep 

 

2010 

Control Low Dose Just upstream 
of High Dose 

High Dose 

Upstream Downstream Upstream Downstream 

Deployment 18-Jul 17-Jul 17-Jul 30-Jul 17-Jul 17-Jul 

Cleaning/Service 23-Aug 24-Aug 23-Aug 24-Aug 24-Aug 24-Aug 

Cleaning/Service 9-Sep 7-Sep 8-Sep 8-Sep 7-Sep 8-Sep 

Cleaning/Service 24-Sep 24-Sep 23-Sep none 24-Sep 24-Sep 

Cleaning/Service none 5-Oct none 5-Oct 5-Oct 5-Oct 

Retrieval 8-Oct 8-Oct 8-Oct 7-Oct 7-Oct 7-Oct 

 

2011 

Control Low Dose High Dose   

Deployment 26-Aug 26-Aug 26-Aug 

Cleaning/Service none 22-Sep 22-Sep 

Retrieval 24-Sep 24-Sep 23-Sep 

 

3.5.3 Biological Data Collection 
In 59vΩǎ {htǎΣ biological data collection (e.g., benthic chlorophyll a, macroinvertebrates) is undertaken 
at 11 transects evenly spaced along a defined reach. A reach is normally defined as 40 times the wetted 
width, with the wetted width being measured near mid-reach. For this study, we modified DEQΩǎ мм-
transect method so that (1) the transects and data collection were kept within the pre-defined 150 m 
(Control) or 200 m (Low Dose, High Dose) reaches rather than be defined as a 40 ǘƛƳŜǎ ǘƘŜ ǎǘǊŜŀƳΩǎ 
wetted width, and (2) the 11 transects were placed along each reach so that the targeted reach-features 
would be sampled. (See Section 3.3 for a discussion of the proportion of stream featuresτriffle, pool, or 
glideτat the Box Elder Creek study site.) Because we targeted reach features, transects were not always 
evenly spaced within a study reach; however, transect spacing was optimized to provide as much linear 
distance between each transect as possible while still capturing the targeted stream features.  
 

3.5.3.1 Benthic Algae, Macrophyte, and Periphyton Collection, Observation, and Data 
Analysis 
Other than the changes in reach layout described at the start of Section 3.5.3, aquatic flora were 
collected per Department SOPs (Montana Department of Environmental Quality 2011b). Beginning at 
the most downstream transect in each reach, samples were collected moving upstream following a 
right-left-center-repeat process. Benthic algal chlorophyll a (Chla) and ash free dry mass (AFDM) were 
collected at each of the eleven transects and for this study we also kept the macrophytes (when 
encountered) for determination of chlorophyll a and AFDM. However, we did not analyze or report 
AFDM data for any samples collected via the core method as these samples mostly contain previously-
ŘŜǇƻǎƛǘŜŘ ƻǊƎŀƴƛŎ ƳŀǘŜǊƛŀƭΣ ƴƻǘ ǘƘŜ ŎǳǊǊŜƴǘ ȅŜŀǊΩǎ ōƛƻƳŀǎǎΦ Lƴ ŜŀŎƘ ǎǘǳŘȅ ǊŜŀŎƘ ƛƴŘƛǾƛŘǳŀƭ ǘǊŀƴǎŜŎǘ 
samples were kept separate from other transect samples, and were immediately frozen on dry ice and 
protected from light. In addition, a duplicate of the reach-wide quantitative floral biomass was collected 
at the Low Dose Reach in September 2009. This involved collecting the 11 benthic flora biomass samples 
along the reach using the right-left-center method, followed by a repetition of the entire process but 
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starting from a different initiation point (right bank for the first sampling, center for the duplicate); by 
doing so duplicates were not collected at the same spot. All benthic algal biomass samples were 
analyzed in the laboratory of Dr. Vicki Watson (University of Montana). There, Chla was determined with 
hot ethanol extraction followed by spectrophotometric measurement (Sartory and Grobbelaar 1984), 
and AFDM via standards methods (American Public Health Association, 1998). Lower reporting limits for 
benthic Chla vary according to the surface area sampled (Table 3.3), and ranged from 0.1 mg Chla/m2 
(all hoop samples) to 2.7-18 mg Chla/m2 (for templates and cores).  
 
Visual assessments of stream bottom floral biomass were undertaken at all 11 transects in each study 
reach and this work corresponded in time with the quantitative data collection described above. At each 
transect, the observer used a standard form from the SOP (Montana Department of Environmental 
Quality 2011b)(and found at the end of Appendix A) to evaluate percent cover, dominant color, and 
growth status of plant groups (microalgae, filamentous algae, macrophytes, and moss), and also to 
record microalgae thickness and filament length of filamentous algae6. The visual evaluation was carried 
out at a much broader scale compared to the quantitative biomass collection, as the observer 
considered the condition from right bank to left within a 10 m long sub-reach centered on each transect 
(5 m upstream, 5 m downstream of the transect). Prior to data ŀƴŀƭȅǎƛǎΣ ǘƘŜ ŦƻǊƳΩǎ ƴǳƳŜǊƛŎ ŎŀǘŜƎƻǊƛŜǎ 
were transformed as follows: plant cover ratings (1-4) were converted to the midpoint value of the 
associated % ranges (e.g., rating level 1 became 5%, 3 became 39.5%); microalgae thickness descriptors 
(Thin, Medium, Thick) were converted to 0.25 mm, 1.75 mm, and 3 mm, respectively; filamentous algae 
length (Short, Long) was converted to 1 cm and 2 cm, respectively. In most cases (68%), notes were also 
taken regarding the actual length of filamentous algae filaments. Where recorded, the maximum lengths 
of filaments were substituted for 2 cm (2 cm being the default value associated with Long filaments). 
 
Qualitatively collected periphyton samples were obtained from the same locations where the benthic 
chlorophyll a sub-samples were collected, and these samples were composited into a single reach-wide 
sample bottle and preserved with 2-3% formalin solution (final concentration). Samples were submitted 
to the Philadelphia Academy of Natural Sciences for enumeration of soft-bodied algae and diatom 
species following DEQ methods (Montana Department of Environmental Quality 2011a). 
 
For all samples (and observations) described in this subsection, in 2009 sampling occurred four times 
between July and the end of September. During the nutrient dosing phase of the study in 2010, 
sampling occurred about every two weeks starting in late July. In 2011 sampling occurred twice (August, 
September).  
 

3.5.3.2 Phytoplankton Chlorophyll a 
Stream water samples for phytoplankton chlorophyll a were collected in each study reach at times 
corresponding to the collection of benthic algae described in Section 3.5.3.1. Duplicate samples were 
filtered on to GF/F filters (vacuum held below 9 inches Hg), immediately frozen on dry ice, and protected 
from light. Samples were analyzed by the same laboratory and method used for benthic algae. Samples 
were analyzed in the laboratory of Dr. Vicki Watson (University of Montana). Lower reporting 
limits/detection limits for phytoplankton Chla vary according to the volume filtered (Table 3.3) and 
ranged from 2.5 to 10 µg Chla/l (average lower reporting limit: 4.6 µg Chla/l). 

                                                           
 
6
 The visual assessment process was enhanced in spring 2010 to its present form, as found in the cited SOP and at 

the end of Appendix A. The earlier form (used only in 2009) did not contain categories for floral color, growth 
status, microalgae thickness, or filamentous algae length.     
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Chlorophyll a was also monitored by each of the deployed YSI 6600 sondes (see Section 3.5.2). 
Howeverm the YSI sonde Chla measurements are relative, however, and need to be calibrated against 
field-collected water sample Chla results from the same locations. Instrument drift for the YSI 
chlorophyll a measurements were determined using Rhodamine WT as the initial and final calibration 
testing dye.  
 

3.5.3.3 Macroinvertebrate Collection and Data Analysis 
All macroinvertebrate samples were collected following Department SOPs (Montana Department of 
Environmental Quality, Water Quality Planning Bureau 2006) and EMAP reachwide sampling protocols 
(Lazorchak et al., eds., 1998), but with the modification described at the start of Section 3.5.3. The 
macroinvertebrate samples were collected from the same transects (but not the same locations on each 
transect) as the periphyton samples. Samples were provided to a DEQ-approved laboratory for 
identification and counting (Rhithron Associates, Missoula, MT). In addition to standard taxa IDs and 
counts, samples received an additional sorting of an equivalent number of grids, followed by ashing of 
the macroinvertebrates from the extra grids. These provide macroinvertebrate biomass per unit area of 
stream bottom (g AFDM/m2). In 2009 sampling occurred three times (July ς September). In 2010 five 
sampling events were completed, one (July) in the Before period and four in the After period. In 2011 
sampling occurred twice (August, September). 
  
The expected response of individual taxa to nutrient dosing was estimated based on their Montana 
tolerance values (Montana Department of Environmental Quality, Water Quality Planning Bureau 2006). 
Taxa with tolerance values between 0 and 5 were categorized as decreasers (i.e., they were expected to 
decrease in number as a response to nutrient dosing), and those with values from 6 to 10 as increasers. 
The expected response of macroinvertebrate metrics and harm-to-use thresholds was based on DEQ 
SOPs (Montana Department of Environmental Quality, Water Quality Planning Bureau 2006).  
 
It resulted that many taxa (e.g., Baetis sp., Heptageniidae) were not consistently observed during paired 
sampling events (e.g., Baetis sp. was counted in the Control Reach sample of 7/25/2009, but not found 
in the Low Dose Reach sample on the same date). As a result, there were fewer overall D values for 
individual taxa, reducing the power of the BACIP statistical testing. As an operational minimum, at least 
three D values in the Before period and three D values in the After period was considered necessary to 
run Mann-Whitney tests for individual taxa.



Whole-stream Nitrogen and Phosphorus Addition Study to Identify Eutrophication Effects in a Wadeable Prairie 
StreamτSection 4.0 

05/11/16 Final  4-1 
 

4.0 RESULTS  

4.1 WEATHER 

¢ƘŜ .!/Lt ά.ŜŦƻǊŜέ ŀƴŘ ά!ŦǘŜǊέ ǎǘŀǘƛǎǘƛŎŀƭ ŀƴŀƭȅǎŜǎ ŀǊŜ ǊŜǎǘǊƛŎǘŜŘ ǘƻ нллф ŀƴŘ нлмл Řŀǘŀ όǎŜŜ BACIIP 
example, Table 3-1). 2011 data are considered follow-up/recovery data. Therefore, weather data 
summaries are provided here in two sets (2009 and 2010 data, and 2009, 2010, and 2011 data) so that 
weather conditions specific to the BACIP period can be viewed on their own accord. The 2009 and 2010 
data summaries cover a longer record (two months), extending from late July to the end of September 
in each year, as shown in Table 4-1 and Figure 4-1. The only common time period for weather data 
across all three years of the study was August 26th to September 24th (less than one month), and these 
data are shown in Table 4-2 and Figure 4-2. 
 
Table 4-1. Weather Conditions in 2009 and 2010. Data are the averages for the date range shown. 

Year Date Range 
Air Temperature 

(
o
C ) 

Solar Radiation 
(µmol quanta/m

2
/sec) 

Dew Point  
(
o
C ) 

2009 7/29 to 9/28 17.6 956 8.4 

2010 7/29 to 9/28 17.2 1004 9.2 

 
 
 

 
Figure 4-1. Paired Wind Rose Data for Box Elder Creek, 7/29 to 9/28, in 2009 and 2010.  
Left panel, 2009. Right panel, 2010. Wind direction vectors are shown as blowing to. 

 
 
Table 4-2. Weather Conditions in 2009, 2010, and 2011. Data are the averages for the date range 
shown. 

Year Date Range 
Air Temperature  

(
o
C ) 

Solar Radiation  
(µmol quanta/m

2
/sec) 

Dew Point  
(
o
C ) 

2009 8/26 to 9/24 17.8 926 8.0 

2010 8/26 to 9/24 14.0 830 7.3 

2011 8/26 to 9/24 15.3 984 5.8 
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Figure 4-2. Wind Rose Data for Box Elder Creek, 8/26 to 9/24, 2009, 2010, and 2011.  
Upper left panel, 2009. Upper right panel, 2010. Lower Panel, 2011. Wind direction vectors are shown as blowing 
to. 

 
In the time period during which the bulk of the nutrient dosing occurred (August and September 2010), 
weather conditions were, on average, quite similar to the same time period in 2009 (Table 4-1; Figure 4-
1). Average air temperature, dew-point temperature7, and solar radiation were all very similar; 2010 was 
somewhat sunnier, with fewer overcast days as indicated by the higher solar radiation value. Prevailing 
winds usually blew from the south to the north at low velocities, whereas higher-velocity winds in both 
years generally came from either the southeast or northwest in roughly equal measure. 2010 tended to 
be windier and with a greater proportion of high-velocity winds.  
 
Late August to late September data for all three years (Table 4-2 and Figure 4-2) show somewhat more 
variability. Wind speed and direction in 2010 in particular was more variable, whereas both 2009 and 
2011 showed a fairly substantial proportion of low-velocity vectors blowing to the north or north-
northwest. 2009 was somewhat warmer, whereas (based on dew point) 2011 somewhat drier than the 
other two years of the study.  

                                                           
 
7
 For comparison, the dew point in Houston, Texas (a hot, very humid city) is often around 23 

o
C, whereas at the 

Box Elder Creek study site it was usually around 9
 o
C; thus, the air at the study site was much drier.  
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4.2 CHANNEL GEOMETRY AND STREAM FLOW 

4.2.1 Wetted Channel Geometry 
Average wetted widths and depths for the study reaches for each year of the study are shown in Table 
4-3. Values reported from 2010 and 2011 are more accurate than 2009, because they are based on all 
eleven transects from each study reach. Wetted channel dimensions varied somewhat from year to 
year, in part due to variations in flow (Table 4-3) but also due to observed morphological changes that 
occurred in spring 2011. At that time, a very large spring flow event occurred which moved the channel 
within its floodplain. At some locations, lateral channel movement was at least 1 to 2 m, based on bank 
pins which had been placed in 2009. Overall water depth of all three reaches across the study period 
was fairly similar (ca. 24 cm, on average), and was never less than 18 cm. 
 
Table 4-3. Wetted Channel Geometry for the Three Study Reaches, 2009-2011. 

Study Reach Year Measurement Date Flow (m
3
/sec) 

Average Wetted 
Width (m) 

Average Water 
Depth (cm) 

Control  2009 9/29/2009 0.07 11.6 25 

Control  2010 9/22/2010 0.18 9.1 18 

Control  2011 9/24/2011 0.22 11.4 30 

Low Dose 2009 9/29/2009 0.07 8.7 19 

Low Dose 2010 9/22/2010 0.18 9.3 25 

Low Dose 2011 9/24/2011 0.22 11.2 35 

High Dose 2009 9/29/2009 0.07 12.3 28 

High Dose 2010 9/22/2010 0.18 10.7 21 

High Dose 2011 9/24/2011 0.22 15.4 21 

 

4.2.2 Stream Flow 
Measured stream flow ranged from 0.07 to 2.0 m3/sec. A high-flow event occurred towards the middle 
of July 2010 whichτdue to safety concernsτwas too high to measure, but we estimated that it may 
have peaked at roughly 15 m3/sec. Mid-summer to fall baseflow was commonly around 0.2 m3/sec, 
however 2009 showed lower flows than the other years, and averaged 0.12 m3/sec. 
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Table 4-4. Stream Flow Measured in Box Elder Creek during the Study. 
YEAR 

2009  2010  2011 

Date Flow (m
3
/sec)*  Date Flow (m

3
κǎŜŎύϞ  Date Flow (m

3
κǎŜŎύϞ 

25-Jul 0.18  26-Jul 2.01  27-Aug 0.39 

12-Aug 0.18  27-Jul 1.30  24-Sep 0.22 

30-Aug 0.09  28-Jul 1.14     

15-Sep 0.06  29-Jul 0.74     

28-Sep 0.07  30-Jul 0.59     

    31-Jul 0.59     

    1-Aug 0.53     

    7-Aug 0.31     

    9-Aug 0.29     

    22-Aug 0.17     

    24-Aug 0.14     

    27-Aug 0.13     

    1-Sep 0.11     

    7-Sep 0.17     

    9-Sep 0.14     

    19-Sep 0.19     

    22-Sep 0.18     

    24-Sep 0.31     

    26-Sep 0.23     

    1-Oct 0.22     

      5-Oct 0.13       

*Average of paired values measured at the Low Dose and High Dose reaches. 
ϞaŜŀǎǳǊŜŘ ŀǘ ǘƘŜ [ƻǿ 5ƻǎŜ wŜŀŎƘΦ 

 

4.3 CHEMICAL/WATER QUALITY MEASUREMENTS 

This section covers the grab-sample water quality measurements of the study. Continuously monitored 
data will be covered in the next section. Unless reported otherwise, data handling included converting 
all below detection values to ½ their reporting limit prior to inclusion in statistical summaries (Suplee et 
al. 2007), and reducing to a single average value the routine and field-duplicate samples (i.e., those 
collected at the same study reach at the same time) prior to inclusion in monthly or annual averages.  
 

4.3.1 Quality Control Check on the Nutrient Solutions in the Dosing Tanks 
Laboratory-analyzed nutrient concentrations from samples collected from the nutrient dosing tanks 
were compared to the calculated tank concentrations as computed from the solution preparations. 
Similarity was quite good, as the percent difference between the two was always less than 10% and was, 
on average, about 5% (Table 4-5). In almost all cases the tank solutionsτbased on the laboratory 
measurementsτwere at a lower concentration than the calculated concentration.  
 
Later in this document we will report the nutrient concentrations achieved in the Low- and High Dose 
reaches resulting from the mixing of dripped tank solutions and ambient stream water. Whenever 
possible, we will make these calculations using the average concentrations measured in the tanks (i.e., 
the laboratory-analyzed values) instead of the calculated concentrations, as we believe the directly-
measured tank concentrations are the most accurate. 
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Table 4-5. Percent Difference Between Calculated and Measured Nutrient Concentrations in the 
Dosing Tanks.  

Experimental 
Reach Tanks 

Tank 
Sampling 

Date 
Tank Nutrient 

Calculated Tank 
Concentration 

(g N or P/L) 

Measured Tank 
Concentration 

(g N or P/L) 

Percent 
Difference 

Low Dose 8/29/2010 NO3 as N 49.4 45.8 -7.3% 

Low Dose 9/25/2010 NO3 as N 49.4 46.1 -6.7% 

High Dose 8/9/2010 NO3 as N 65.9 61.9 -6.1% 

High Dose 9/25/2010 NO3 as N 65.9 62.0 -5.9% 

Low Dose 8/29/2010 PO4 as P 2.67 no data n/a 

Low Dose 9/25/2010 PO4 as P 2.67 2.55 -4.5% 

High Dose 8/9/2010 PO4 as P 8.89 9.18 3.3% 

High Dose 9/25/2010 PO4 as P 8.89 8.72 -1.9% 

 

4.3.2 Common Water-quality Parameters 
Box Elder Creek was dosed with fairly low concentrations of nutrients, and it was expected that the 
counter-ions of the nutrients salts (potassium, K, and sodium Na) would have no measureable effect on 
ǘƘŜ ǎǘǊŜŀƳΩǎ ŀƳōƛŜƴǘ ƭŜǾŜƭǎ ƻŦ ǘƘƻǎŜ ŘƛǎǎƻƭǾŜŘ Ŏƻƴǎǘƛǘuents (see Section 3.4.1). To confirm this, 2010 
measured concentrations of K and Na are here compared between the Control Reach and the two 
experimental reaches. We evaluate K and Na concentrations using the BACIP statistical design. For K, in 
2010 during dosing (i.e., the After period), concentrations in the Control reach averaged 7.99 mg/L, in 
the Low Dose reach they averaged 7.94 mg/L, and in the High Dose Reach they averaged 7.82 mg/L. 
Based on BACIP analysis, there was no significant difference in K concentrations between the Before and 
After periods (one-sided Mann-Whitney test; Table 4-6) for the Low Dose and High Dose reaches.  
 
For sodium (Na), results were nearly identical. During 2010 dosing the Control- and Low Dose reaches 
averaged 301 and 296 mg/L, respectively, and the High Dose Reach averaged 294 mg/L. The BACIP 
analysis indicated there was no significant difference in Na concentrations between the Before and After 
periods (one-sided Mann-Whitney) for either the Low- or High Dose reaches. These data confirm our 
pre-study expectation that the added nutrient salts would have no measurable effect on the background 
K and Na concentrations in the stream.  
 
Table 4-6. BACIP-arrayed Potassium (K) Data for the Control, Low Dose, and High Dose reaches.  

Date Period 
Sampling 

Event 
Control 

Low 
Dose 

(mg/L) 

High 
Dose 

(mg/L) 

Difference (D) 
Control - Low 

Dose 

Difference (D) 
Control - High 

Dose 

7/24/2009 Before 1(2009) 7.925 7.88 7.88 0.045 0.045 

8/12/2009 Before 2 (2009) 8.135 7.81 8.25 0.325 -0.115 

8/29/2009 Before 3 (2009) 8.235 5.86 8.28 2.375 -0.045 

9/26/2009 Before 4 (2009) 8.05 7.99 8.11 0.06 -0.06 

7/16/2010 Before 5 (2010) 9.8 10.6 10.1 -0.8 -0.3 

8/25/2010 After 1 (2010) 8.41 8.44 8.31 -0.03 0.1 

9/7/2010 After 2 (2010) 8.19 7.98 7.7 0.21 0.49 

9/22/2010 After 3 (2010) 7.37 7.39 7.45 -0.02 -0.08 

 
Other common water quality measurements were made as well (alkalinity, carbonate, bicarbonate, 
hardness, sulfate, chloride, total dissolved solids (TDS), and total suspended solids (TSS). A review of 
these water-quality parameters indicated that they did not vary in any obvious way among the three 
study reaches during the dosing period in 2010, and were generally similar among the three study 
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reaches during any given sampling event. Month-to-month variation was noted, undoubtedly driven by 
variables in the watershed (flow changes driven by precipitation events, for example). Since dosing had 
no apparent effect on these variables, for brevity, the annual averages for these common parameters 
are presented only for the Control Reach (Table 4-7). 
  

Table 4-7. Statistical Summaries for Common Water-quality Parameters in the Control Reach.  
Concentration data shown are the annual average, followed by minimum and maximum in parentheses. 
Data were collected between July and October of each year.  

Water-quality 
Parameter                 
(and units) 

Sample Size (by 
year) 

Concentration (by year) 

2009 2010 2011 2009 2010 2011 

Total 
suspended 

solids (mg/L) 
4 5 2 17 (10-26) 19 (14-24) 10 (10-10) 

Total dissolved 
solids (mg/L) 

4 5 2 
1144 (911-

1345) 
1142 (1040-

1210) 
1488 (1465-

1510) 

Hardness (Ca, 
Mg) (mg/L ) 

4 5 2 242 (229-258) 276 (242-384) 353 (349-353) 

Total alkalinity 
(mg/L as 
CaCO3) 

4 5 2 434 (346-527) 412 (315-486) 474 (462-485) 

Carbonate 
(mg/L as 
CaCO3 ) 

4 5 2 27 (1-48) 28 (6-43) 29 (25-34) 

Bicarbonate 
(mg/L as 
CaCO3 ) 

4 5 2 407 (334-480) 383 (298-444) 444 (428-460) 

Sulfate (mg/L) 4 5 2 520 (446-598) 535 (477-627) 689 (669-708) 

Chloride 
(mg/L) 

4 5 2 7 (4-9) 7 (6-9) 10 (10-10) 

 
As has been observed in previous years, Box Elder Creek was a sodium sulfate dominant stream during 
the study, with strong buffering capacity (total alkalinity > 400 mg/L as CaCO3). It resulted that, from 
water quality point of view, 2009 and 2010 were fairly similar to one another, whereas 2011 had higher 
concentrations of dissolved constituents and lower total suspended solids (Table 4-7). For example, 
there is no significant difference between 2009 and 2010 for TSS or TDS concentrations, whereas there 
is a significant difference for both of these water-quality parameters between 2010 and 2011 (two-sided 
T-test, unequal variance, p = <0.01 each for TSS and TDS). The fact that 2009 and 2010 are so similar is 
ideal for this BACIP study design, as those are the two years used for BACIP statistics. 
 

4.3.3 Nutrient Concentrations in the Control Reach 
Average, minimum and maximum concentrations for the four measured nutrients are compared, by 
year, in Table 4-8. Field blanks associated with these data were nearly all non-detects, with only a few 
exceptions, and those were mostly right above the reporting limit. As we have observed on other 
projects (Suplee 2004), ammonia hits in field blanks were the ones highest above the reporting limit 
(ammonia reporting limit were 1 to 10 µg/L as N; field blanks of 16 and 17 µg /L as N were measured 
once in 2010 and once in 2011, respectively). 
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We assumed that background soluble nutrient concentrations in the stream in 2010 would be very 
similar to what was measured in August and September of 2009 (i.e., 3 µg NO3-N/L and 4 µg SRP/L), and 
as can be seen in Table 4-8 this was the case. (Note: the single high SRP value in 2009 of 47 µg/L had not 
been included among the 2009 data used to project 2010 stream conditions because it was collected 
early, in July 2009.) Concentrations among total nutrients were quite similar in 2009 and 2010, although 
2011 had notably lower average TP concentrations.  
 
Table 4-8. Descriptive Statistics for Nutrient Concentrations in the Control Reach.  
Data shown are the annual average, followed by minimum and maximum in parentheses. Data were collected only 
between July and October of each year.  

   Nutrient Concentration (µg/L)   

Year Total N NO2+3-N Ammonia-N Total P SRP 

2009 473 (364-593) 4 (2-6) 7 (3-13) 43 (23-70) 14 (3-47) 

2010 465 (368-622) 3 (3-3) 15 (8-23) 40 (34-44) 3 (2-5) 

2011 441 (369-513) 7 (3-12) 7 (3-11) 24 (17-31) 2 (1-3) 

 

4.3.4 Nutrient Concentrations in the Low Dose Reach 
4.3.4.1 Calculated dosing concentrations at the upstream end of the Low Dose Reach  
The dose rate for the Low Dose Reach was targeted to achieve concentrations of 40 µg NO3-N/L and 6 
µg SRP/L near its headwaters, after mixing (see Section 3.4.1). Ambient Box Elder Creek nitrate 
concentrations in 2010 averaged exactly what was anticipated (4 µg/L), whereas ambient SRP 
concentrations in 2010 were a bit lower than projected (3 µg/L instead of the projected 4 µg/L; Table 4-
8). Stream flow and nutrient drip rates and concentrations were integrated over the course of the 
experiment (49 and 51 days for N and P, respectively) to determine the experiment-long doses achieved, 
given the ambient 2010 soluble nutrient concentrations observed at the Control Reach (Table 4-8). Low-
Dose reach concentrations actually achieved were 38.6 µg NO3-N/L and 4.4 SRP/L, with an associated 
N:P ratio (by mass) of 8.8:1.  
 

4.3.4.2 Measured nutrient concentrations in the Low Dose Reach 
Summary nutrient data for the Low Dose Reach are shown in Table 4-9. Note that for 2010, the 
summaries only reflect samples collected during the time dosing was occurring (there was a pre-dosing 
July sample and a post-dosing October sample which were not included in the table). In 2009 and 2011, 
the Low Dose nutrient concentrations are very similar to the Control Reach (as one would expect), 
although the 2011 TN concentration is quite a bit lower in the Low Dose Reach. In 2010, the dosing 
effect is quite evident for NO2+3, where the Low-Dose reach average concentration (32 µg NO2+3-N/L) is 
close to the season-long achieved dose-rate concentration of 38.6 µg NO3-N/L8. Further, the BACIP 
analysis (Table 4-10) shows that stream NO2+3 concentrations in the After (i.e., dosing) period was 
significantly greater than in the Before period (one sided Mann-Whitney, p = 0.02). Based on BACIP 
analyses identical in design to Table 4-10, there was no significant difference in nutrient concentrations 
between the Before and After periods for TN, ammonia, TP, or SRP. 
 

                                                           
 
8
 Recall that these samples were collected at the end of the 200 m study ready, therefore the concentration has 

been influenced by assimilation by flora and would be expected to be lower than the initially-mixed concentration. 
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Table 4-9. Descriptive Statistics for Nutrient Concentrations in the Low Dose Reach.  
Data shown are the annual average, followed by minimum and maximum in parentheses. Data were collected 
between July and October (2009 and 2011), but for 2010 only samples collected during dosing (Aug-Oct) are 
shown. 

   Nutrient Concentration (µg/L)   

Year Total N NO2+3-N Ammonia-N Total P SRP 

2009 482 (363-647) 4 (3-5) 5 (3-11) 40 (23-54) 16 (3-53) 

2010 446 (406-492) 32 (22-39) 21 (16-25) 43 (35-52) 5 (3-7) 

2011 302 (197-407) 8 (3-13) 3 (3-3) 22 (14-29) 1 (1-2) 

 
Table 4-10. BACIP-arrayed NO2+3 Data (µg NO2+3-N/L) for the Control- and Low Dose reaches.  
Mann-Whitney test carried out on the Before vs. After D values. 

Date Period Sampling Event 
Control 
(µg/L) 

Low Dose 
(µg/L) 

Difference (D) Control - 
Low Dose 

7/24/2009 Before 1(2009) 5.5 5 0.5 

8/12/2009 Before 2 (2009) 2.25 3 -0.75 

8/29/2009 Before 3 (2009) 6 4 2 

9/26/2009 Before 4 (2009) 3.5 4 -0.5 

7/16/2010 Before 5 (2010) 2.5 5 -2.5 

8/25/2010 After 1 (2010) 2.5 36 -33.5 

9/7/2010 After 2 (2010) 2.5 38.5 -36 

9/22/2010 After 3 (2010) 2.5 22 -19.5 

 

4.3.5 Nutrient Concentrations Just Upstream of the High Dose Reach 
Average, minimum and maximum concentrations just upstream of the headwaters of the High Dose 
Reach during dosing are given in Table 4-11. We assumed that an average residual of 2.0 µg NO2+3-N/L 
would arrive to the headwaters of the High Dose Reach from the Low Dose, and this turned out to be 
the case. The average concentration just upstream of the High Dose Reach was 5 µg NO2+3-N/L (Table 4-
11) and the dosing-period average in the Control Reach was 3 µg NO2+3-N/L (Table 4-8). Also, as we 
anticipated, SRP just upstream of the High Dose Reach was the same as ambient background observed 
in the Control Reach. Note that an average of 27 µg NO2+3-N/L were taken up between the end of the 
Low Dose Reach and the head of the High Dose Reach, a distance of 900 m of stream. This decline in 
nitrate is consistent with our field observations, as we documented increased algal growth during dosing 
along the interim reach of stream between the Low- and High Dose reaches; the increased algae was 
almost certainly what reduced the nitrate concentrations. 
 
Table 4-11. Descriptive Statistics for Nutrient Concentrations Just Upstream of the High Dose Reach.  
Data shown are the 2010 dosing-period average, followed by the minimum and maximum in parentheses.  

  Nutrient Concentration (µg/L)  

Year Total N NO2+3-N Ammonia-N Total P SRP 

2010 466 (408-497) 5 (2.5-10) 18 (9-22) 46 (41-52) 3 (2-5) 

 

4.3.6 Nutrient Concentrations in the High Dose Reach 
4.3.6.1 Calculated dosing concentrations at the upstream end of the High Dose Reach  
The nutrient dose rate for the High Dose Reach was targeted to achieve concentrations of 150 µg NO3-
N/L and 23 µg SRP/L near its headwaters, after mixing (Section 3.4.1). As noted in Section 4.3.5 above, 
nitrate concentrations in 2010 arriving to the High Dose Reach headwaters averaged exactly what was 
anticipated (5 µg/L) whereas ambient SRP concentrations were slightly lower than projected (3 µg/L 
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instead of the projected 4 µg/L; Table 4-11). Stream flow and nutrient drip rates and concentrations 
were integrated over the course of the experiment (55 and 53 days for N and P, respectively) to 
determine the experiment-long doses achieved, given the ambient soluble nutrient concentrations 
observed just upstream of the High Dose Reach (Table 4-11). High Dose Reach concentrations actually 
achieved were 118.7 µg NO3-N/L and 15.6 SRP/L, with an associated N:P ratio (by mass) of 7.6:1.  
 

4.3.6.2 Measured nutrient concentrations in the High Dose Reach 
Nutrient data summaries for the High Dose Reach are shown in Table 4-12. Note that for 2010, the 
summaries only reflect samples collected during the time dosing occurred (there was a pre-dosing July 
sample and a post-dosing October sample which were not included here). In 2009 and 2011, the High-
Dose nutrient concentrations are fairly similar to the Control Reach in the corresponding years. In 2010, 
the dosing effect for NO2+3 is evident, as the High Dose Reach average concentration (48 µg NO2+3-N/L) is 
much higher than the Control reach NO2+3 average the same year (3 µg/L; Table 4-8). Supporting this, 
the BACIP analysis (Table 4-13) showed that stream NO2+3 concentrations in the After (i.e., dosing) 
period were significantly greater than in the Before period (one sided Mann-Whitney, p = 0.02). Based 
on BACIP analyses identical in layout to Table 4-13, there was also significantly greater TN and TP in the 
After period compared to the Before period (one sided Mann-Whitney, p = 0.04 and 0.02, respectively); 
there were no significant differences for SRP. For ammonia, there was a marginally significant decrease 
in concentrations in the After period (two sided Mann-Whitney, p = 0.07), contrary to our expectations. 
In 2010, there appears to have been a longitudinal increase in TP concentration, presumably due to the 
dosing. In the Control Reach (most upstream) TP averaged 40 µg/L, in the Low Dose Reach it was 43 
µg/L, it increased to 46 µg/L just upstream of the High-Dose reach, and was 52 µg/L at the end of the 
High-Dose reach. No longitudinal trend was evident for TN. 
 
Table 4-12. Descriptive Statistics for Nutrient Concentrations in the High Dose Reach.  
Data shown are the annual average, followed by the minimum and maximum in parentheses. Data were collected 
between July and October (2009 and 2011), but for 2010 only samples collected during dosing (Aug-Oct) are 
shown. 

   Nutrient Concentration (µg/L)   

Year Total N NO2+3-N Ammonia-N Total P SRP 

2009 492 (401-653) 4 (1-7) 9 (3-18) 41 (21-65) 20 (2-67) 

2010 538 (485-595) 48 (8-80) 17 (13-23) 52 (48-59) 6 (5-8) 

2011 447 (334-559) 3 (3-3) 3 (3-3) 22 (18-26) 2 (1-3) 

 
Table 4-13. BACIP-arrayed NO2+3 Data (µg NO2+3-N/L) for the Control- and High Dose reaches.  

Date Period Sampling Event Control (µg/L) High Dose (µg/L) Difference (D) Control - High Dose 

7/24/2009 Before 1(2009) 5.5 7 -1.5 

8/12/2009 Before 2 (2009) 2.25 4 -1.75 

8/29/2009 Before 3 (2009) 6 4 2 

9/26/2009 Before 4 (2009) 3.5 0.5 3 

7/16/2010 Before 5 (2010) 2.5 5 -2.5 

8/25/2010 After 1 (2010) 2.5 8 -5.5 

9/7/2010 After 2 (2010) 2.5 80 -77.5 

9/22/2010 After 3 (2010) 2.5 55.5 -53 
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4.4 CONTINUOUSLY-MONITORED WATER QUALITY MEASUREMENTS 

The deployed instruments were frequently checked and cleaned throughout the study (see Table 3-4). 
Post-deployment, all data received a QC review using standardized a posteriori methods. Data that were 
suspect were flagged, as were data that had drifted beyond the projectΩs drift criteria. Suspect data that 
were flagged were excluded from the figures and analysis presented below. Details on the a priori and a 
posteriori QC methods can be found in the project QAPP in Appendix A. 
 

4.4.1 Temperature and Dissolved Oxygen 
Table 4-14 shows the average monthly water temperatures recorded by deployed sondes in each year 
of the study. Limited data were also available in July and October, but these datasets were short and 
have not been presented. Average water temperatures were typically in the low 20s in August, and 
between 15 and 18o C in September. For any given month during a given year, there was very little 
variation in water temperature among the study reaches. Similarly, there was generally little difference 
in 2010 monthly averages between sondes positioned in the upstream vs. downstream locations within 
the same study reach (the Low Dose Reach in September being something of an exception to this). 
 
Table 4-14. Average Water Temperature (degrees C) Recorded by the Deployed Sondes.  

Year Month*  
Control Reach (one 
sonde location only) 

Low Dose Reach High Dose Reach 

Upstream 
Sonde 

Downstream 
Sonde 

Upstream 
Sonde 

Downstream 
Sonde 

2009 August 20.4 20.5 n/a 20.5 n/a 

2009 September 18.2 18.4 n/a 18.3 n/a 

2010 August 22.3 21.7 22.2 22.3 22.1 

2010 September 15.2 14.5 15.2 15.2 15.0 

2011 August [ƛƳƛǘŜŘ ŘŀǘŀϞ [ƛƳƛǘŜŘ ŘŀǘŀϞ n/a [ƛƳƛǘŜŘ ŘŀǘŀϞ n/a 

2011 September 16.4 16.1 n/a 16.4 n/a 

*Due to flagged data or early retrieval, monthly averages may be somewhat shy of a complete 30-day dataset. 
Ϟ5ŀǘŀ ǿŜǊŜ ƻƴƭȅ ŀǾŀƛƭŀōƭŜ уκнс ǘƻ уκом ŀƴŘ ŀǊŜ ƴƻǘ ǇǊŜǎŜƴǘŜŘΦ 

 
Figure 4-3 presents the entire DO dataset for the Control, Low Dose, and High Dose reaches in 2009, a 
year prior to when nutrient dosing occurred in 2010. A basic assumption of a BACIP study is that 
conditions among the study reaches should be largely comparable in advance of the impact (the impact 
being the 2010 nutrient dosing). As can be seen, in 2009 the season-long DO patterns among the three 
reaches were very similar. On close comparison one will find that one reach may have had somewhat 
higher or lower daily DO highs and lows, but overall, the three manifest essentially the same seasonal 
5h ǇŀǘǘŜǊƴǎΦ Lƴ ƴƻ ŎŀǎŜ ŘƛŘ 5h Ŧŀƭƭ ōŜƭƻǿ aƻƴǘŀƴŀΩǎ ǎǘŀƴŘŀǊŘǎ ŦƻǊ ŀ /-3 stream (i.e., 5 mg/L for early life 
stages). 
 
5h ǎŀǘǳǊŀǘƛƻƴ ǿŀǎ ŎŀƭŎǳƭŀǘŜŘ ŦƻǊ ǘƘŜ нллф ŘŀǘŀǎŜǘǎΣ ǳǎƛƴƎ ǘƘŜ ǊŜŀŎƘŜǎΩ ŜƭŜǾŀǘƛƻƴ ŀōƻǾŜ ǎŜŀ ƭŜǾŜƭ όфнм ƳΣ 
Control and Low Dose reaches; 917 m, High Dose Reach) and the ambient water temperatures 
measured by the sondes. Calculated DO saturation fell between 7 and 10 mg DO/L, and was generally 
higher near the end of September as water temperatures dropped. In summer and fall 2009, measured 
DO (Figure 4-3) in the three reaches oscillated fairly tightly around saturation, with daily highs rising 
higher than saturation by about 1 mg DO/L, and daily lows dropping lower than saturation by about 0.5 
mg DO/L.  
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Figure 4-3. DO in the Study Reaches, 2009.  
(A) Control Reach. (B) Low Dose Reach. (C) High Dose Reach. No nutrient dosing occurred in 2009. 
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Figure 4-4 presents the entire DO dataset for the Control- and Low Dose reaches in 2010, before and 
after dosing occurred. Prior to dosing, the pattern of daily highs and lows observed in the Control- and 
Low Dose reaches overlapped almost perfectly. About 16 days after dosing began, both Low Dose 
sondes began recording increasingly higher daily DO highs compared to the Control Reach, 
corresponding with the increased algal biomass we observed. At the upstream Low Dose sonde, nightly 
DO lows remained essentially matched to the Control Reach (Figure 4-4A). However, in the downstream 
Low Dose sonde, the nightly DO lows became lower, relative to the Control reach (Figure 4-4B). For both 
sondes, the greatest differences in DO occurred close to mid-September. 
 
Figure 4-5 shows the entire DO dataset for the Control- and High Dose reaches in 2010, before and after 
dosing occurred. Prior to dosing, the pattern of daily highs and lows observed in the Control- and High 
Dose reaches overlapped to a very high degree, although the High Dose sondes show slightly higher 
daily DO highs. After dosing, DO response was much more rapid than in the Low Dose Reach, and the 
upstream High Dose sonde recorded very high DO concentrations (nearly 27 mg/L) during the peak 
period around mid-September (Figure 4-5A). In contrast to the similarity in DO patterns recorded by the 
two sondes in the Low Dose Reach, the two sondes in the High Dose Reach each recorded very different 
DO patterns. The upstream High Dose sonde shows a distinct period near the end of the deployment 
when DO crashed (Figure 4-5A), and for the remaining ten days of the deployment DO remained quite 
ƭƻǿΣ ŀǘ ǘƛƳŜǎ ŘǊƻǇǇƛƴƎ ǘƻ ŎƭƻǎŜ ǘƻ м ƳƎ 5hκ[Φ /ƻƴŎŜƴǘǊŀǘƛƻƴǎ ŀǘ ǘƘƛǎ ǘƛƳŜ ŦŜƭƭ ōŜƭƻǿ aƻƴǘŀƴŀΩǎ 5h 
standards for aquatic life (i.e., 5 and 3 mg DO/L for juvenile and adult aquatic life, respectively). These 
dataτrestricted to the end of the growing season/beginning of fall senescenceτrepresent the only 
ǇƭŀŎŜ ƻǊ ǘƛƳŜ ƛƴ ǘƘŜ ǘƘǊŜŜ ȅŜŀǊǎ ƻŦ ǘƘŜ ǎǘǳŘȅ ǿƘŜǊŜ 5h ŦŜƭƭ ōŜƭƻǿ aƻƴǘŀƴŀΩǎ 5h ǎǘŀƴŘŀǊŘǎΦ Lƴ ŎƻƴǘǊŀǎǘΣ 
the downstream High Dose sonde (Figure 4-5B) did not demonstrate this pronounced DO decline late in 
the season, but instead, continued to show elevated daily DO relative to the Control Reach. The largest 
differences between Control and downstream High-Dose DO concentrations occurred (like they did for 
the upstream High Dose sonde) in September, and as October progressed, these differences 
diminishing.  
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Figure 4-4. Dissolved Oxygen Patterns Recorded by Sondes Located in the Control- and Low Dose 
Reaches in 2010.  
ό!ύ /ƻƴǘǊƻƭ wŜŀŎƘ Řŀǘŀ όƎǊŜŜƴύ ŀƴŘ Řŀǘŀ ŦǊƻƳ ǘƘŜ άǳǇǎǘǊŜŀƳέ [ƻǿ 5ƻǎŜ wŜŀŎƘ ǎƻƴŘŜ όōƭŀŎƪύΦ ¢ƘŜ άǳǇǎǘǊŜŀƳέ 
sonde was positioned about mid-reach within the Low Dose Reach. (B) Control Reach data (green) and data from 
ǘƘŜ άŘƻǿƴǎǘǊŜŀƳέ [ƻǿ 5ƻǎŜ wŜŀŎƘ ǎƻƴŘŜ όōƭŀŎƪύΦ ¢ƘŜ άŘƻǿƴǎǘǊŜŀƳέ ǎƻƴŘŜ ǿŀǎ ƭƻŎŀǘŜŘ ŀōƻǳǘ нлл Ƴ ŘƻǿƴǎǘǊŜŀƳ 
from the Low Dose nutrient-dripper assembly, near the end of the Low Dose Reach.  
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Figure 4-5. Dissolved Oxygen Patterns Recorded by Sondes Located in the Control- and High Dose 
Reaches in 2010.  
ό!ύ /ƻƴǘǊƻƭ wŜŀŎƘ Řŀǘŀ όƎǊŜŜƴύ ŀƴŘ Řŀǘŀ ŦǊƻƳ ǘƘŜ άǳǇǎǘǊŜŀƳέ IƛƎƘ 5ƻǎŜ wŜŀŎƘ ǎƻƴŘŜ όōƭŀŎƪύΦ ¢ƘŜ άǳǇǎǘǊŜŀƳέ 
sonde was positioned about mid-reach within the High Dose Reach. (B) Control Reach data (green) and data from 
ǘƘŜ άŘƻǿƴǎǘǊŜŀƳέ IƛƎƘ 5ƻǎŜ wŜŀŎƘ ǎƻƴŘŜ όōƭŀŎƪύΦ ¢ƘŜ άŘƻǿƴǎǘǊŜŀƳέ ǎƻƴŘŜ ǿŀǎ ƭƻŎŀǘŜŘ ŀōƻǳǘ нлл Ƴ 
downstream from the High Dose nutrient-dripper assembly, near the end of the High Dose Reach. 

 
In 2011, YSI sondes were again deployed to measure DO. In 2011 no dosing occurred. The DO patterns 
of the three reaches largely resemble one another, as they did in 2009 (Figure 4-6). There is no 
indication that the dosing effects of the previous year caused a lingering effect on the DO patterns of the 
stream. Wǳǎǘ ƭƛƪŜ нллфΣ ƛƴ ƴƻ ŎŀǎŜ ƛƴ нлмм ŘƛŘ 5h Ŧŀƭƭ ōŜƭƻǿ aƻƴǘŀƴŀΩǎ ǎǘŀƴŘŀǊŘǎ ŦƻǊ ǘƘƛǎ /-3 stream (i.e., 
5 mg/L for early life stages). 
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