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EFFECTS OF DECREASED WATER QUANTITY AND INCREASED

NUTRIENT ADDITIONS ON ALGAL BIOMASS ACCUMULATION,

AND SUBSEQUENTLY, THE DISSOLVED OXYGEN BALANCE OF
THE YELLOWSTONE RIVER

INTRODUCTION

The Yellowstone River 1s facing envivonmental degrada-
tion from twe distinct, but interreiated factors, decreasing
water quantity and increasing pollution loading {(decreasing
water gualityl. Massive water withdrawals from the river
are expected for coal-related development; i.e., steam~fired
generating plants, gasification plants, and coal-washing sites,
as well ag for the ever-expanding agricultural and human popu-
lation needs. All of these water consumers are alsc generators
of waste. The physicochemical composition of these wastes 1is
complex and variable. Chemical parameters common to all,
however, are plant-stimulating nutrients, particularly nitrogen
and phosphorous compounds.

In any relatively undeveloped river system, any increase
in these nutrients will very likely result in corresponding
increases in algal biomass. In aguatic ecosystems this in-
crease in plant growth yvields increases in photosynthesis and
plant respiration, which in turn develop direct and measurable
changes in the dissolved oxygen saturation levels of the
water body. These sgaturation changes are mest evident in
the summer and are manifested in diel fluctuations - high
dissolved oxvyvgen values during the hours of daylight and low
values during darkness. These dissolved oxygen fluctuations
have variable, but real, effects on aguatic populations. Any
reduction in dissolved oxygen can reduce the efficiency of
oxygen uptake by aguatic animals and hence their ability to
meet the demands of their environment; this in turn may be
harmful by affecting fish production and the potential vield
of a fisherv. It has been demonsirated that deleterious
effects on fish seem to depend more on extremes than on
averages. For example, the growth of fish is slowed markedly
if the oxygen concentration falls to 3 mg/l for part of the
day, even if 1t rises as high as 18 mg/l at other times
{(EPA 1973). In even more extreme cases, where algal biomass
agoumulation is even higher, the nighttime dissclved oxygen
may be reduced to near 0 mg/l, resulting, of course, in the
asphyxiation of agquatic populations.

With the potential for harmful dissclved cxygen fluctua-
tions in mind, field investlgations were made into the peri-
phyton accumulation and diel dissolved oxvgen fluctuations
at four stations on the Yellowstone River - Laurel, Custer,
Miles City and Clendive, during the late summer of 18760
(Figure 1}. Laboratory assays were also conducted with water
from each station to measure the algal growith responses at
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various simulated water withdrawal levels {with their re-
sulting concentrated nutrient levels). We hoped not only
to establish the present, baseline level of diel dissoclved
oxygen levels for the low flow, summer period, but also to
predict the effects that decreased river volumes might
ultimately have on the dissolved oxygen balance of the
river.

It was intended that the results of this study woulid
lend support to the summer portion ¢f the Montana Depart-
ment of Fish and Game's tentative determination of flows
necessary to maintain a viable aguatic population in the
river. (This flow reservation request is pending before
the Montana Board of Natural Rescurces and Conservation.)

FIELD STUDY

Methods

Two sets of continuous diel dissolved oxygen measure-
ments were made at the four stations, using UNI-LOC Model
870 dissolved oxygen analvzers, teamed with UNI-LOC Model
270 recorders {(Unilecc Inc., Irvine, CA). The meters were
calibrated to the nearest 0.2 ng/l and checked at least
twice during each 24~hour period by utilizing the azide
modification of the Winkler Method (APHA 1971). Diel
temperature measurements were concurrently recorded with
Taylor 7-day thermographs (Taylor Instrument Co., Rochester,
NY). Two stations were measured on a given day, since two
pairs of oxygen and temperature recorders were available.
These data were collected on August 2«4 and again on August
16-18, 1876. On August 3-4, at all stations, glass micro-
scope slides were suspended on floating periphyton ceollection
trays similar to those described by Patrick (1954). After
14 days {(August 17-18}), the slides were field-preserved and
returned tc the laboratory where total algal biomass {(as dry
weight and ash-dry weilght) and chlorophylli-a determinations
were conducted (APHA 1871 .

Results

The first set of diel measurements was taken during river
flows that were much higher than normally occur during August.
In fact, the river's discharge was as much as four times the
Montana Department of Fish and Game's August flow reservation
request, These high flows were aggravated by heavy thunder-
storms which occurred for 2 days before, and continued through-
out the field collection period. Particularly heavy rains
occurred in the Livingston to Billings area. “The second set
of field measurements was made during somewhat lower flows
(although the river's discharge, on the average, was still
nearly twice the reservation reguest) and during warmer and
less cloudy days. These flow data are presented in Table 1.



Toble 1. Approximate* flow rates during the two sets of diel
temperature and dissolved oxygen determinations.
Also listed are the August Montana Department of Fian
and Game flow reservation requests for each river
segment {(Custer is within segment %1, Miles City $#2,

and Glendive %3). All values are in cubic feet per
second.
Reservation
tation August 2-4 August 16-18 Reguest
Laurel 14,000 6,500 -
Custer 16,500 7,000 3,800
Miles City 16,000 10,600 5,400
Glendive 11,500 9,000 6,000

xphe flows for Custer are from the USGS station at Billings
and the Glendive flows are from the Sidney station. The
approximate Laurel flow is the difference between the Billings
station and the Clarks Fork of the Yellowstone River station
near its mouth at Zilesia, Montana.

Table 2 demonstrates the ranges of percent saturation, tempera-
ture and dissolved oxygen that occurred during the two diel
measurement periods. Figure 2 expands these data into hourly
changes as percent saturation of dissoclved oxygen. It can be
seen that more extreme saturation fluctuations occurred at all
four stations during the second set of diel measurements.

The results of the periphyton analyses from the artificial
substrates are presented in Table 3. A considerable amount of
si1lt was deposited on all of the gilass slides except on those
from the Miles City station - this is reflected by the low
volatile solids:dry weight ratios at the three other stations.
Gesides having the highest percentage of voiatile solids, the
Miles City station also had the hi st chlicorophyll=-a concentra-
tion. Weber {(1873) designed an A rophic Index, using the
dry weight and chlorophyll-a of periphyton grown on glass slides
to describe the trophic condition of waters., He also stated,
however, that waters containing a large amount of detritus
for 5ilt?) will also show large values for this index. The
orincipal argument inherent in his index 1s that "chlorophyll-a
constitutes approximately 1-2 percent of the dry weight of
organic matter in all algae." Therefore, rather than computing
an Autotrophic Index, a "theoretical dry weight of aigae™ is
presented nere by estimating that the dry organic weight of an
"average"” algae cell is approximately 1.5 percent chiorophyvll-a
(66.7 x chlorophyll-a ceoncentration). Using this computation,
it can be seen in Table 3 that the Miles City station alsc had
the greatest periphyton accumulation as theoretical dry weight
of algae.
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Figure 2. Diel dissolved oxygen fluctuations as percent
saturation. The beginning time for each sct of
measurements varied from 0800 to 1800 hours:
however, for comparative purpeses each individual
graph was adjusted to start at 0900 hours.

P~ VD o
August 16-17
August 2-3 &
LAUREL 16 o ~
wn“ffxah 160
L:
8o 2}
[ ¥ L 7 { % L] H
1200 1200 2400 e des] 1206 60 2650 600
§ady = {0 o
CUSTER August 2-3 *2 August 16-17
1O O = # y,
399-“;
§o -
i) [] 4 [
1200 geo 2400 0600
T
120 — 2o~
August 3-4
MILIS HH OB
CITY
G0 o
F o
€ E E £ # []
1250 igon 2400 o led (ZL0 igoe el vl LelD
120 ﬁﬁg_
August 3-4 August 17-18
GLENDIVE
WG {83 = S

1066 =

55 o

i
1560 1500 ZHGD



Taple 2. Ranges of values for percent saturation (as dissolved
oxygen) , temperature and dissolved oxygen for two sets
of diel measurements on 3/2-8/4 and 8/16-8/18/746

Percent Temperature Disgolved Oxvygen
Station Saturation _{Cqg (mg/1)
8/2-8/4
Laurel 52-105 16.5-20.0 7.8-8.5
Custer 94~103 20.0-21.5 7.6-8.2
Miles City 96-113 22.5-25.5 7.7-8.8
Glendive 94-106 23.0-25.5 7.6-8.4
8/16~-8/18
Laurel g3-113 i6.06-21.0 7.9-8.9
Custer 98-113 20.0-23.0 8.0-8.9
Miles City 95-123 21.0-24.0 7.9-9.7
Glendive 95-109 22.06-25.0 7.8-8.5
Table 3. Periphyton analyses from microscope slides which had

been placed at four stations on the Yellowstone River.
All values are in mg/MZ surface area of artificial
substrate. All slides were in the river for exactly

14 davys.
Theoretical

Dry Ash-Dry Volatile Chloro- Dry Wt.
Station Wt. We. S5ciids phyll-a  Algae*
Laurel 27,553 24,693 2860 12.5 837
Custer 13,660 11,953 1707 6.6 442
Miles City 2,140 1,300 840 i8.7 1253
Glendive 2,316 2,020 287 1.0 67

*Asguming that chlorophyll-a comprises 1.5 percent of the total
welght of algae. The difference between this value and the
total volatile solids figure is an estimation of the contribu-
tion of inorganic volatile solids; i.e., silt, to the volatile
solids value.

Water samples for chlorophvil-a analyses were collected on
8 and 9 September, 1976. The results of these plankton analyses
for the four stations are presented in Table 4. Miles City had
the greatest chlorophylli-a {and theoretical dry weight of algae)
concentration, followed by Glendive.
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wmapble 4. Plankton analyses of water samples collected on
September 8 and 9, 1976 at four Yellowstone River
stations. Data are reported as mg/M3.

Theoretical Dry

Station Chlorophylli-a Wt. Algae¥*
Laurel 2.8 188
Custer 7.6 509
1iles City 14.4 965
Glendive 11.2 750

*Assuming that chlorophyll-a comprises 1.5 percent of the total
welight of algae.

LABORATORY STUDIES (Algal Assays)
Methods

Algal assays were conducted to demonstrate the effects
that increasing nutrient levels might have on the algal produc-
rion of the Yellowstone River. Two sets of assays were con-
ducted beginning on 10 August and again on 18 September, 1976.
River water from all four stations was returned to the labora-
tory and filtered through 0.45 micron Millipore filter paper.

A small portion of each sample was left unfiltered to be used
as algal "seed." To simulate water withdrawals (loss of dilu-
tion), certain percehtages of water from all stations was then
evaporated. In the first assay 20, 50 and 80 percent of the
water was evaporated at 1000C; 15 percent of this evaporated
volume was then added back as irrigation water - this water had
been collected from an irrigation return flow to the Yellow-
stone River near Pompeys Piliar, Montana. The irrigation water
had also been filtered through Millipore filters to remove any
suspended solids. In the second assay Z4, 4G, and 60 percent
of the water was evaporated, but this ¥time at 25-35°C underx

625 mm of vacuum. No irrigation water was added to the second
set of assays. The resulting algal assay setup for each test
is described in Figure 3.

To begin the assays, triplicate 160 ml portions of each
evaporated solution (plus controls) from each station were
added to 250 ml erlynmever flasks. Two mls of algal Tseed”
were added to each flask. In each test a total of 48 flasks -
4 stations x 4 concentrations (3 evaporated + 1 control) X 3
replicates of each concentration - were stoprered with cotton
and incubated at 20+ 1°9C in an AMBI-HI-LOW chamber {Lab-Line
Instruments, Melrose Park, ILj. Two sets of two Z20-watt
fluorescent lamps were placed above the flasks. To approximate
summer conditions, the lamps were cycled on and off for 14 hours
and 10 hours, respectively. During the assays, the flasks were
swirled daily to provide adequate CO2 exchange.



UNI-LOC Model 870 dissolved Taylor 7-day thermograph

oxygen analyzer and model (Munitions case containing
270 recorder UNI-LOC eguipment in
acrgroundl .

160 ml portions of evaporated river
water incubating under 40-watt light
hanks in AMBI-HI-LOW chamber
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algal biomass. The results of the first assay are illustrated
in Figure 4. It can be noted that the total hiomass {as total
volatile solids) appeared to increase in nearly a "stair step"
manner as the percent evaporation increased. However, since
the amount of insoluble, inorganic precipitate in the assay
flasks appeared, visually, at least, to be present in greater
amounts than the algal biomass, these results may have more
closely reflected the amount of precipitate that was volatilized,
rather than the organic volatiles (actual algal biomass).
Also, by using total velatile solids, rather than dry weight,
as the final measure of total algal biomass, the contribution
of the siliceous portions of diatoms would not be accurately
measured.

In the second algal assay, nutrient and other basic water
analyses were conducted on all of the control and evaporated
rest solutions. These results are presented in Table 5. With
regard to the basic chemical parameters {(sodium, hardness,
alkalinity and dissolved solids) it can be noted in this table
that the percentage formation of insoluble precipitates increased
as the percentage of evaporation increased. However, the nutri-
ents, particularly phosphorus, did not foliow any such pattern.
The nutrient concentrations in this assay were extremely low,
even when compared to normal values for the Yellowstone River
during August. Consequently, any sources of nutrient contamina-
tion, i.e., on glassware, filter papers, OI sample storage
bottles, would have made significant contributions to the total
values which were eventually present in the assay flasks. The
results of the second assay, as phosphorus versus total algal
riomass concentrations (as dry weight) are presented in Figure 5.
Tt is interesting to note in this illustration that the fluctua-
tions in final algal biomass closely correlate to the corres-
ponding values for total phosphorus in each test concentration
at each station. The one glaring exception to this pattern is
in the Glendive 60 percent evaporated test series. However,
other factors limiting to algal growth such as high total dis—
solved solids, and/or a low total alkalinity to total hardness
ratio, may have been responsible for growth inhibition.

DISCUSSION

The diel dissolved oxvgen measurements demonstrated that
during August 1976, greater fluctuations dgecurred during lower
flows. For example, at Custer this fluctuation was § percent
of saturation during flows of 16,500 cfs and 15 percent during
flows of 7,000 cfs. On 28-29 August 1967, abbreviated diel
dissolved oxygen measurements were taken below Billings, near
Custer (MDFG 1967). The saturation of dissolved oxygen was
found to fluctuate 70 percent. The river flow at this time was
approximately 4,000 cfs. These data are presented in Figure 6.
This graph illustrates that river discharge conditions were more
conducive for an extreme fluctuation during August 1967 than
during August 1976; not only was the river flow on the date of
the diel measurement in 1967 much lower than it was on either

12



The total algal biomass, after a given fLime perioed, was
used to evaluate the growth of the aligal populations. The
first assay was conciuded after 16 days. The algal mass in
each flask was thoroughly mixed and total dry weight, ash-dry
weignt and total wolatile solids of the suspensions were
determined {APHA 1371). It was necessary to determine all of
these parameters, since an insoluble precipitate had formed
during evaporation of the river water at 1009C. After evapora-
tion, this precipitate was physically resuspended to ensure
that all chemical parameters would be present in the assay
solutions (even if some were present in suspended rather than

dissclved formi. In preparatlon for the second assay, which
was concluded after 24 days, river waﬁez was evaporated under
a partial vacuum. It was hoped that by utilizing this technigue,

which lowered the boiling point of the water to just above room
temperature, the formation of insoluble precipitates would be
eliminated. Howewver, even at these lower temperatures, some
precipitation aid occur. For this second assay, it was desired
to measure the final algal biomass as total dry weight rather
than as total volatile solids, simce {1} there is a possibility
that some inorganics may volatilize at 5509C, (2) the majority
of the accumulated periphyton appeared to be diatoms, and the
siliceous portions of these cells would not be volatilized,

and {3) there is room for eryor with any additional analviigal
weighing. With these sources of eryyor in mind, the evapovated
golutionsg were filtered through 0.45 micgron Millipore filters
to remove all of the inorganic precipitates before preparation
of the 160 ml solukbions. It was realized, of course, that the
accuracy gained by the less involved dry welght determination
for the final, total weight of algae might have been negated

by the possible loss of some precipitated nutrients during the
second micro=-filtration.

Resuits

In the first algal assay, nutrient anaivse¢ for total
phosphorus, orthophosphorus, and nitrate/mitrite were conducted
on the control {§ percent evap@zatAOn} waters from ail four
stations and on the filtered irrvigation water. N¢ analvses
were performed on anv of the evaporated solutions. At the time,
it was assumed that the nutrient values would increase 1n pro=-
porticn o the amount of water evaporated: the influence of
irrigation water (15 percent of the efasoz&ted volume) was
then calculated into the remaining, n concentrated, water
to give the final "calculated® nutz; Az was found

in the second assay,., where analyses tents were conducted,
by station, for all of the evaporatad co“vﬁntrﬁté@ﬁsf it is

not possible to assume that the nutrient values will follow any
such proporticnal concentration pattern. The results of the

res
first assay, then, are presented here only to show the erronecus
results that could be cobtained by assuming that (1) nutrients

are concentrated in proportion to the amcunt of water evaporated,
and {2} total volatile sclids are an accurate measure of total
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date in 1976, but also the total discharge for August 1967
was considerably lower than for the same month in 1976.

odum (1956} described the oxygen fluctuation in a hypo-
thetical stream as being regulated by three main daily processes.
These are release of oxygen into the water during daylight
through photosynthesis (A in Figure 7}, absorption of oxvgen
by all organisms (B) and oxygen exchange between water and air
{C). Interplay of these three processes determines the rate
of oxygen change (D) and the resulting diel oxygen fluctuations
that would appear in the stream (E}. It is likely that during
August 1976 the high river discharge {(and therefore the total
physical diffusion of oxygen to the water, C in Figure 7) at
all of the stations was high encugh to offset the respiratory
use (B), giving a rather small nighttime oxygen depletion,
compared to the relatively higher daytime supersaturation
values. For example, at Miles City on 17-18 August the peak
afternoon dissolved oxygen value was 23 percent above the
saturation value calculated from the recorded water tempera-
ture and elevation {atmospheric pressure), while the predawn
low was only 5 percent below this similariy calculated satura-
rion value. If the river discharge for August 1976 had beeéen
as low as for August 1967, we would have expected more extreme
diel dissolved oxygen fluctuations if for no other reason than
+he river would have had less nighttime physical diffusion
potential.

Of the four study stations, Miles City had the greatest
diel dissolved oxygen fluctuations on both dates during the
1976 study. It is important to note that this station also
had the highest algal concentrations, both as periphyton ac-~
cumulation on artificial substrates and as plankton. The other
three stations were relatively similar in algal concentrations
and subseguently, in the ranges of dissolved oxygen fluctuations.
Laurel, for example, had the second highest concentration of
periphyton, but the lowest phytoplankton concentration; con-
versely, Glendive had the lowest periphyton but the second
highest plankton concentrations. Thus, considering the Miles
City extremes, it is apparvent that in the Yellowstone River,
significant increases in algal biomass will lead to corresponding
increases in dissolved oxygen fluctuations. This is certainliy
not an original finding, since other studles {(Odum 1856, Hoskin
1959, Gunnerson and Baily 1963} have noted this relationship
and have attempted to guantify by analyses of diel curves of
dissolved oxygen the combined influences of algal photosynthesis
and respiration on the oxygen balance of fiowing waters. In
this study it was intended to use algal assays to predict the
effects that decreased river flows and/or increased nutrient
levels might ultimately have on the Yellowstone rRiver's dis-
solved oxygen balance.
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The results of the second algal assay draw attention to the
trend that doubling of the total phosphorus concentrations could
tead to a 5-10 fold increase in algal production (compare Laurel
20 percent and 40 percent evaporations and Custer 40 percent and
60 percent evaporations in Figure 5). It should be noted that
the highest total phosphorus concentration in any of these
assay replicates was 0.024 mg/1l, which is gquite low compared
to past summer concentrations on the Yellowstone River (USGS
1965~1974). Nutrient data for this 1l0-year period are very
limited, both in frequency of sample collections and in number
of stations samplied. Howeveyr, during the late summer of 1969,
which was a low total-discharge year for the river {for example,
the average flow at Billings on 28 August was 3599 cfs), the
total phosphorus concentration at Laurel on the 1 day sampled
was (.19 mg/1, and at Custer it was (.27 mg/l. Even though
these values were obtained from a single late-summer sample
at each station, they still serve to illustrate that the
nutrient concentrations tested in the algal assays did not
come close to examining "worst possible”™ conditions for algal
growth on the Yellowstone River; they alsc reflect the trend
of higher nutrient concentrations being present during lower
annual discharge periods.

It can be stated then, that decreasing sunmmer flows lead
to greater dissolved oxygen fluctuations, since: {1} less
physical reaeration potential is available for diffusion of
oxygen into the water during darkness, and more importantly,
(2) increasing nutrient levels {caused by loss of dilution)
will lead to greater algal production. Data from the summers
of 1967 and 1969 serve to illustrate the nutrient/dissolved
oxygen conditions for the Billings-Custer area during flows of
3500-4000 cfs. In these years, nutrient levels and dissolved
oxygen fluctuations were much higher than during the "wet"
summer of 1976; it must also be remembered that these conditions
were measured during the pre-1970 level of development period
for the Yellowstone River basin. In the future, if average,
late summer river flows at Custer are reduced to less than
4000 cfs bhecause of increased demands for domestic, industrial
and agricultural use, rather than as & normal drvy yvear ocourrence,
the increase in algal production and the resulting dissolved
oxygen fluctuations will rapidly increass to nuisance or harmiul
proportions, since: {1} any new water consumption for industrial
use would not be returned to the river, thus eliminating this
gquantity for downstream dilution, (2} only a small vercentage
of any water for expanded agricultural cperazions would be
returned, also reducing dilution, but even more significantly,
this returned water would be laden with nutrients at concentra-
tions much higher than were present when the water was removed, .—
{3) any increase in consumption by human populations will lead
to increases in total nutrient loads to the river, since no
sewage treatment plants in the Yellowstonse basin provide iterti~
ary treatment for nutrient removal.

Although no pre~18970 data are available for the lower
Yellowstone River as are available for the Billings-Custer
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{middle river) area, with the 1976 field results in mind, it

is very likely that even greater algae and dissolved oxygen
problems existed near the Miles City station during the low-
flow years of 1967 and 1969 than existed at Custer. A reduc-
tion of flow from 7000 to 4000 cfs {60 percent} for the Custer
station was extremely significant, since it brought this section
of the river to nearly harmful dissolved oxygen levels. If a
similar percentage reduction is applied to the 1976 flow at
Miles City, .60 x 10,000 cfs = 6000 cfs would have been the flow
that would have been approaching critical levels for dissolved
oxygen fluctuations in this section of the river. Also, since
the recorded fluctuations in 1976 were more extreme at Miles
City than at Custer, the potential for harmful dissolved oxygen
levels would have been even higher here than in the middle
portion of the river.

FLOW RECOMMENDATIONS

If domestic, industrial, or agricultural water consumption
were to expand in the Yellowstone River basin, increases in
nutrients would occur through lowered river flows {(loss of
dilution) and by the return to the river of nutrient "wastes.”
Algal assays have demonstrated that increases in nutrients
(particularly phosphorus) could lead to exponential increases
in algal biomass. Diel measurements demonstrated that increases
in dissolved oxygen fluctuations can be expected with increases
in this algal accumulation. The flow at which near critical
dissolved oxygen fluctuations occurred at Custer was approxi-
mately 4000 cfs (measured) and at Miles City near 6000 cfs
{calculated). Using the 1976 data for diel dissoclved oxygen
measurements and algal accumulation, it appears that the lower
river has a Jreater potential for reaching harmful dissolved
oxygen fluctuations with less reduction over the 1876 flows
than does the middle river. Based on the above information,
the following tentative recommendations are made for average,
late summer flows (1 August through 15 September) necessary to
protect the aquatic ecosystem of the Yellowstone River from
harmful dissolved oxygen fluctuations:

Segment 1 - The Yellowstone River from the confluence of
the Clarks Fork River to the confluence of
the Bighorn River - 4500 cfs

Segment 2 - The Yellowstone River from the confluence of
the Bighorn River to the North Dakota state
boundary =~ 7000 cfs

FURTHER STUDY RECOMMENDATIONS

To further substantiate or slightly adijust the above flow
recommendations, the present study should be expanded to include:

(1) More data on correlations between river flows and the
resulting nutrient concentrations,
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{2} Further algal assay data, using wider ranges of natural
nutrient leveis, and with better techniques to concentrate
nutrients and other basic water guality constituents during
evaporation of the test solutions,

{3} More diel dissolved oxygen measurements, covering
wider ranges of summer river flows and consequently, wider ranges
of algal concentrations, and

(4) More field collections of periphyton and plankton con-
centrations, again taken over more extreme ranges of nutrient
concentrations, and also over wider ranges of river flows and

temperature regimes.
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