
  
 

Oct 5, 2024 
Submitted electronically to: jmadison@mt.gov, tatiana.davila@mt.gov 
 
Montana Dept. of Environmental Quality 
Water Quality Planning Bureau 
PO Box 200901 
Helena MT 59620 
  
 RE: Proposed Dissolved Oxygen and Ammonia Assessment Methodology 
 
Dear DEQ: 
 
Please accept this comment letter on behalf of Upper Missouri Waterkeeper, Montana 
Environmental Information Center, and their membership concerning the Department's proposed 
dissolved oxygen and ammonia assessment methodologies. 
 
Summary 
 
As described herein the proposed methodologies reflect significant scientific error, omissions, or 
conclusory findings that will not afford Montana surface waters the necessary management 
capable of maintaining and preserving high-quality water or accurately and efficiently 
identifying degraded water quality. Furthermore, the proposed methodologies reflect standards of 
general applicability that are pointedly designed to protect designated uses and implement 
antidegradation requirements, and as such require promulgation through rulemaking pursuant to 
the Montana Administrative Procedures Act. The proposed methodologies also reflect methods 
for making designated use and water quality criteria impairment decisions, including defining the 
duration or frequency of water quality criteria, and as such appear to constitute a new water 
quality standard within the meaning of Section 303(c) of the CWA and pursuant to the holding of 
Florida Public Interest Research Group Citizen Lobby, Inc., et al. v. EPA, 386 F.3d 1070 (11th 
Cir. 2004). As such, we expect DEQ to submit any finalized criteria methodologies to EPA for 
consideration. 
 
In sum, to best utilize finite resources and advance the state of scientific knowledge and 
precautionary water resource management we urge the Department to withdraw these proposals 
and, instead, re-evaluate their scientific basis taking into account best-available science and 
agency duties under the MWQA and CWA. 



Scientific Flaws 
 
This letter expressly incorporates by reference the attached expert report by Dr. JoAnn 
Burkholder, PhD. Instead of repeating the substantive analysis contained in that report this 
section will touch on several of the more notable mistakes, errors, and conclusory findings that 
undermine the scientific credibility of proposed Dissolved Oxygen (DO) and Ammonia (NH3) 
methodologies. 
 
We are concerned by the piecemeal evaluation of NH3. Put simply, the proposed document fails 
to accurately evaluate the various forms of NH3, fails to accurately state how NH3 is affecting 
Montana surface waters, fails to examine or accurately state the various relationships of NH3 and 
its nitrogenous derivatives in terms of their effects on state waters (including existing impairment 
prevalence), and fails to propose monitoring or assessment thresholds capable of accurately 
identifying harm to the most sensitive uses of surface waters. These oversights, mistakes, and 
errors become more troubling in light of the arbitrary characterization of acute NH3 toxicity 
criteria being only applied when salmonids are known to be present in an assessment unit, 
without defining how or when salmonid presence is evaluated. The proposed approach fails to 
accurately capture emergent life stages of various aquatic life, including salmonids and their 
primary food sources in macroinvertebrates, and as such lacks any semblance of anticipatory and 
preventative character.  
 
Further, the inclusion of a discussion on NH3 methodology and assessment as purposely 
constrained by alleged economic burden is, frankly, absurd, particularly when the cost of NH3 
sampling is minimal proportionate to other parameters, NH3 pollution is widespread in many 
state waters, and the cost of inaction and/or NH3 impairment is clearly reflected in the loss of 
keynote fisheries and world class recreational opportunities. As such we object to the inclusion 
of cost as a lawful parameter for restricting proposed sampling and assessment methodologies 
insofar as doing so is untethered to a scientific process for demonstrating a waterway's 
compliance with water quality standards.  
 
Among the other items detailed in the Expert Report, we are also concerned by proposed sample 
size, timing, and averaging of incomplete datasets and/or modeling in lieu of representative 
monitoring, all of which is contrary to a wide body of expert evidence and statistical methods, 
and therefore not only lacks a strong scientific foundation, but so too lacks the necessary 
preventative characteristics that DEQ's implementation of water quality standards must possess 
pursuant to fundamental environmental rights enshrined in our constitution. Moreover, insofar as 
these sampling regimens and assessment protocols define and establish magnitude, duration, or 
frequency of applicable water quality criteria by virtue of how and when sampling occurs and 
allows possible exceedances of criteria to escape unmonitored, they are in-fact revisions of 
standards subject to EPA review. 
 
We are similarly concerned by the lack of a scientific and statistical foundation for proposed DO 
methodologies. From a lack of adequate consideration of early life stages for aquatic life, to 
inadequate sampling timing or durations that will lack representative data, to accounting for diel 
variations and their undisputed impact on aquatic life: the proposed DO methods and thresholds 



are not anticipatory or preventative in character, and more often than not simply not based on 
best-available science.  
 
We are particularly concerned by the over-emphasis on addressing Type II error, which is to say 
mistakenly identifying an assessment unit as impaired when it is not, without even discussing the 
converse: steps being taken to avoid a Type 1 error, which is to say missing an impaired 
assessment unit, mistakenly assuming it is achieving designated uses and satisfying criteria. In 
our experience and based on the limited monitoring resources employed presently by the State, it 
appears more likely than not that most surface waters in Montana are being subjected to Type 1 
errors as opposed to Type II.  
 
Legal Framework 
 
 MAPA Requirements 
 
The Montana Administrative Procedures Act (MAPA) requires that before an agency adopts a 
rule, it must publish notice of the proposed rule and provide interested persons the opportunity to 
comment. MCA §§ 2-4-302, 305. MAPA defines a "rule" as "each agency regulation, standard, 
or statement of general applicability that implements, interprets, or prescribes law or policy." 
MCA § 2-4-102(11)(a). "Legislative rules" are subject to notice and comment procedures (and 
are invalid without), whereas interpretative rules and policy statements are not. MCA § 2-4-
102(14). Unless a rule is adopted in substantial compliance with these procedures, the rule is not 
valid. 
 
The Montana Supreme Court has found that where an agency applies a metric of general 
applicability to constrain its decision-making, and such metrics have not undergone MAPA 
rulemaking, the agency acts unlawfully by using a legislative rule outside the rulemaking 
process. Here, the proposed DO and NH3 methodologies qualify as a statement of general 
applicability in that they expressly apply to DEQ's evaluation of DO and NH3 water quality 
standards in Montana surface waters. And, these documents would "interpret" the commands of 
Circular DEQ-7 and MCA 75-5-303, and ARM 17.30.601 et seq. Those interpretations would 
then be "implemented" by the DO and NH3 methodologies by expressly setting out agency 
"policy", which is then carried out by staff or partners vis-a-vis sampling and assessments of 
waterway health. The proposed DO and NH3 methodologies qualify as a legislative rule under 
MAPA and must be promulgated through a formal rulemaking to be lawful under state law. 
 
 CWA/MWQA Requirements 
 
The Montana Water Quality Act explicitly incorporates and is required to be compliant with the 
federal Clean Water Act. Under the CWA, states are required to identify and adopt water quality 
standards to define the “goals of a water body, or portion thereof, by designating the use or uses 
to be made of the water and by setting criteria that protect those designated uses.” 40 C.F.R. § 
131.2. One such use includes the “protection and propagation of fish[.]” Id. Protective ammonia 
and DO standards and their implementing methodology are essential to the protection of aquatic 
life and especially cold water salmonids. States must review applicable water quality standards at 
least once every three years, commonly referred to as a “triennial review,” and must submit the 



results of this review, including any proposed revisions to water quality standards, to the EPA for 
ultimate review and approval. Id. at § 131.20(a), (c).  
 
The proposed NH3 and DO methodologies qualify as revisions of standards subject to Section 
303(c) of the CWA because: 

1. The documents address designated uses, water quality criteria, and antidegradation 
requirements for surface waters in Montana; 

2. The documents express levels of protection by virtue of established sampling and 
assessment parameters that constrain impairment determinations and change the 
magnitude, duration, and frequency of criteria applicability. 

 
MCA § 75-5-303(1) mandates that "[e]xisting uses of state waters and the level of water quality 
necessary to protect those uses must be maintained and protected." Further, "[u]nless authorized 
by [a nondegradation review] or exempted from review under 75-5-317, the quality of high 
quality water must be maintained. As detailed in the expert report, application of proposed 
methodologies will allow exceedances of criteria to go un-recorded, in effect allowing 
degradation contrary to the express requirements of the WQA.  
 
As an example, DO criteria in Circular 7 are below:  
 

 
 
Notably, these "minima should be considered as instantaneous concentrations to be achieved at 
all times." In contrast, the proposed DO methodology cannot accurately provide representative 
data capable of demonstrating compliance or violations of these criteria. As described more fully 
by Dr. Burkholder, the sampling numbers, timing, and frequency have direct impact on the 
magnitude, frequency, and duration of the DO criteria, are in adequate and contrary to best 
available science in several respects, and represent revisions of Montana's DO criteria.  
 
I.e., among other examples documented in the Expert Report, only requiring a 30-day mean but 
allowing the mean to be based on sampling 60% of that time period both allows exceedances of 



criteria contrary to Circular 7 and adopted law, and also runs afoul of Montana nondegradation 
policy by allowing multiple exceedances to occur without triggering classification of a 
waterbody as impaired. In practical effect, the proposed methodology results in a more forgiving, 
looser water quality standard since the proposed metrics allows possible violations to escape 
detection contrary to the establishing criteria. Furthermore, the unrepresentative sampling per 
assessment unit, and enormous flexibility in the timing of sampling, allows the same data-poor 
conclusion that no violations are occurring contrary to best-practices and representative and 
statistically sound methodolog. Doing so again runs afoul of nondegradation requirements 
because these proposals affect the magnitude, frequency, and duration of Montana's DO criteria. 
 
The proposed NH3 methodology creates similar impacts on the magnitude, frequency, and 
duration of Montana's NH3 criteria. Here again inadequate sampling frequency undermines the 
representativeness of the data set, and data-poor assessment allows exceedances of criteria to 
escape undetected. In the interests of avoiding duplication we refer DEQ to examine the 
particularized findings of Dr. Burkholder's report on the deficiencies and errors in proposed NH3 
methodology. 
 
Last, DEQ's decision-making here must be guided by Article II, Section 3 and Article IX, 
Section 1 or the Montana Constitution. These provisions to a 'clean and healthful environment' 
and the State's duty to 'maintain and improve a clean and healthful environment' are intended to 
not "merely prohibit that degree of environmental degradation which can be conclusively linked 
to ill health or physical endangerment." MEIC v. DEQ, 1999 MT at ¶77, 296 Mont. at 230, 988 
P.2d at 1249. Read together, they require DEQ to assure its actions afford "protections which are 
both anticipatory and preventative." Id. In contrast and as examined fully by the expert report, 
DEQ's proposed DO and NH3 methodologies represent inaccurate or conclusory findings and, as 
a result, are not capable of accurately identifying harm much less preventing harm to the 
environment and therefore must be reconsidered. 
 
Conclusion 
 
For all the foregoing reasons we object to DEQ's proposed methodologies and request the agency 
withdraw its proposals and reconsider their lack of scientific, public policy, and legal 
foundations. 
 
Respectfully submitted- 
 
/s/ Guy Alsentzer     /s/ Derf Johnson 
Executive Director     Deputy Director 
Upper Missouri Waterkeeper    Montana Environmental Information Center 
 
CC: 
 
Lindsey Krywaruchka, Water Administrator, MDEQ,  
Tina Laidlaw, Nutrients Coordinator, Region 8 EPA 
Darcy O'Connor, Water Division Director, Region 8 EPA 
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 Comment on the draft “Ammonia Assessment Method” (July 2024, WQDWQPBQA-04, 
Version 1.0) and the draft “Dissolved Oxygen Assessment Method for Streams and Rivers 

(July 24, WQDWQPBWQA-02, Version 1.0),                                                                                                                      
by the Montana Department of Environmental Quality (MDEQ) 

                                                         JoAnn Burkholder, Ph.D., 4 October 2024 

I. Overall Evaluation   
  

I am an aquatic scientist with more than 40 years of experience in assessment of nutrient 
pollution impacts on surface waters (curriculum vitae attached).  I was requested by Upper 
Missouri Waterkeeper to evaluate the scientific merit of the draft “Ammonia Assessment Method” 
by MDEQ and the draft “Dissolved Oxygen Assessment Method for Streams and Rivers” (hereafter, 
MDEQ-a and MDEQ-b, respectively). Montana has some of the nation’s only remaining native trout 
populations in sensitive headwater streams (MDEQ 2016, U.S. Department of Agriculture [USDA] 
Forest Service 2024).  Both methods are to be applied to assess the designated use of waterbodies 
for aquatic life.  The writing below contains my expert opinions, which I hold to a reasonable degree 
of scientific certainty.  These opinions are based upon my application of expertise and professional 
judgment to the sufficient facts and data after reviewing pertinent available documents and a large 
body of science literature.     

 
My overall evaluation is that application of the methods as described in the draft documents 

will fail to assess harmful ammonia concentrations or harmful levels of dissolved oxygen accurately 
and, therefore, will fail to protect the aquatic life beneficial use from ammonia toxicity or dissolved 
oxygen deficits and extremes.  Assessment units and reaches (waterbodies and portions of 
waterbodies, respectively) are poorly defined in both documents; inappropriate data are allowed; 
inadequate data and sampling requirements characterize compliance assessment for both 
parameters; and the draft methods fail to consider major harm from ammonia other than toxicity, or 
major problems from dissolved oxygen other than minimal concentrations. The rationale for this 
evaluation is explained below, separately for each draft document. 

 
II. Draft Ammonia Assessment Method (MDEQ-a) 

 
     II.A. Background 
 

The state’s ammonia water quality standards consider only un-ionized ammonia toxicity to 
aquatic life, which varies depending on temperature and pH (Stumm and Morgan 1996, U.S 
Environmental Protection Agency [EPA] 2013).  In addition to these environmental factors, this 
draft method applies more stringent (protective) standards if salmonids are present (but see 
below).  MDEQ-a (p.4) states that its use of the term “ammonia” refers to total ammonia (here, tNH3 
= un-ionized ammonia, gaseous NH3, + ionized ammonia, NH4+N), as recommended by U.S. EPA 
(2013).  However, only one of three basic functional roles of ammonia, toxicity, is MDEQ’s focus.  
MDEQ fails to consider ammonia as a source of the key macronutrient, nitrogen (N), for algae and 
aquatic plants, including the noxious macroalga Cladophora.  MDEQ additionally does not consider 
the oxygen-demanding/consuming action of ammonia (Mallin et al. 2006), which can be substantial 
in sewage-affected waters (below).  Application of the state’s ammonia standards (MDEQ 2019) 
includes acute toxicity (CMC, Criterion Maximum Concentration, applied as a 1-hour average 
concentration) and chronic toxicity (CCC, Criterion Continuous Concentration). The CCC is based on 
a 30-day average condition; in addition, following U.S. EPA (2013), the highest four-day average 
within the 30-day period should be less than 2.5 times the CCC (MDEQ 2019, p.75). 
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    II.B. Misleading, Incorrect, or Non-protective Aspects of the Draft Ammonia Assessment Method 
 
            II.B1. The draft ammonia assessment method wrongly states that ammonia is the only toxic form  

of nitrogen affecting Montana surface waters; that introducing oxygen drives ammonia-N 
into  more oxidized states such as nitrites and nitrates, which are not toxic to aquatic life at 
the levels found in Montana surface waters; and that ammonia usually meets the state’s 
water quality standards. 

 
MDEQ-a ( p.1) wrote, “Unlike other forms of N [nitrogen], ammonia can be toxic       
to aquatic life….Ammonia is easily treated by introducing oxygen, thus driving  
nitrogen into more oxidized states such as nitrites and nitrates which are not 
directly toxic to aquatic life at the concentrations found in Montana’s surface  
waters.  Generally, ammonia is not prevalent above water quality standards in      
surface water across Montana, but specific sources may warrant monitoring.  

 
The introductory writing of the draft ammonia assessment method sets the tone of this document 
by falsely assuring readers that ammonia is easily treated, and that ammonia is the only form of 
nitrogen that can be directly toxic to aquatic life at the levels found in Montana surface waters.  In 
correction,  
 
(i) Nitrate is directly toxic to aquatic life (Camargo and Alonso 2006) at levels found in Montana 

surface waters, and also in shallow ground waters that can contribute substantially to river flows 
during low-flow conditions.  While nitrite generally is low in surface and sub-surface waters 
(Stanley and Maxted 2008), nitrate is excessive and escalating in many waters across the U.S., 
including Montana waters (below).   

 
         Within the past few decades, nitrate in surface and sub-surface waters in many regions has 
dramatically increased by 10- to 10,000-fold due to human activities such as discharges from 
various industries, cars and other vehicles, cropland and animal agriculture (World Health 
Organization [WHO] 2011, Murphy et al. 2013, Sahoo et al. 2016, United States Geological Survey 
[USGS] 2018), food preservation and production of munitions and explosives (WHO 2011), and 
oxidized untreated or poorly treated human and animal wastes (Vitousek et al. 1997, WHO 2011, 
and references therein).  Certain fish and macroinvertebrate species are especially sensitive to 
chronic nitrate toxicity, with increased egg mortality of salmonid fish at 1.1 mg NO3-N/L (Kincheloe 
et al. (1979); adverse impacts on early instar caddisfly larvae at 1.4-2.4 mg NO3-N/L (Camargo and 
Ward 1995); developmental effects in several common frog species detected at 2.3-2.5 mg NO3-N/L 
(Hecnar 1995, Orton et al. 2006); and adverse effects in adult freshwater amphipod invertebrates at 
concentrations as low as 2.8-4.4 mg NO3-N/L (Camargo et al. 2005).    

 
Various Montana surface waters and shallow groundwaters are contaminated by nitrate at 

levels known to be toxic to sensitive aquatic life such as early life history stages of salmonids and 
the sensitive macroinvertebrates they use as food.  Concentrations of ~1-2.5 mg/L (above) are 
known to adversely impact sensitive salmonids and their macroinvertebrate food.  By comparison, 
Gammons et al. (2011) described sewage-related impacts on a small stream at the headwaters of 
the Clark Fork River near Butte, MT, with up to 4.2 mg/L nitrate-N during mid-summer baseflow 
conditions—up to 1,000-fold higher than natural conditions.  Nitrate contamination in runoff or 
leachate from croplands and grazing lands for cattle adversely affects Montana surface waters 
either directly or via shallow groundwater (e.g., LaFave 2008), especially in some ecoregions such 
as the Prairie (Suplee et al. 2008) and the Northern Great Plains (Sigler et al. 2018).  In the 
Northwestern Glaciated Plains, Nimick and Thamke (1998) reported that nitrate concentrations 
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were elevated in soil porewater and groundwater affected by dryland crop-fallow practices. Some 
segments of the Judith River and tributaries have been 303(d)-listed due to impairment by high 
nitrate (USDA 2020, MDEQ 2021).  It has been estimated that in the Judith watershed, up to one-
third of the nitrogen (N) from typical fertilizer inputs over a three-year crop rotation is lost via 
direct or indirect leaching of nitrate (Sigler et al. 2018).  The aggregate mean groundwater nitrate-N 
concentration has been measured at 20.4 + 6.4 mg/L.  These Judith River data are similar to mean 
values reported for other shallow groundwater underlying dryland small grain production in 
Montana (20 mg/L; Nimick and Thamke 1998).   
 

Sub-surface nitrate contamination in the Judith River watershed was most obvious in shallow 
alluvial aquifers within gravel terraces and alluvial fans at lower-elevation and lower-relief areas 
(Schmidt and Mulder 2010). Recharge rates to streams, highest in the pre-growing season months, 
were much higher through annually cultivated soils than through perennially vegetated soils 
(Scanlon et al. 2005). The three-year mean nitrate-N concentration for one assessed tributary 
stream (19.3 + 1.8 mg/L, similar to that for the aggregate groundwater mean) was ~100-fold 
higher than background (U.S. EPA’s IV-43 Great Plains Grass and Shrublands - 25th percentile of all 
streams data all year, 0.38 mg TN/L) (U.S. EPA 2001). For another assessed tributary, the three-
year mean (~11 mg/L) was about half of the groundwater concentration (Sigler et al. 2018). 
 
(ii) Ammonia is not “easily treated” by adding oxygen unless nitrifying bacteria are also present. 
Conversion of ammonia to nitrite, then nitrate, is accomplished by nitrifying bacteria under aerobic 
conditions (Montana State University Extension 2005).   
 
(iii) Montana waters are also affected by toxic levels of ammonia. The paucity of ammonia data 
available for Montana waters makes MDEQ’s assertion of “generally meeting the state’s water quality 
standards” questionable.  Ammonia concentrations historically were low, ~0.02 mg/L (U.S. EPA 
1976).  Ammonia is much more toxic than nitrate, especially at pH above 8 and warm temperatures 
(Emerson 1975, Camargo and Alonso 2006).  MDEQ (2016, p.1) aptly noted that “Elevated levels of 
ammonia are toxic to aquatic life and salmonid fishes are particularly sensitive.” U.S. EPA (2013) 
recommended 0.26 mg/L total ammonia-N (tNH3) or less in warmer conditions (25oC, pH 8.0) to 
protect sensitive freshwater mussels from chronic toxicity (30-day rolling average).  
 

Various reports suggest that toxic ammonia levels in Montana streams are more common than 
indicated by MDEQ-a, and would be expected to coincide especially with contamination from 
untreated or partially treated sewage discharges, livestock wastes, cropland fertilizer runoff, and 
certain mining activities.  As examples, the study reported by Gammons et al. (2011) documented 
high ammonia-N, up to 4.62 mg/L, as well as high nitrate in a small stream contaminated by sewage 
at the headwaters of the Clark Fork River during mid-summer baseflow conditions.  MDEQ (2016) 
described a partially treated sewage discharge into Second Yellow Mule Creek that increased 
ammonia levels (4.7 mg/L) above the state’s acute ammonia standard (4.13 mg/L at the pH and 
temperature conditions).  The National Park Service (NPS 2022) described a segment of the 
Yellowstone River (Wyoming border to the park boundary) and a segment from the park boundary 
to Reese Creek as listed on Montana’s 303(d) list of impaired waters due, in part, to ammonia that 
exceeded the state’s water quality standards (MDEQ 2019).  MDEQ (2021) added the Yellowstone 
River from Huntley Diversion Dam to the mouth of the Big Horn River.  Various other surface 
waters are impaired due to un-ionized ammonia, such as Canyon Ferry Reservoir, Prickly Pear 
Creek (discharge ditch to Lake Helena and Highway 433 Crossing to Helena wastewater treatment 
plant discharge), Big Dry Creek (Steves Fork to mouth at Fort Peck Reservoir), and Whitetail Deer 
Creek (headwaters to mouth) (MDEQ 2021). Specific sources warrant adequate monitoring, 
especially given that the goal, as stated in MDEQ-a, is to protect sensitive beneficial aquatic life 
(below). 
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 II.B.2.  Assessment units and reaches are very poorly defined. 
 
MDEQ (Makarowski 2020) explained that an assessment unit can comprise an entire water-

body IF it is homogeneous in characteristics such as geology, land use, and pollution sources.   
If not, the waterbody should be subdivided into two or more reaches and each reach should be 
sampled, so that monitoring programs can better represent the variable water quality conditions.  
The minimum data requirements then apply to the sampling site(s) in each reach.  The number and 
locations of sites should encompass the entire assessment unit or reach (MDEQ-a, p.5). 

 
However, the draft assessment method also states that only one site, even over an entire large 

assessment unit (e.g., a major river segment), will be acceptable for monitoring if it is in an area the 
assessor thinks is “most at risk” using best professional judgment.  Some evaluations would be 
relatively easy; for example, a site influenced by a larger wastewater treatment plant with only 
secondary treatment would be more vulnerable to ammonia toxicity than a site receiving discharge 
from a small wastewater treatment plant with higher-quality/lower-ammonia effluent.  Evaluation 
of other sites, such as sites affected by livestock agriculture or certain mining activities or cropland 
fertilizers, may be more difficult.  The draft ammonia assessment method does not consider that the 
first, subjective estimate from best professional judgment may be wrong, and it does not require 
preliminary data to aid in assessment of the most at-risk site(s). 

             II.B.3.  According to MDEQ (Skaar 2001, partially reproduced in Appendix A of both draft 
methods), the application period for the chronic ammonia criteria (March 15 – August 
31) is inadequate to protect spawning and early life history stages of 12 warmwater 
species.   

 
MDEQ-a (p.2) states that “the chronic criterion[a] is tailored to protect early life stages of fish 

when they are present.”  Early life history stages of salmonids are assumed to be present year-
round in cold-water or marginal cold-water streams, but that the chronic ammonia criteria are to 
apply to warm-water fisheries early life stages only during the period from March 15 through 
August 31.  Appendix A in both draft methods documents partially reproduces Skaar (2001).  The 
original table legend is as follows: 

 
The following table lists the known or expected spawning times for most fishes in 
Montana.  This table was prepared for the purpose of identifying periods when 
“early life stages” of fish may be present.  EPA has defined the early life stage for 
salmonids to be 30 days after emergency/swim-up; for all other species it is 34 
days after spawning.  This information is necessary when applying Dissolved 
Oxygen and Ammonia water quality standards to individual waterbodies. 

 
The U.S. EPA defined the early life stage for warmwater (non-salmonid) fish species to extend 

34 days after spawning.  Thus, the March 15 – August 31 period planned for application of the draft 
ammonia assessment method will not protect the spawning and early life history stages of 12 
species of warmwater fishes known from Montana surface waters adequately after their last spawn.  
These species extend spawning through the first half (5 - fathead chub, longnose dace, plains 
minnow, redside shiner, sturgeon chub) or the second half of August (7 - carp, emerald shiner, fathead 
minnow, sand shiner, sticklefin chub, spottail shiner, stonecat).  Therefore, according to MDEQ (Skaar 
2001), the 34-day “early life stages” period for these species should extend through the first half (5 
species) or all (7 species) of September.   
 
              II.B.4. Class-A Closed waters are to be maintained for high-quality purposes such as drinking 

source-waters and salmonids, yet they are poorly protected from toxic ammonia.  
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The draft document (MDEQ-a, p.2) states that “no increases of toxic parameters above 
naturally occurring concentrations are allowed”.  However, the draft method describes a reactive 
approach toward protecting these waters.  Rather than measuring tNH3, pH, and temperature in 
Class-A Closed waterbodies, these waters are only to be assessed if modeling, or if monitoring 
upstream vs. downstream from anthropogenic sources, indicates that the sources have increased 
ammonia concentrations.   
 

Use of a model(s) underscores rather than minimizes the need for actual data because, as the 
old adage states, a model is only as good as the data used to build it.  Models often fall far short of 
accurately depicting reality (Pilkey and Pilkey-Jarvis 2006, Heddam 2014, Saltelli and Funtowicz 
2014).  Additional information is not given, so the model(s) used by MDEQ cannot be evaluated for 
predictive reliability, but predictive capability is known to be strongly limited by few data for model 
construction, calibration, and validation (Pilkey and Pilkey-Jarvis 2006).  Additional information 
also is not given to clarify the vague description of monitoring upstream vs. downstream from 
various sources.  How will sufficient frequency of monitoring be determined? What sources will be 
selected, and on what basis? What season(s)?  These important points require further consideration 
(see II.B5 below). 
 
          II.B.5. Less protective acute toxicity criteria, to be applied to salmonid waters unless salmonids 

are actually detected, defeats the goal of consistent protection for these sensitive valuable 
species. 

 
MDEQ-a (p.1) stipulates that all waters classified as A-1, B-1, C-1, B-2, and C-2 are assumed to 

support salmonid growth and propagation year-round in cold-water and marginal cold-water 
streams.  Yet, MDEQ-a (p.2) states that “more stringent acute standards apply when salmonid fish 
are present than when they are not.”  This agency caveat is not protective.  How will presence be 
assessed?  Early life stages, assumed by MDEQ as present year-round in coldwaters and marginal 
coldwaters, are cryptic and easily missed, and rare to uncommon species can be difficult to detect 
as well (Peterson et al. 2003, Wood et al. 2021).  Clarification is lacking. 

 
Furthermore, MDEQ’s planned allowance of less protective ammonia criteria in waters 

designated for salmonids if, through whatever undescribed effort, salmonids are not detected, 
means that these waters will only be afforded the protection that is needed for such sensitive 
species and early life history stages if they are actually detected in the sampling site.  MDEQ’s non-
protective acceptance of more toxic ammonia levels in waters that are supposed to be consistently 
safe for salmonid populations fails to consider the fact that fish move to different locations in a given 
waterbody.  They may move into the assessment unit shortly after it is assessed for their “presence” 
and, if so, will confront toxic ammonia conditions if the draft document is accepted. 

 
          II.B.6. The data currency, quantity, and quality required in the draft ammonia assessment 

method are inadequate to protect sensitive aquatic life from adverse effects of ammonia.   
 

      II.B.6.a. Grossly inadequate sampling frequency - MDEQ first describes its approach as 
closely mirroring U.S. EPA’s (2013) recommendations with respect to calculation of acute versus 
chronic toxicity and exceedance frequency.  However, MDEQ downplays EPA’s recommended 
exceedance frequency for chronic toxicity (no more than one exceedance within three years) based 
entirely on data expense—defeating MDEQ’s stated purpose to protect sensitive aquatic life.  
MDEQ-a (pp. 2-3) asserts that the problem with EPA’s approach is that “standards attainment 
decisions based on this rate do not take into consideration the number of sampling results or the 
variability of sampling frequencies [that]…may create a large variance in exceedance rates 
depending on the size of the data set.”  The draft document gives the following example: 
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Annual sampling → 1 sample per year x 3 years =   3 samples; allowable exceedance rate, 33.3% 
Semi-annual         → 2 per year x 3 years                = 18 samples; allowable exceedance rate, 16.6% 
Quarterly              →  4 per year x 3 years      = 12 samples; allowable exceedance rate,   8.3% 
Monthly     → 12 per year x 3 years      = 36 samples; allowable exceedance rate,   2.8% 
 

Readers are then informed that the two “extremes”, annual and monthly sampling, are 
unrealistic due to a lack of confidence (annual – only 3 samples in total over three years) or due to 
the cost (36 samples over three years); and that “semi-annual and quarterly sampling are most 
representative of the size of typical data sets.”  From there, a “leap in logic” is made that “an 
exceedance rate of 10% is adequate” (between quarterly and semi-annually above), which roughly 
corresponds to MDEQ’s requirement of at least 8 samples needed (~3 per year) per assessment unit 
or reach over 10 years to assess compliance with the acute toxicity criteria.  An impairment listing 
would be triggered if more than 10% of samples exceeded the acute criteria over 10 years, or more 
than 1 sample exceeded the standard within any 3-year period. 
 

The above analysis and MDEQ interpretation in the draft ammonia assessment method are 
unacceptable for two reasons.  First, the draft writing ignores the fact that ~3 (acute) to 6 (chronic; 3 
samples, each 6 days apart, in a 30-day period; two 30-day periods) samples per year are insufficient 
to assess compliance with ammonia criteria; at a minimum, monthly sampling is needed to reliably 
estimate an average concentration. Ammonia concentration status cannot be assessed reliably from 
more sparse data, as shown by peer-reviewed science.  As north temperate examples, sampling 
frequency shorter than monthly in streams was required for reliable characterization of ammonium 
concentrations (Harmeson and Barcelona 1981).  In a second study, Torres et al. (2022) reported 
that realistic assessment of N concentrations required more than 50 samples per year to achieve a 
small error (less than 10%) and a 95% confidence interval. Monthly sampling was insufficient for 
reliable characterization unless augmented by inclusion of storm events and random sampling. A 
third study concluded that in river segments influenced by sewage effluents, a sampling frequency of 
weekly or less was necessary to assess ammonium concentrations accurately (Vilmini et al. 2018).   

 
The draft document does not carefully consider the number of samples needed for accurate 

assessment of compliance.  The decision was based not on science but, rather, on the costs of 
acquiring data.  It will fail to protect sensitive aquatic life such as salmonids and their food resources 
in Montana waters from stress, disease, and death due to ammonia toxicity.  MDEQ-a then states that 
“In addition to the 10% exceedance rule [decision], a no more than one exceedance in a three-year 
timeframe will also be applied.”  But the problem remains:  grossly inadequate sampling frequency 
will yield such sparse data that reliable assessment of compliance with ammonia water quality 
standards will not be possible. 

 
The second reason given for this unacceptable sampling requirement in the draft ammonia 

assessment method is that, despite MDEQ’s cost emphasis, the reality is that ammonia samples are 
inexpensive to collect and analyze in comparison to many other chemical environmental contami-
nants (CECs).  For example, the U.S. EPA (2019) reported that testing of dioxins, furans, PCBs, and 
congeners in water samples ranged from ~$790 to $9,450 per sample.  Sample collection for these 
analyses requires Teflon containers and other expensive specialized materials, as well as highly 
sophisticated, expensive laboratory instruments (U.S. EPA 2023).  By comparison, the Montana 
Environmental Laboratory, LLC (2023), a commercial water analysis laboratory, would charge $25 
per ammonia water sample.  Collection of water samples for ammonia analysis requires inexpensive 
bottles washed in inexpensive dilute hydrochloric acid, routinely done in many water quality 
laboratories.  The laboratory instrument needed to complete the analysis, a spectrophotometer, is 
standard equipment for water quality laboratories and costs about 1/100th of the cost for the  
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instruments needed for the above CECs.   
 
It is also noteworthy that sensitive aquatic life such as trout species and the macroinvertebrate 

taxa they depend upon as food are the foundation of Montana’s lucrative recreational fishing/ 
tourism industry. That industry is estimated at a value of ~$350 million per year, supporting 6,280 
jobs (American Fisheries Society 2023).  Surely these extremely valuable sensitive species merit 
more protection than sampling only ~8 to 11 times for toxic ammonia per assessment unit (that is, 
for example, in a stream, river, or stream or river reach) over an entire decade? 

 
       II.B.6.b. Inappropriate use of data collected prior to a known new pollution source(s) –  
 

The draft ammonia assessment method (MDEQ-a, p.3) maintains that data collected up to a 
decade ago are to be considered current—and that if known significant changes in sources have 
occurred (for example, an increase in sewage or a new sewage source), then best professional 
judgment can be used to decide which data collected during the decade to include for compliance 
assessment.  Inclusion of data collected prior to the change would be non-protective.  Moreover, the 
lack of further requirements, restrictions or clear guidance increases the likelihood of subjective/ 
biased rather than science-based data selection. 
 

       II.B.6.c. Questionable or incorrect aspects of sampling –  

• MDEQ-a (pp.4-5) states that samples are to be preserved “as soon as possible”.  Samples should 
be preserved immediately.   

• The draft ammonia assessment method instructs that ambient water temperature and pH must 
be measured at the same time as ammonia is measured (within an hour; this stipulation is 
repeated at the bottom of MDEQ-a, p.7). The writing is incorrect; the authors mean that pH and 
temperature must be measured at the same time as samples are taken for ammonia analysis, not 
at the same time as ammonia is actually measured.  Furthermore, “at the same time” differs 
markedly from “within an hour.”  Within an hour, storm conditions can substantially alter pH 
(Gburek and Pionke 1993) and near-surface ammonia concentrations due to changes in 
incoming atmospheric (Yao and Zhang 2019, Prieto-Blanco et al. 2020) and/or stormwater 
levels (Rosenzweig et al. 2008).  Most commonly, one person in a field crew of two (usually 
required for safety considerations) measures environmental background conditions like 
temperature and pH while the other person takes samples at the same time for ammonia 
analysis.   

• MDEQ-a counseled (p.4),  
       Ammonia samples can be collected throughout the year, but prioritization should 

focus on the time of year that toxicity levels are higher or when sources are the most 
prevalent. Spawning and rearing timeframes should be considered for warmwater  
classifications….samples should fully target spawning and rearing timeframes.   

But ammonia concentrations are known to vary substantially depending on storm events (e.g., 
Rosenzweig et al. 2008), differences in discharges by sources such as wastewater treatment plants 
(Gammons et al. 2011, Nagisetty et al. 2019), locations/density of livestock, etc. (Hughs and Vadas 
2021).  The inadequate sampling frequency that would be required by the draft document will fail 
to capture average conditions reliably as well as toxic, more extreme conditions.   

Furthermore, in western mountainous areas, stream sampling has revealed a pattern of increas-
ing ammonia concentrations in late spring/early summer (June) and a decrease in winter 
beginning in September for most sites (Chen et al. 2014).  Warmwater fish species differ 
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somewhat in their early life stage periods (see Section II.B.2 above; MDEQ-a, Appendix A, and 
Skaar 2001).  Some species do not spawn in summer (June-August).  Would those species be 
omitted from consideration in ammonia sampling? – If so, that would be non-protective.  Would 
additional samples be taken during the early life periods for those species to ensure their 
protection?  Clarification is needed. 

    II.C. Assessment of Compliance with the Acute Criteria is Reactive  
 

As explained (see B.5a), the draft method requires only 8 independent samples— or, if point 
sources are present or the waterbody is being considered for delisting, 11 samples—over an entire 
decade to assess compliance of an assessment unit or reach with the acute criteria, or ~3 samples 
per year.   The draft document oddly refers to the 8-11 samples as “rigorous” and states that such 
sampling “may be unnecessary if there are already a minimum of 3 exceedances of acute aquatic life 
standards in data sets of 3 to 7 samples spread over 10 years.” As stated above, the grossly 
inadequate sampling frequency described as acceptable by MDEQ will yield such sparse data that it 
will not be possible to assess compliance reliably.  In some? many? cases, such as the case of 3 
exceedances among 7 samples spread over 10 years, a waterbody sustaining toxic ammonia levels 
in almost half of the sparse samples could receive no consideration for additional protection 
throughout an entire decade.   

 
The draft document (p.8) states that an impairment listing for ammonia would be initiated if 

more than 10% of samples collected for assessment of acute toxicity exceed the standard (acute 
toxicity criteria) over 10 years (pertinent to the above paragraph), or if more than 1 sample within 
any 3-year period exceeds the criteria.  Thus, at least 2 samples must be in violation of the acute 
toxicity criteria to count as an exceedance.  Yet, as MDEQ acknowledges (p.2), “Montana’s standards 
incorporate an exceedance frequency component that indicates no more than one exceedance 
within three years.”  The draft document (p.1) notes that the assessment method is not a state rule 
or regulation.  Nevertheless, why is it sanctioned by MDEQ despite apparently not conforming to 
Montana standards?  This question applies to the draft method’s treatment of 2.5x the CCC as well 
(see Section II.D). 
 
         II.D. Assessment of Compliance with the Chronic Criteria is Not Protective 
 

As explained, in a given assessment unit or reach, the chronic criteria are to be based on 
average monthly calculations of a “30-day average” from only 3 samples, spaced at least 6 days 
apart, within each of two 30-day periods during any growing season within a three-year timeframe.  
The draft writing (MDEQ-a, p.2) states that the chronic criterion is “tailored to protect early life 
stages of fish” but, as explained (section II.B.2), the 15 March through 31 August MDEQ-defined 
growing season is inadequate to protect early life stages for some warmwater fish species.  MDEQ 
also fails to consider periods when ammonia concentrations are generally highest (e.g., Chen et al. 
2014).   

 
MDEQ-a (p.2) states that, in addition to the above analysis, the highest 4-day average within a 

30-day period should be less than 2.5 times the chronic criterion. However, since only 3 samples 
spaced at least 6 days apart within a 30-day period are required, sampling does not include 4 
consecutive days of sampling. Therefore, even one 4-day average is not available—despite the 
explicit requirement that the highest 4-day average among multiple 4-day averages within the 30-
day period should be calculated (MDEQ 2019, p.75).  Subsequently, MDEQ-a (p.6) advises that “if 
acute or chronic minimum data requirements are met, any sample may represent a 4-day average” 
[emphasis added] to compare to the 2.5x-the-CCC value.  This step weakens protection because the 
draft method would allow the assessor to use the sample with the lowest ammonia concentration, 
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rather than the highest, for comparison to the 2.5x-the-CCC value.  In other counsel, MDEQ-a (p.8) 
states that an impairment would occur if more than 10% of individual samples from the acute 
criterion evaluation exceed 2.5x the “chronic standard” (CCC), or more than 1 sample in any 3-year 
period exceeds 2.5x the “chronic standard.”   

 
        II.E. The Draft Method Fails to Consider Other Important Roles of Ammonia 

 
Aside from its role as a toxin, ammonia is important in aquatic ecosystems in two other ways:  

It is a major form of the key nutrient, nitrogen, essential for growth of algae and aquatic plants 
(Wetzel 2001, Glibert et al. 2016), and can also be an oxygen-demanding (oxygen-consuming) 
chemical (Mallin et al. 2006).  The noxious macroalga, Cladophora, which now seasonally carpets 
nutrient-contaminated Montana waters such as parts of the Gallatin River (e.g., Ochenski 2022), 
thrives especially in ammonia- and phosphorus-enriched waters (Dodds 1991, Ensminger et al. 
2000).  Toxic cyanobacteria blooms, such as those that seasonally affect various Montana 
reservoirs, can also be highly stimulated by ammonia, including enhanced toxin production (Glibert 
et al. 2016, Le et al. 2024).  Total ammonia can be an oxygen-demanding substance because it takes 
up oxygen during the nitrification process when it is converted to nitrate (Stumm and Morgan 
1996). Thus, it can contribute to low-oxygen stress and death of aquatic life. Neither the harmful 
impacts of ammonia in fueling noxious and toxic algal blooms nor the role of ammonia as an 
oxygen-consuming chemical is considered in the draft method.   

 
         II.F. Recommendations  
 

The following recommendations are suggested to improve the draft ammonia assessment 
method so that it achieves the goal of protecting sensitive aquatic life in Montana waters from 
harmful effects of ammonia pollution: 

 
• Scientifically accurate writing is needed in the introductory background information.  The 

toxicity of total ammonia and of nitrate, which often forms from ammonia by nitrifying 
bacteria under aerobic conditions (Mueller and Helsel 2016, U.S. EPA 2024), should be 
described.  The writing should explain that after this transformation, nitrate can travel long 
distances (see Burkholder 2024 and references therein) and therefore threatens downstream 
as well as local water quality.  MDEQ should clarify the contributing sources up front in the 
document; acknowledge that ammonia and nitrate are commonly found in some Montana 
surface and ground waters contaminated by those sources at concentrations that are toxic to 
beneficial sensitive aquatic life; and explain that salmonids are especially sensitive to 
ammonia toxicity. 
 

• Clearer guidance and clear requirements should be provided regarding delineation of assess-
ment units or reaches.  The present vague description leaves major room for bias and could 
easily fail to protect Montana waters.  As examples, an analysis of land use affecting the 
assessment unit or reach should be required, as well as preliminary data to aid in assessment 
of site(s) ammonia regimes.  Assessment units that are not homogeneous in geology, land use, 
and pollution sources should be sub-divided into reaches, and each reach monitored for tNH3, 
temperature, and pH. 

 
• Assessment of compliance with the state’s chronic ammonia criteria should be extended through 

September to protect the early life stage period for 12 warmwater fish species.  The chronic 
criteria should be applied both during and for 34 days after the known early life stage period 
for these species.  Clarification should be added about the timing of sampling to protect 
warmwater fish species that do versus do not spawn in warmest months. 
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• Protection of Class-A Closed waters from ammonia toxicity should be strengthened.  Rather than 
solely depending upon models, monitoring should be conducted in these waters to obtain 
actual temperature, pH, and ammonia data.   

 
• The more protective acute ammonia toxicity standards for all cold/marginal cold waters that 

are assumed to support salmonid growth and propagation year-round should be consistently  
applied regardless of whether salmonid “presence” is detected. 

 
• The sampling frequency should be increased to at least monthly along with additional sampling 

during major storms and droughts, so that ammonia conditions in Montana waters can be 
reliably assessed and sensitive aquatic life can be protected from ammonia toxicity. 
 

• Inappropriate data should be excluded from compliance assessment. For example, if a given 
assessment unit has sustained a known significant change(s) in a source(s), data taken prior 
to those changes should be excluded from the evaluation.  Clearer guidance should be added 
about use of data to avoid bias. 

 
• Ammonia sampling should occur simultaneously with temperature and pH measurements; they 

should not be separated by more than a few minutes.  
 

• Assessment of compliance with acute criteria should be restricted to three-year rather than 
decadal periods to conform with Montana water quality standards, and so that waterbodies 
with toxic ammonia conditions can be addressed for improvement more quickly.  Evaluations 
such as the example given by MDEQ of “three exceedances of acute aquatic life standards in 
datasets of three to seven samples spread over 10 years” should not be allowed.  

 
• For chronic toxicity assessment, sampling should be required to include at least two intervals of 

four consecutive days of tNH3 concentration measurements within each designated 30-day 
period, to conform with Montana water quality standards for evaluation of 2.5 times the CCC.  
Assessment of compliance with chronic criteria should occur during the periods of early life 
stages for sensitive coldwater fishes and for warmwater fishes.   

 
• Assessment should include the other important roles of ammonia as a major algal/plant 

nutrient and a chemical oxygen-demanding substance, as well as toxicity. These roles can be 
major at lower concentrations than those causing ammonia toxicity. 

 

III. Draft Dissolved Oxygen Assessment Method for Streams and Rivers (MDEQ-b) 
 
          III.A. Background 
 

Montana DO standards are based on the minimum acceptable DO concentrations needed to 
support aquatic life, except for class A-Closed waters wherein there should be “no change from the 
natural condition” (MDEQ-b, p.1) (Table 1). There are two exceptions to these standards. The first   
is Ashley Creek below the bridge crossing on Airport Rd. to its confluence with the Flathead River 
near Kalispell.  In that segment DO should be 5.0 mg/L or more from October 1 through June 1, and 
at least 3 mg/L from June 2 through September 30 (ARM 17.30.627(2)(b)).  The second is all Class 
A-Closed waters, which should not change from naturally occurring DO levels (ARM 
17.30.621(3)(b)). According to MDEQ-b, a reference approach is to be used to assess Class A-Closed 
waters, wherein DEQ will identify comparable, minimally impacted streams and rivers and use 
their DO data for comparison. 
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    III.B. The Data Requirements Are Inadequate to Protect Sensitive Aquatic Life from Adverse        
DO Conditions. 

 
              III.B.1. Inappropriate use of data collected prior to a known new pollution source(s) - The 

draft DO assessment method for streams and rivers (MDEQ-b, p.3) states that if a known significant 
change(s) in a source(s) has occurred (for example, an increase in sewage or a new sewage source), 
the assessor can decide (best professional judgment) whether to include the earlier data for compli-
ance assessment.  Inclusion of data preceding the significant change is not protective.  Moreover, the 
lack of further requirements, restrictions or clear guidance increases the likelihood of subjective/ 
biased rather than science-based data selection. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
       III.B.2. Temporal targets that sometimes omit protection of early life stages – MDEQ-b 

(p.4) aptly explains that in general, the worst low DO conditions in Montana waters occur during 
the warmest time of year.  MDEQ-b then counsels that DO data should be taken during some portion 
of the growing season, defined as extending from July 1 through September 30 in most of Montana 
(exception: Northwestern Glaciated Plains ecoregion – June 16 through September 30). But mid-
June through early July and mid-August through September usually are slightly to somewhat cooler 
than mid-July through mid-August in Montana waters.  
 

MDEQ-b’s Appendix A, adapted from Skaar (2001), indicates the early life stage periods for 
coldwater and warmwater fish species in Montana.  Waters with various salmonid species are 
considered to have early life stages present from at least one species year-round. Warmwater 
species differ in timing of the early life stage period.  Some species do not have early life stages 
during the growing season as defined by MDEQ.  As Skaar (2001) explained using U.S. EPA guidance, 
the early life stage period should extend 30 days (coldwater/marginal coldwater fish species) to 34 
days (warmwater species) after the latest spawning.  The most extreme lack of overlap between 
spawning period and MDEQ’s defined growing season is for burbots, which spawn from February 
through March.  In an apparent effort to accommodate burbot spawning in C-3 and B-3 streams and 
rivers, MDEQ has applied the early life stage DO standard from February 1st through August 31st.  
However, the solubility of DO diffusing into waters from the overlying air is greater at colder 

Table 1. Montana’s freshwater aquatic life standards for dissolved oxygen in mg/L.  Designated 
uses for Class B-1 and C-1 waters include growth and propagation of salmonids and associated 
aquatic life. Designated uses for Class B-2 and C-2 waters include growth and marginal propaga-
tion of salmonids and associated aquatic life. From MDEQ (2019). 
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temperatures, so DO typically is plentiful in colder months.  Further, artificially extending the early 
life stage period of burbots all the way through August “on paper” does not conform with the known 
biology of the species—according to Skaar (2001), burbots should not be expected to have  
early life stages after April, when DO should still be plentiful in Montana rivers and streams.  
 

As more pertinent examples of protecting early life stages, northern pike spawn from March 
through mid-May; adding 34 days extends their early life stage period through mid-June.  DO 
measurements should be taken in early to mid-June, expected to be the warmest part of the early 
life stage period for that species.  Stonecats spawn from June through August; adding 34 days 
extends their early life stage period through September.  DO should be measured in the warmest 
part of the warmest month, late July or early August.   

 
       III.B.3. Missed DO sags when beneficial aquatic life need the most protection – As MDEQ-

b (p.5) states, continuous DO measurements are the only reliable way to ensure detection of daily 
minima and daily maxima.  Unfortunately, MDEQ’s directive about the timing in the alternate 
approach of discrete sampling will fail to capture the minima in DO sags.   

 
MDEQ (p. 5) notes that DO concentrations are usually lowest just before sunrise (defined by 

Webster’s Ninth Collegiate Dictionary as the time when the first part of the sun becomes visible).  In 
correction, DO concentrations are usually lowest just before dawn (defined by the same source as 
the time when light first appears in the sky prior to sunrise). This finding of lowest DO concentra-
tions generally before dawn is consistent with classical as well as current science literature (e.g., 
Rudolfs and Heulelekian 1931, Wilson 2021).  U.S. EPA (2012) cautioned, “Aquatic animals are most 
vulnerable to lowered DO levels in the early morning on hot summer days when stream flows are 
low, water temperatures are high, and aquatic plants [primary producers] have not been producing 
oxygen since sunset.” Thus, U.S. EPA (2024) wrote, “The lowest concentrations of DO are usually 
measured before photosynthesis begins for the day (i.e., just before dawn).” 

 
However, in the draft DO assessment method, MDEQ states that discrete samples collected 

between 4:00 am and 8:00 am would be considered representative of the lowest daily DO concentra-
tions.   They are not.   Consider Bozeman during summer 2024:  Sunrise occurred from 5:34 to 5:38 
am in June, 5:39 to 6:07 am in July, and 6:08 to 6:44 am in August (TimeandDate 2024).  Samples 
collected just before 8 am would have aberrantly high DO because the algae in the water would 
have had access to light for more than 1 to 2.5 hours of oxygen-producing photosynthesis.  Algae 
respond rapidly, in only a few minutes, to the diffuse light characteristic of sunrise.  For example, in 
a moderately productive north temperate river in July (23.1oC), I took the following measurements:  

 
pre-dawn DO (4:50 am)  4.40 mg/L  
post-dawn DO (5:15 am)   4.50 mg/L (measurably higher 25 minutes later, just  

                     after dawn began) 
post-sunrise DO (7:30 am) 5.55 mg/L 
 

While MDEQ’s daily maximum DO period (2:30 to 5:00 pm) is reasonable, its daily minimum time- 
frame will underestimate the severity of DO minima and should not be used. 
 

       III.B.4. Non-protective sampling of assessment units – Similar comments as for the draft 
ammonia method apply to the draft DO assessment method for streams and rivers, except that data 
requirements for reaches are reviewed and analyzed site by site. Although an assessment unit may 
be defined as an entire stream or river, the minimum number of sites described as acceptable by 
MDEQ is only one per assessment unit, if the site is believed to be in the most at-risk area based on 
best professional judgment of the assessor.  If sufficient data are only available for the least 
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impacted area(s) in the assessment unit, the analysis can be conducted, although “ultimately” 
MDEQ may decide that insufficient data are available.  In cases where assessment units are 
influenced by one or more clear pollution sources of oxygen-demanding materials, analyses based 
on only least-impacted areas would be expected to underestimate DO sags and DO-related stress, 
disease, and death of sensitive aquatic life.  
 

       III.B.5. Other lax data requirements – MDEQb includes these data requirements: 
 
30-day mean – requires at least 16 days of data during a 30-day period  (53% of dates) 
   7-day mean – requires at least   5 days of data during a   7-day period  (~30% of dates) 
 

MDEQ offers two points of explanation.  First, “this is to create monitoring efficiencies while also 
limiting false positive listing rates to ~10% or less”, wherein false positives are defined as 
situations where the stream or river meets DO criteria according to a full 30-day or 7-day dataset, 
but there is indication of exceedance(s) of the DO criteria from a shorter number of days of data 
collection.  Second, ostensibly to enhance monitoring efficiency, it is misleading rather than more 
efficient for MDEQ to consider it acceptable to take only ~50-70% of the data needed for a “30-day 
mean” or a “7-day mean”. 
 

A “false positive” refers to a Type II error, that is, wrongly identifying an assessment unit as 
impaired when it actually is not.  The draft DO assessment method conveys concern for false 
positives; as MDEQ (Makarowski 2020, p.30) noted, a potential consequence of a Type II error would 
be unnecessary expenditures to address a problem that did not exist.  The potential of a false positive 
is an artifact of MDEQ having allowed 30% to nearly 50% of data to be missing (not taken) that 
should have been taken for a “7-day mean” or “30-day mean”, respectively.  The concern expressed by 
the draft method authors is to avoid being over-protective with false positives. 
 

But if MDEQ’s goal is to protect the aquatic life beneficial use in Montana streams and rivers, 
including sensitive aquatic life such as valuable salmonids, it is curious that a more important point 
is not mentioned in the draft method:   Why is no concern expressed, and no step(s) taken, to avoid a 
Type I error?   A Type I error refers to a “false negative”, which would mistakenly identify an assess-
ment unit as not impaired when, in fact, the waterbody is actually impaired (Makarowski 2020). 
 

The second point offered in explanation by MDEQ is that “environmental conditions or 
monitoring resources do not always allow for [more] robust data collection.”  Regarding environ-
mental conditions, while storms or unanticipated accidents could cause the assessors to miss 1-2 
days in warm seasons—even 3—a “pass” excusing no data for nearly half of the 30 days extends 
well beyond lenient and substantially weakens the analysis.  Consider a situation wherein, during 
the first 14 days that were not sampled, a major drought affected the stream and the biota were 
highly stressed by low DO.  Near the end of day 14 there was a major rainstorm that restored 
plentiful oxygen conditions.  The following 16 days of sampling would have missed the low DO 
period entirely.   The excuse of limited resources for monitoring translates into allowing assessors 
to skip much of the needed monitoring to reduce the cost.  The terms are misleading because they 
fall far short of what the “30-day mean” and “7-day mean” names indicate. 
 

This data-poor situation is exacerbated by an additional, unacceptable MDEQ caveat:  Although 
MDEQ acknowledges that DO minima are worst during the warmest months, MDEQ (MDEQ-b, pp. 6- 
7) may excuse assessors from having to measure DO during those months:  
 

If data are not available during the growing season, the assessor should continue     
with the assessment but may [emphasis added] determine there is insufficient data      
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to determine full support of the use by DO conditions, and thus may [emphasis added] 
determine the pollutant is not fully assessed. 

 
Such potential allowance for failing to conduct the assessment in the warmest period will defeat the 
fundamental purpose of taking these DO measurements.  In correction of MDEQ, the warmest 
period should be monitored for DO conditions as the first step in protecting adult fish of all species 
from DO-related health impairment.   
 

It should also be noted that Figure 5-1 includes the instruction that data should not only be 
collected during the growing season, but also during low-flow conditions during the growing 
season.  This important point is not mentioned in the draft method text. 
 

III.C. Diel Variation and Supersaturation Are Missing from the DO Assessment.     
 

The draft DO assessment method emphasizes average as well as minimal DO conditions, but 
average DO is of little importance in protecting sensitive aquatic life because sensitive species are 
most commonly stressed or killed by the extremes—minimal DO for survival, and both maximum 
DO and large diel variation (= over a 24-hour period) that can cause fish stress and disease.  In 
addition to having at least the minimum necessary DO, two other DO conditions are important for 
sensitive aquatic life:  avoidance of supersaturation and avoidance of large diel DO variation. Water 
is supersaturated with DO if, at a given temperature, more oxygen is present than would be if the 
water was in equilibrium with the overlying air.  Supersaturation commonly develops when 
plant/algal photosynthesis produces oxygen too fast to equilibrate with (move into) the overlying 
air (YSI Environmental, Inc. 2006).  Algal/plant DO production is usually highest during mid- to late 
afternoon, with maximal DO concentrations at ~18-20 mg/L (Sand-Jensen 1989, Frodge et al. 1990, 
Gammons et al. 2011). DO saturation at 125% or higher, coinciding with DO concentrations higher 
than ~10 mg/L in warm summer conditions, is harmful because it can stress fish physiologically 
and cause fish disease (Pleizier et al. 2020). 
 

The draft DO assessment method relies upon daily averages of the “minimum” (but see III.B.3 
above) and maximum DO as data requirements.  The difference between the DO minimum and the 
DO maximum over a 24-hour (diel) period is referred to as the diel DO change, daily DO variation 
(“swing”), or DO delta (Δ).  With data for minima and maxima already in hand, diel variation can be 
easily and cost-effectively determined.  MDEQ is familiar with use of this parameter in efforts to 
characterize the health of Montana streams and rivers (e.g., Suplee 2023 – although that analysis 
should be modified to be more protective of sensitive aquatic life per Burkholder 2024).  

 
Large changes in daily DO levels can negatively affect sensitive taxa (Whitworth 1968, 

Heiskary et al. 2013, McGarrell 2018).  Although DO concentrations in rivers can vary naturally over 
the course of a day/night cycle, large fluctuations in DO levels generally indicate excessive algal/ 
plant growth due to nutrient pollution (Walling and Webb 1992, Morgan et al. 2006).  Nutrient 
pollution commonly increases the daily DO variation due to high oxygen production from major 
algal/plant blooms during the day followed by high respiratory demands of the algal/plant biomass 
and other organisms at night (Franklin 2014). The magnitude of the diel DO change is increasingly 
recognized as a key variable for stress conditions (Heiskary et al. 2013, Fusi et al. 2023, and 
references therein).   

 
The maximum diel DO variation that is appropriately protective of aquatic life varies 

depending on the size of the stream, its flushing rate, and its temperature and light regimes.  
Experiments to study diel DO swing effects on the biota of rivers (nonwadeable, larger streams)     
in north temperate waters are generally lacking because it is difficult to mimic the simultaneously 
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changing conditions of unidirectional flow, light, temperature, and substrata (bottom mud, rocks 
etc.) (Izagirre et al. 2007).  A more realistic approach has been to develop a strong database that 
includes nutrient concentrations, algal and/or plant biomass as appropriate, and metrics for fish 
and macroinvertebrates.   

 
Using such a database for medium to large Minnesota rivers, Heiskary and Markus (2003) 

reported that measures of fish and macroinvertebrate community quality showed stronger 
negative correlations with daily DO variation than minimum DO concentrations.  Heiskary et al. 
(2013) reported that the total number of macroinvertebrate taxa generally remained between the 
25th (poor quality) and 75th percentiles (good quality) at maximum diel DO variation that was        
4 mg/L or less.  As the diel DO variation increased above 4 mg/L, desirable/sensitive fish species 
dramatically declined or were locally extirpated.  Models used to predict the diel DO swing from TP 
indicated that macroinvertebrate species richness was not adversely affected at a maximum diel DO 
swing < 3.5 mg/L for rivers of central Minnesota (where waters are moderately affected by nutrient 
pollution), and at < 4.5 mg/L in the “western corn belt” region of southern Minnesota (character-
ized by high nutrient contamination and mostly pollution-tolerant species). 

 
III.D. Recommendations     

 
The following recommendations are suggested to improve the draft DO assessment method 

for rivers and streams so that it achieves the goal of protecting sensitive aquatic life in Montana 
waters from harmful effects of ammonia pollution: 
 

• Clearer guidance should be provided regarding delineation of assess-ment units or reaches.  The 
present vague description leaves major room for bias and could easily fail to protect Montana 
waters.  As examples, an analysis of land use affecting the assessment unit or reach should be 
required, and preliminary data should be required to aid in assessment of the most-at-risk 
site(s). 
 

• Inappropriate data should be excluded in compliance assessment. For example, if a given 
assessment unit has sustained a known significant change(s) in a source(s), data taken prior 
to those changes should be excluded from the evaluation because such data do not capture 
present conditions and would fail to assess DO violations accurately.  Clearer guidance should 
be added about use of data so as to avoid bias. 
 

• Required sampling should capture periods of maximum potential DO stress.  The target for 
protecting adult fish should be the warmest part of the growing season. The target for pro-
tecting early life stages should be the warmest part of the early life stage period for fish species 
of interest, regardless of whether that period overlaps with MDEQ’s defined growing season. 

 
• Sampling for DO minima should be required within 1 hour before dawn.  The 4 to 8 am time 

interval allowed in the draft DO assessment document is unacceptable because it includes up 
to 2.5 hours of light for algal/plant photosynthesis.  The oxygen production from the rapid 
response of primary producers to diffuse light will prevent detection of what actually was the 
minimum DO concentration and result in spuriously high measurements. 

 
• The 30-day mean and the 7-day mean should be based on data collected daily throughout the 30-

day and 7-day duration, respectively, as the names state.  That should be relatively easy to 
accomplish using continuous data loggers, as it will require only 1-2 calibrations for the 30-day 
mean, and no additional field visits other than installation and retrieval for the 7-day mean.  
The present instruction in the draft method should be abandoned because it excludes 30 to 
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~50% of the actual dates during the “7-day” and “30-day” periods, respectively, and makes 
allowance for false positives (underestimates of mean DO), but not false negatives (over-
estimates of mean DO).   

 
• The draft DO assessment method should additionally address supersaturation exceeding 125% 

and diel DO change exceeding 3.5 to 4 mg/L.  From a protective stance, the weekly maximal 
diel DO change should be used rather than the average because averaging obscures the 
extreme conditions that are most harmful to sensitive aquatic life. 
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      ecological questions addressed in broad social and intellectual contexts)  
2016      Women of Achievement Award, General Federation of Women’s Clubs of North Carolina     
2015      Fred A. Harris Fisheries Conservation Award, American Fisheries Society - North Carolina   
                     Chapter (recognizes non-Chapter members who have distinguished themselves by service or  
                     commitment to the fisheries resources of North Carolina)  
2009      Borlaug Joint Award for Service to the Environment and Society, College of Agriculture and 
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               Life Sciences/ College of Natural Resources, NCSU  
2008      William Neal Reynolds Distinguished Professor, College of Agriculture and Life Sciences, 
            NCSU, for excellence in research  
2008      J. Compton River Achievement Award, River Network, lifetime achievement for leadership in 
      research to advance water quality protection   
2007      Darbaker Prize, Botanical Society of America, for excellence in research 
2004      Fellow, American Association for the Advancement of Science (AAAS) 
2003      Honorary Doctorate, Knox College, Galesburg, IL 
2003      Provasoli Award, best paper of 2002, Journal of Phycology 
2001      Honorary Doctorate, Southampton College - Long Island University 
2000      Fellow, Aldo Leopold Leadership Program, Ecological Society of America 
1999      Hutner Award, Society of Protozoologists, for excellence in microalgal research 
1998      Scientific Freedom and Responsibility Award, AAAS  
1998      Distinguished Service in Environmental Education Award, Environmental Educators of       North 

Carolina  
1998      Distinguished Scholarly Achievement Award, NCSU Honors Convocation 
1998      Conservationist of the Year Award, National Wildlife Federation 
1998      Conservationist of the Year Award, Governor of North Carolina and the North Carolina  
      Wildlife Federation  
1998      Jack Bayless Award – outstanding presentation of the year, South Carolina Fishery Workers 
      Association, and the North and South Carolina chapters of the American Fisheries Society  
1997      Admiral of the Chesapeake Award, Federal and State Leadership Summit, Washington, DC  
1997      Outstanding Achievement Award, Society of Business and Professional Women of North  
      Carolina  
1997          Pew Fellow in Marine Conservation, the Pew Charitable Trust  
1994      Outstanding Research Award, NCSU Alumni Association 
 
Honors to the Center for Applied Aquatic Ecology 
 
2013      The CAAE was recognized as the reason why NCSU placed 31st among the top 50 “Colleges 
      Saving the World” (http://www.onlinecollegesdatabase.org/50-colleges-saving-the-planet). 

2012      The CAAE received the highest evaluation possible (Excellent) by an outside Peer Review 
       Panel that reviewed in detail the Center’s performance over its entire span of operation. 
       The panel was organized by the NCSU College of Agriculture and Life Sciences as required 
       by the UNC Board of Governors. 
 
Other Honors 
 
2013      Invited presentation on Harmful Algae - Capital Hill Briefing, representing the Coastal and 
      Estuarine Research Federation 
2007      Theodore L. Jahn and Eugene C. Bovee Award, International Society of Protozoologists, 
       for best graduate student research paper, to doctoral candidate Hayley Skelton (coauthors 
      of the paper, Burkholder and Parrow) 
2001      Elected Member, Alumni Hall of Fame, Rock Valley College, Rockford, Illinois 
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2001      Convocation speaker, Appalachian State University 
1998      Special Recognition for excellence in research, Phi Kappa Phi 
1998  Invited Testimony, Congressional Hearing on the Value of Estuaries, US Senate, 
Senate  
  Environment and Public Works Committee 
1998  Invited Testimony, Congressional Hearing on Harmful Algal Blooms, US Senate,  
  Committee on Commerce, Science and Transportation 
1997  Invited Testimony, Congressional Hearing on Fisheries Conservation, Wildlife and  
  US House of Representatives – Committee on Resources 
1997  Invited Testimony, Congressional Hearing on Harmful Algae and Human Health, US  
  House of Representatives – Committee on Government Reform and Oversight 
1997-1999 Science Advisor, Governor’s Commission on Pfiesteria, Maryland 
1993-1994 Member, North Carolina Coastal Futures Committee (governor-appointed) 
1993-1995 Member, Board of Directors, Partnership for the Sounds (directive, environmental  
  education for eastern North Carolina) 
1992-1997 Member-at-Large, North Carolina Marine Fisheries Commission (governor-
appointed) 
1985  Elected Member, Phi Kappa Phi, Michigan State University 
1984-1986 Graduate Fellow, Department of Botany and Plant Pathology, Michigan State University 
 
Selected Research Accomplishments 
 with thanks to my graduate students, postdoctoral and other research associates, and other 
collaborators 
 
        Freshwater Ecosystems  
 First to maintain automated platform stations with depth profiling capability for advanced 

research and monitoring of North Carolina reservoirs; the real-time data from these stations 
are also helping to safeguard drinking water supplies depended upon by ~750,000 people.  
 Experimentally quantified interactions between nutrient and sediment loadings in controlling 

noxious algal blooms in turbid reservoirs.  
 First to document widespread occurrence, at low levels, of cyanotoxins in major potable 

source-water reservoirs of North Carolina.  
 Documented novel nutritional and physical adaptations of a group of cryptic dinoflagellates in 

reservoirs affected by episodic suspended sediment loading. 
 
        Estuarine and Marine Ecosystems  
 Discovered that water-column nitrate enrichment from sewage and other sources inhibits 

Zostera marina, the dominant seagrass of north temperate U.S. waters, as a direct physiological 
effect.  
 Co-discovered the toxic dinoflagellates, Pfiesteria piscicida and Pfiesteria shumwayae, as 

causative agents of major estuarine fish kills; this research also led to colleagues’ discovery of a 
group of Pfiesteria toxins new to science.  
 First to design and maintain a series of automated platform stations for advanced research and 

monitoring of a North Carolina estuary; coauthor of a patent for an automated depth profiler.  
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 First to show that shallow lagoonal estuarine ecosystems are resilient to the adverse effects of 
hurricanes, recovering within 4-5 years.  
 Helped to develop a model for water mass transport to the Neuse Estuary; used the model and 

a detailed dataset for improved quantification of nutrient loads, including decadal trend 
analysis. 

 
Grants (as PI)  
Short-term sources (mostly 3 years) have included the National Science Foundation, National Park 
Service, U.S. Environmental Protection Agency, National Oceanic and Atmospheric Administration, U.S. 
Department of Defense, Park Foundation, and Z. Smith Reynolds Foundation. Long-term ongoing 
support has included CAAE operational funds (1999-), Long-Term Research and Monitoring on Falls 
Lake (2006-), and Real-Time Remote Monitoring Stations as an Early Warning System for High Point 
Potable Water Supplies (2008-). Funding has also included support for education outreach (hands-on 
aquatic science) for disadvantaged 8th/rising 9th graders (2011-2017, 2021-) from sources such as the 
Burroughs Wellcome Fund. 
 
Guidance to the General Public As Requested  (examples) 
 
1992-1997 Member-at-Large, North Carolina Marine Fisheries Commission. Chair of the Habitat  

and Water Quality Committee, charged with the responsibility of explaining the  
implications of fisheries policy and ecology-related data to the general public. Involved  
evaluation of numerous existing and proposed fisheries-related regulations, and  
speaking at many public hearings (no compensation).  

 
1993-1994 The only scientist member of the North Carolina Coastal Futures Committee, charged  
  to evaluate the status of coastal aquatic resources, the efficacy of existing regulations, 
  and to identify additional regulations and education outreach needed for more  
  effective coastal resource protection. Involved speaking at many public hearings and     

co-writing a final report (no compensation). 
 
2004   Expert Witness (no compensation) requested by several concerned citizens groups to 

review impacts of Georgia Pacific, Inc. on marine coastal ecosystems along the west  
Florida shelf. 

 
2005   External Reviewer (no compensation) requested by the Harris Chain of Lakes  
  Restoration Council in Florida to review sampling protocols and two annual environ- 
  mental reports from a commercial laboratory/consulting firm on water quality and  
  cyanobacteria blooms in the Harris Lake Chain. Included a presentation at a public  
  Council meeting. 
 
2020-2021  Consultant to Northwest Environmental Advocates as requested on setting effluent 

total nitrogen and total phosphorus limits for the City of Medford Regional Water 
Reclamation Facility that would facilitate recovery from major nutrient 
contamination and protect the designated uses of the middle Rogue River, Oregon, 
from further nutrient-related degradation. Included first authorship on a major 
report, other formal written comments, and expert testimony in court. 

 
2021  Counseled Coosa Riverkeeper, the Center for Biological Diversity, and concerned 

citizens of Gadsden, AL as requested (no compensation) on effective protection of 
Gadsden’s drinking source-water river from a failing sewage treatment plant, and 
from the planned siting of a major poultry rendering plant. Included written 
comments.  
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2009-  Consultant on eutrophication issues in various U.S. lakes, reservoirs, rivers, and  
present streams as requested for the Mississippi River Collaborative), the Minnesota Center  

for Environmental Advocacy, Upper Neuse Riverkeeper, Upper Missouri Water-
keeper, Sierra Club, the Southern Environmental Law Center, Waterkeepers Alliance, 
Earthjustice, and the Natural Resources Defense Council.  Has included many written 
comments, presentations, and several large reports about freshwater, estuarine, and 
marine surface water resources.  

 
Publications (Peer-reviewed, in scientific journals, books and symposia volumes; *, student)  
 
185.  Burkholder, J.M. and P.M. Glibert (2024) Eutrophication and oligotrophication, pp. 442-478. In: 

Encyclopedia of Biodiversity, 3rd edition, Volume 6, by Scheiner SM (ed.). Elsevier, Oxford, United 
Kingdom. 

184. Burkholder, J.M., C.A. Kinder, and E.H. Allen (2023) Watershed development and eutrophying 
potable source-water reservoirs in a warming temperate/subtropical region. Water 15, 4007; 
https://doi.org/10.3390/w15224007. 

183. Burkholder, J.M., C.A. Kinder, D.A. Dickey, R.E. Reed, C. Arellano, J.L. James, L.M. Mackenzie, E.H. 
Allen, N.L. Lindor*, J.G. Mathis, and Z.T. Thomas (2022) Classical indicators and diel DO versus 
trend analysis in assessing eutrophication of potable-water reservoirs. Ecological Applications, 
DOI: 10.1002/eap.2541. 

182.  Huang, I.-S., N. Pietrasiak, C.J. Gobler, J.R. Johansen, J.M. Burkholder, S. D’Antonio, and P.V. Zimba 
(2021) Diversity of bioactive compound content across 71 genera of marine, freshwater, and 
terrestrial cyanobacteria. Harmful Algae 109: 102116; 
https://doi.org/10.1016/j.hal.2021.102116. 

181.  Glibert, P.M., A.H.W. Beusen, A.F. Bouwman, J.M. Burkholder, K.J. Flynn, C.A. Heil, M. Li, C.-H. Lin,   
          C.J. Madden, A. Mitra, W. Nardin, G. Silsbe, Y. Song, and F. Zhang F (2020) Multifaceted climatic 

change and nutrient effects on planktonic harmful algae require multifaceted models. In: Climate 
Change and Marine and Freshwater Toxins, 2nd edition, by L.M. Botana, C. Louzao, and N. Vilariño 
(eds.). DeGruyter Publishers, Berlin, Germany. 

180.  Leles, S.G., A. Mitra, K.J. Flynn, U. Tillmann, D. Stoecker, H.J. Jeong, J. Burkholder, P.J. Hansen, D.A. 
Caron, P.M. Glibert, G. Hallegraeff, J. Raven, R.W. Sanders, and M. Zubkov (2019) Sampling bias 
misrepresents the biogeographical significance of constitutive mixotrophs across global oceans. 
Global Ecology and Biogeography – https://doi.org/10.1111/geb.12853. 

179.  Mallin, M.A., J.M. Burkholder, L.B. Cahoon, A.E. Grogan, D.R. Sanger, and E. Smith E (2019) An 
environmental assessment of the North and South Carolina Coasts, pp. 405-426. In: C.R.C. 
Sheppard (ed.), World Seas: An Environmental Evaluation, 2nd edition. Vol. 1 – Europe, the           
Americas and West Africa. Academic Press, Cambridge, MA. 

178.  Shalygin, S., I.-S. Huang, E. Allen, J. Burkholder, and P.V. Zimba (2019) Odorella benthonica gen.       
& sp. nov. (Pleurocapsales, Cyanobacteria): an odor and prolific toxin producer isolated from a 
California aqueduct. Journal of Phycology 55: 509-520.  [journal cover photo by CAAE research 
associate E. Allen] 

177.  Burkholder, J.M., C.J. Gobler, and J.M. O’Neill (2018) Cyanobacteria, pp. 591-595. In: Harmful 
Algal Blooms and Their Management: A Compendium Desk Reference, by S.E. Shumway, J.M. 
Burkholder, and S.L. Morton (eds.). John Wiley & Sons Ltd., Hoboken, NJ. 
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176.  Burkholder, J.M. and H.G. Marshall (2018) Pfiesteria piscicida and Pfiesteria shumwayae, pp. 
621-624. In: Harmful Algal Blooms and Their Management: A Compendium Desk Reference, by 
S.E. Shumway, J.M. Burkholder, and S.L. Morton (eds.). John Wiley & Sons Ltd., Hoboken, NJ. 

175.  Burkholder, J.M., S.E. Shumway, and P.M. Glibert (2018) Food web and ecosystem impacts of 
harmful algae, pp. 243-336. In: Harmful Algal Blooms and Their Management: A Compendium 
Desk Reference, by S.E. Shumway, J.M. Burkholder, and S.L. Morton (eds.). John Wiley & Sons 
Ltd., Hoboken, NJ. 

174.  Glibert, P.M. and J.M. Burkholder (2018) Causes of blooms, pp. 1-38. In: Harmful Algal Blooms 
and Their Management: A Compendium Desk Reference, by S.E. Shumway, J.M. Burkholder, and 
S.L. Morton (eds.). John Wiley & Sons Ltd., Hoboken, NJ.  

173.  Glibert, P.M. and J.M. Burkholder (2018) Prorocentrum, pp. 625-628. In: Harmful Algal Blooms 
and Their Management: A Compendium Desk Reference, by S.E. Shumway, J.M. Burkholder, and 
S.L. Morton (eds.). John Wiley & Sons Ltd., Hoboken, NJ.  

172.  Lapointe, B.E., J.M. Burkholder, and K.L. Van Alstyne (2018) Harmful macroalgal blooms in a 
changing world: Causes, impacts, and management, pp. 515-560. In: Harmful Algal Blooms and 
Their Management: A Compendium Desk Reference, by S.E. Shumway, J.M. Burkholder, and S.L. 
Morton (eds.). John Wiley & Sons Ltd., Hoboken, NJ. 

171. *Flood, S.L. and J.M. Burkholder (2018) Chattonella subsalsa (Raphidophyceae) growth and  
hemolytic activity in response to agriculturally-derived estuarine contaminants. Harmful Algae 
76: 66-79. 

173. *Flood, S.L. and J.M. Burkholder (2018) Imbalanced nutrient regimes increase Prymnesium 
parvum resilience to herbicide exposure. Harmful Algae 75: 57-74. 

172. *Flood, S.L., J.M. Burkholder, and G.W. Cope (2018) Assessment of atrazine toxicity to the benign 
estuarine phytoplankter, Dunaliella tertiolecta (Chlorophyta) under varying nutrient conditions. 
Environmental Science and Pollution Research 25: 11409-11423.  

171. Flynn, K.J., A. Mitra, P.M. Glibert, and J.M. Burkholder (2018) Mixotrophy in harmful algal blooms: 
By whom, on whom, when, why, and what next, pp. 113-132. In: Global Ecology and 
Oceanography of Harmful Algal Blooms, by P.M. Glibert, E. Berdalet, M.A. Burford, G.C. Pitcher, 
and M. Zhou (eds.). Ecological Studies 232. Springer, Cham, Switzerland.   

167. *Byrd, S.M. and J.M. Burkholder (2016) Environmental stressors and lipid production by 
Dunaliella spp. II. Nutrients, pH, and light under optimal or low salinity. Journal of Experi-mental 
Marine Biology and Ecology 487: 33-44. 

166. *Byrd, S.M., J.M. Burkholder, and P.V. Zimba (2016) Environmental stressors and lipid production 
by Dunaliella spp. I. Salinity. Journal of Experimental Marine Biology and Ecology 487: 18-32. 

165. Glibert, P.M., F.P.  Wilkerson, R.C. Dugdale, J.A. Raven, C. Dupont, P.R. Leavitt, A.E. Parker, J.M. 
Burkholder, and T.M. Kana (2016) Pluses and minuses of ammonium and nitrate uptake and 
assimilation by phytoplankton and implications for productivity and community composition, 
with emphasis on nitrogen-enriched conditions. Limnology and Oceanography 61: 165-197. 

164. Gobler, C.J., J.M. Burkholder, T.W. Davis, M.J. Harke, T. Johengen, C. Stow, and D.B. Van de Waal 
(2016) The dual role of nitrogen supply in controlling the growth and toxicity of cyano-bacterial 
blooms. Harmful Algae 54: 87-97. 

163.  Mitra, A., K.J. Flynn, U. Tillmann, J.A. Raven, D. Caron, D.K. Stoecker, F. Not, P.J. Hansen, G. 
Hallegraeff, R. Sanders, S. Wilken, G. McManus, M. Johnson, P. Pitt, S. Våge., T. Berge, A. Calbet, F. 
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Thingstad, H.J. Jeong, J.M. Burkholder, P.M. Glibert, E. Granéli, and V. Lundgren (2016) Defining 
planktonic protist functional groups on mechanisms for energy and nutrient acquisition: 
Incorporation of diverse mixotrophic strategies. Protist 167: 106-120.   

162. *Mixson, S.M., L.F. Stikeleather, O.D. Simmons III, C.W. Wilson, and J.M. Burkholder (2014) Auto-
flocculation, electro-flocculation, and hollow-fiber filtration techniques for harvesting the saltwater 
microalga Dunaliella.  Journal of Applied Phycology DOI 10.1007/s10811-013-0232-z. 

161.  Burkholder, J.M. and P.M. Glibert (2013) Eutrophication and oligotrophication, pp. 347-371. In: 
Encyclopedia of Biodiversity, 2nd edition, Volume 3, by Levin S (ed.). Academic Press, Waltham, MA. 

160.  Flynn, K.J., D.K. Stoecker, A. Mitra, J.A. Raven, P.M. Glibert, P.J. Hansen, E. Granéli, and J.M. 
Burkholder (2013) Misuse of the phytoplankton–zooplankton dichotomy: the need to assign 
organisms as mixotrophs within plankton functional types. Journal of Plankton Research 35: 3-11. 

159.  Mitra, A., K.J. Flynn, J.M. Burkholder, T. Berge, A. Calbet, J.A. Raven, E. Granéli, P.M. Glibert, P.J. 
Hansen, D.K. Stoecker, F. Thingstad, U. Tillmann, S. Våge, S. Wilken, and M. Zubkov (2013) The 
role of mixotrophic protists in the biological carbon pump. Biogeosciences Discussion 10: 13535-
13562. 

158.  Wang, W.-C., E. Allen, A.A. Campos, R.K. Cade, L. Dean, M. Dvora, J.G. Immer, S. Mixson*, S. 
Srirangan, M.-L. Sauer, S. Schreck, K. Sun, N. Thapaliya, C. Wilson, J. Burkholder, A.M. Grunden,    
H.H. Lamb, H. Sederoff, L.F. Stikeleather, and W.L. Roberts (2013) ASI: Dunaliella marine 
microalgae to drop-in replacement liquid transportation fuel. Environmental Progress (Nov.): 
DOI:10.1002/ep.11855. 

157.  Burkholder, J.M., H.G. Marshall (2012) Toxigenic Pfiesteria species - updates on biology, ecology, 
toxins, and impacts. Harmful Algae 14: 196-230. 

156.  Glibert, P.M., J.M. Burkholder, and T.M. Kana (2012) Recent insights about relationships between 
nutrient availability, forms, and stoichiometry, and the distribution, ecophysiology, and food web 
effects of pelagic and benthic Prorocentrum species. Harmful Algae 14: 231-259. 

155.  Hathaway, J.M., T.L.C. Moore, J.M. Burkholder, and W.F. Hunt (2012) Temporal analysis of 
storm-water SCM effluent based on harmful algal bloom (HAB) sensitivity in surface waters: Are 
annual nutrient EMCs appropriate during HAB-sensitive seasons? Ecological Engineering 49: 
41-47. 

154.  Burkholder, J.M. and S.E. Shumway (2011) Bivalve shellfish aquaculture and eutrophication, pp. 
155-215. In: Shellfish and the Environment, by S.E. Shumway (ed.). Wiley, New York, NY. 

153. Glibert, P.M. and J.M.  Burkholder (2011) Harmful algal blooms and eutrophication: strategies for 
nutrient uptake and growth outside the Redfield comfort zone. Chinese Journal of Oceanography 
29: 724-738.  

152. Glibert, P.M., D. Fullerton, J.M. Burkholder, J.C. Cornwell, and T.M. Kana TM (2011) Ecological 
stoichiometry, biogeochemical cycling, invasive species and aquatic food webs: San Francisco 
Estuary and comparative systems. Reviews in Fisheries Science 19: 358-417.  

151. *Null, K.A., D.R. Corbett, D.J. DeMaster, J.M. Burkholder, C.J. Thomas, and R.E. Reed (2011) 222Rn-
based advection of ammonium into the Neuse River Estuary, North Carolina, USA. Estuarine, 
Coastal and Shelf Science 95: 314-325. 

150. Burkholder, J.M., W. Frazier, and M.B. Rothenberger* (2010) Source water assessment and 
treatment strategies for harmful and noxious algae, pp. 299-328. In: Algae Manual, AWWA 
Manual 57, by the American Water Works Association, Denver, CO. 
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149.  *Pate, S.E., J.M. Burkholder, S.E. Shumway, H. Hégaret, G.H. Wikfors, and D. Frank (2010) Effects  
of the toxic dinoflagellate Alexandrium monilatum on survival, grazing and behavioral response   
of three ecologically important bivalve molluscs. Harmful Algae 9: 281-293.   

148. Reed, R.E., J.M. Burkholder, and E.H. Allen (2010) Current online monitoring technology for 
surveillance of algal blooms, potential toxicity, and physical/chemical structure in rivers, 
reservoirs, and lakes, pp. 3-24. In: Algae Manual, AWWA Manual 57, by the American Water  
Works Association, Denver, CO. 

147. Burkholder, J.M. (2009) Harmful algal blooms, pp. 264-285. In: Encyclopedia of Inland Waters, 
Volume 1, by Likens GE (ed.) Elsevier, Oxford, UK. 

146. Glibert, P.M., J.M. Burkholder, T.M. Kana, J. Alexander, H. Skelton*, and C. Shillings (2009) Grazing 
by Karenia brevis on Synechococcus enhances growth and may help to sustain blooms. Aquatic 
Microbial Ecology 55: 17-30.   

145. *Rothenberger, M., J.M. Burkholder, and T. Wentworth (2009) Multivariate analysis of phyto-
plankton and environmental factors in a eutrophic estuary. Limnology and Oceanography 54: 
2107-2127.   

144. *Rothenberger, M., J.M. Burkholder, and C. Brownie (2009) Long-term effects of changing land    
          use practices on surface water quality in a coastal river and lagoonal estuary. Environmental         

Management 44: 505-523.   

143. *Skelton, H.M., J.M. Burkholder, and M.W. Parrow* (2009) Axenic cultivation of the heterotrophic 
dinoflagellate Pfiesteria shumwayae in a semi-defined medium. Journal of Eukaryotic Microbiology 
56: 73-82.   

142.  Anderson, D.M., J.M. Burkholder, W.P. Cochlan, P.M. Glibert, C.J. Gobler, C.A. Heil, R. Kudela, M.L. 
Parsons, J.E. Rensel, D.W. Townsend, V.L. Trainer, and G.A. Vargo (2008) Harmful algal blooms 
and eutrophication: Examining linkages in selected U.S. coastal regions. Harmful  Algae 8: 39-
53. 

141.  Burkholder, J.M., P.M. Glibert, and H.M. Skelton* (2008) Mixotrophy, a major mode of nutrition 
for harmful algal species in eutrophic waters. Harmful Algae 8: 77-93. 

140.  Glibert, P., R. Azanza, M. Burford, K. Furuya, E. Abal, A. Al-Azri, F. Al-Yamani, P. Andersen, D.M. 
Anderson, J. Beardall, G.M. Berg, L. Brand, D. Bronk, J. Brookes, J.M. Burkholder, A. Cembella, 
W.P. Cochlan, J. Collier, Y. Collos, R. Diaz, M. Doblin, T. Drennen, S. Dyhrman, Y. Fukuyo, M. 
Furnas, J. Galloway, E. Granéli, D.V. Ha, G. Hallegraeff, J. Harrison, P.J. Harrison, C.A. Heil, K. 
Heimann, R. Howarth, C. Jauzein, T.M. Kana, H. Kim, R. Kudela, C. Legrand, M. Mallin, M. 
Mulholland, S. Murray, J. O’Neill, G. Pitcher, Y. Qi, N. Rabalais, R. Raine, S. Seitzinger, P. C. 
Salomon, D.K. Stoecker, G. Usup, J. Wilson, K. Yin, M. Zhou, and M. Zhu (2008) Ocean urea 
fertilization for carbon credits poses high ecological risks. Marine Pollution Bulletin 56: 1049-
1056.   

139.  Hégaret, H., S.E. Shumway, G.H. Wikfors, S. Pate*, and J.M. Burkholder (2008) Potential transport 
of harmful algae via relocation of bivalve molluscs. Marine Ecology Progress Series 361: 169-179. 

138.  Heisler, J., P. Glibert, J. Burkholder, D. Anderson, W. Cochlan, W. Dennison, C. Gobler, Q. Dortch,     
C. Heil, E. Humphries, A. Lewitus, R. Magnien, H. Marshall, D. Stockwell, and M. Suddleson (2008) 
Eutrophication and harmful algal blooms: A scientific consensus. Harmful Algae 8: 3-13. 

137.  Holm, E.R., D.M. Stamper, R.A. Brizzolar, L. Barnes, N. Deamer, and J.M. Burkholder (2008) 
Sonication of bacteria, phytoplankton and zooplankton: Application to treatment of ballast  




