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1.0 INTRODUCTION

1.1 Background

Studies conducted by the University of Nevada-lLas Vegas (UNLY), the
Nevada Department of Wildlife (NDOW), the Arizona Game and Fish Department
(AGFD), The Nevada Division of Environmental Protection (NDEP), and the United
States Bureau of Reclamation (USBR) have identified decreased algal production
as a major factor involved in the decline of the Lake Mead sport fishery.
Phosphorus-laden silt particles in the Colorado River have been sedimenting
out in Lake Powell since the completion of Glen Canyon Dam 286 miles upstream
in 1963. This sharp decrease in phosphorus loading to Lake Mead (>5000 tons
per year) has resulted in decreased biomass and growth at all levels of the
food chain (2,5,11,29,31,33,34). Phosphorus loading to the lower basin
(Boulder Basin) has decreased even further since 1981 when Clark County and
the City of Las Vegas began removing phosphorus from wastewaters discharged
into Las Vegas Bay.

Most of Lake Mead is now oligotrophic according to almost all of the
trophic status indices which have been developed (Table 1). Only the inner
and middle regions of Las Vegas Bay (treated wastewater influent), the Overton
Arm upstream of Fish Island (Muddy and Virgin River discharges), and the
Iceberg Canyon/Grand Wash area (Colorado River influence) have been found to
have phosphorus levels sufficient to sustain relatively higher productivity
(30,31,32). Phytoplankton production becomes tightly regulated by the supply

of phosphorus during most of the growing season.




Table 1 .Trophic state of Leke Mead during 1981/1982 end during the 1986 growing season
relative to class:“1cation criteris found in the literature. Data from 198171982 based on arez
weighted monthty surfece composites (0-5m) from all lake stations. 1986 data are averages
based on monthly sur face composites from May-September from Yirgin Besin, three Overton
Arm stations, ang Gregg Basin. 0= oligotrophic , M=mesotrophic , E=eutrophic. Total-P (TP)
and chlorophyll-g in ppb , and secchi depth (transperency) in meters.

P CHLOROPHYLL SECCHI
SOURCE 0 M 3 0 M E 0 M E
Criteria(cite):
(1 <12 12-25  »25 - - - - - -
(8) <12 12-24  »24 <25 2565 65 240 2.0-40 <20
(13) A5 15-25  »25 30 30-70 >7.0 »40 25-40 25
(35) <10 10-20  »20 20 2060 >0 46 27-46 27
(38) <10 10-20  »20 70 7.0-12 12 37 20-37 <20
(39) <10 10-30 >30 0.3-30 2-15 10-500 - - -
Lake Mead:
1981-1982 9 1.5 95
1686 9.2 <2 =5




Zooplankton graze on planktonic algae, and threadfin shad feed primarily
on these zooplankton and phytoplankton. Since game fish feed primarily on
either zooplankton or shad at different stages of their life cycle, it is
clear how a nutrient limitation of phytoplankton growth can cascade up the
food chain (Figure 1). The declines in the sport fisheries, particularly
largemouth bass, striped bass and trout, began in the early 1960’s and have
become much more dramatic since the mid to late 1970’s as evidenced by
declines in total yields of largemouth bass and trout, and striped bass
condition factors, and increased angler effort (2,5,29,31). It is likely that
as fish were increasingly stressed by food shortages, conditions were worsened
by indirect factors such as lack of suitable cover for littoral populations
and by fish predation (2,16).

The only way to restore the previous fertility of the lake water is to
add nutrients. Large-scale fertilization programs in British Columbia and
Alaska have been very successful at stimulating the productivity of all levels
of the food chain, ultimately producing more salmon (19,22,24,36,37): Nevada
and Arizona completed an intensive study of the black bass (largemouth bass)
fishery in Lake Mead in 1982 which was funded by the U.S. Bureau of
Reclamation (USBR). A major recommendation was that pilot fertilizations be
conducted as a demonstration project for future large-scale nutrient
enrichment (2). UNLV subsequently submitted a proposal to the Bureau of
Reclamation in November 1984 to artificially fertilize about 30,000 acres in
the Overton Arm and about 11,000 acres in Gregg Basin. Since that time a
technical advisory panel (the Lake Mead Nutrient Enhancement Technical
Committee) comprised of representatives from UNLV, NDOW, AGFD, USBR, NDEP, the
National Park Service (NPS), and the U.S. Fish and Wildlife Service (USFWS),
was formed to review the;original proposal and develop a feasible plan for

implementing an experimental program of large-scale fertilization.
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Subsequently, the USBR funded the present study for 16 months (May 1986-August
1987) to conduct laboratory and pilot-scale field experiments designed to
evaluate the potential for successfully stimulating algal growth on a large

scale in Lake Mead using artificial fertilization.

1.2 Objectives

The principal goals were:
1. to determine the most suitable type(s) of fertilizer for large-scale

additions to Lake Mead;
2. to evaluate methods of fertilizer application;

3. to make recommendations regarding the frequency of fertilizer

applications.

2.0 STUDY SITE - LAKE MEAD

Lake Mead is located in the Mojave Desert of southeastern Nevada and
northwestern Arizona 15 km northeast of Las Vegas, Nevada. The reservoir was
formed in 1935 by construction of Hoover Dam. It extends 183 km from the
mouth of the Grand Canyon (Pierce Ferry) to Black Canyon, the site of Hoover
Dam (Figure 2). Lake Mead is comprised of four large basins: Boulder,
Virgin, Temple, and Gregg Basins, interspersed with four narrow canyons:
Black, Boulder, Virgin and Iceberg Canyons. The reservoir is bordered by the
Muddy and Frenchman Mounta{ns on the north and the Virgin and Black Mountains

on the South.




C.wom
JaNY 66049 //
0p0J0j0Y) 3 /w/. 4

19500y SPOY’ YR "uokup)
7 o8 o._onoo_
Ysom Uco\_oum_
$49}0WO|1Y

s ™= e
Ol 0 S

19Aly 0pDIO0j0) 0 bamjoy ™

Imog uB i ¥

131y UIBNA

woQg JOAOOH

BA0D TeIP®Y3ED

Abog oyd3 Aﬂu

seny (Appny) odoow

.m.... ;.. Q
ursog w " ..,.hm...,. :u%?
13pInog J, 7 sobea
,..... / - g: S0
SV .....m...., \\I\ ] o, ® 0 .\.P
\\, /e

»om mooo> mo._

Figure 2. Lake Mead
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In terms of volume, Lake Mead is the largest reservoir in the country
and second only to Lake Powell in surface area. Shoreline development is
irregular (SLD = 9.7) and includes several large bays (Las Vegas and Bonelli)
and numerous coves. The reservoir has a short hydraulic retention rate (3-4
years) due to the great inflow from the Colorado River. The mean depth is 55
m (Table 2). The discharge from Hoover Dam is in the hypolimnion at 83 m depth
(at operating level of 364 m).

The principal water inflow to Lake Mead is derived from the Colorado
River (90%). The Virgin and Muddy Rivers, which discharge into the Overton
Arm, and Las Vegas Wash, which discharges into Las Vegas Bay, also contribute
year-round inflows. There is only one principal water diversion from Lake
Mead. This is located at the Southern Nevada Water Project, Saddle Island,
where municipal, irrigation, and industrial waters are diverted to the Las
Yegas metropolitan area.

The water quality of the Colorado River and Lake Mead is alkaline (pH
7.6 - 8.3), and the TDS averages about 700 mg/1. The principal constituents
of TDS are the anions sulfate > carbonate > chloride and cations sodium >
calcium > magnesium > potassium. Total nitrogen concentrations are moderate
(ca. < 0.2 -0.5 mg/1), but total phosphorus is extremely low (ca.0.010 mg/1)
throughout the river. Silica is present in very high quantities (ca. 7-10 mg
s$i0, /1).

The predominant geological features of the Lake Mead floor and
surrounding area are the sedimentary deposits of the Muddy Creek formation
that were formed during the Paleozoic and Mesozoic eras (26). These deposits
consist of moderately consolidated sand, silt and clay. There are also layers
of shale, sandstone, and limestone interspersed with beds of gypsum,
anhydrite, and rock sa1t3(26). Deposition of fine silt material since

formation of the reservoir has altered the original floor of Lake Mead. Up to




Table 2. Morphometric characteristics of Lakc Meac (Paulson et. al). 1980)
Parameter Lske Mead
Maxipum operating level (m) ) 374.0
Maxipumw depth (x) 180.0
Mean depth (m) 55.0
Surface ares (knz) 660.0
Volume (m3 x 109) 36.0
Maximur length (ko) 183.0
Maximum width (kx) A 28.0
Shoreline development¥* 9.7
Discharge depth (m) . 83.0
Annual discharge (1977)(m3 x 109) 9.3
Replacement time at maximum operating 3.9

level (years)

* Unitless parameter to measure regularity of shoreline, value of 1 is equivalent

to a lake shaped in a perfect circle.



25 m of silt material was deposited in the upper reaches of the reservoir
before Lake Powell was formed in 1963 (23).

The vegetation surrounding Lake Mead is comprised primarily of salt
cedar (Tamarix gallica) and creosote bush (lLarrea tridentata). Emergent
macrophytes, such as cattails (Typha sp) and sedges (Scirpus sp), and
submergent macrophytes, such as sago pondweed (Potomogeton pectinatus), curly
leaf pondweed (P. crispus), and spiny naiad (Najas marina) were considered to
be rare, and occur only in isolated coves prior to 1986. However, a project
conducted by the UNLV Limnological Research Center in cooperation with the
Nevada Department of Wildlife in 1986 and 1987 have indicated that aquatic
plants are much more prevalent than previously believed. These intensive
studies have censused shoreline terrestrial and aquatic communities
seasonally, and evaluated factors controlling plant growth and their value as
habitat for fish. The ultimate goal of the studies is to develop
methodologies for enhancing these stands of vegetation to improve fish habitat
(14,15,16).

The climate is arid with annual precipitation averaging about 8 cm. Mean
annual temperature is about 19 degrees C with a range from 45 degrees C in the
summer down to -1 degrees C in the winter. Winds are highly variable, but
generally, southerly winds prevail in the summer compared to northeasterly

winds in the winter.
3.0 METHODS

A1l nutrient analyses were performed according to the procedures
outlined in the Lake Mead Limnological Research Center Methods Manual (21).
Sampling protocols followed the routine field methods used for the Lake

Mead/Lake Mohave/Lake Havasu Limnological Monitoring Program. Additional

-



details of each experiment will be described in the following individual
results sections. Table 3 summarizes the routine methodologies used in this

study.

4.0 RESULTS OF LABORATORY STUDIES

4.1 Fertilizer Leaching Experiments

4.1.1 Background

These studies were conducted to determine the fertilizer(s) most
suitable for use in a proposed large-scale test to be performed in the Overton
Arm and Gregg Basin in Lake Mead. Although phosphorus levels have been shown
to exert the greatest overall control of phytoplankton production in Lake
Mead, levels of available nitrogen (dissolved inorganic nitrogen, DIN) in the
euphotic zone typically are also depleted by late summer. At this time of
year, it would be important to add nitrogen (N) as well as phosphorus (P) to
stimulate algal growth (see Section 4.2).

A number of factors were considered prior to selecting fertilizer
formulations, including: N and P content; potential to affect salinity, pH,
or other chemical aspects of the lake water; solubility in water; public
health aspects associated with direct or indirect contact; its chemical
content aside from N and P; prior use in the environment; ease of handling,
cost, availability, etc.

A total of eight commercial fertilizer formulations were tested for
their nitrogen and phosphorus content and nutrient release characteristics.
These included: two brands of diammonium phosphate (DAP or 18-46-0 in

granular form); monoammonium phosphate (MAP or 11-53-0 in granuIar form); two

10



Table 3. Brief summary of analytical prodedures used in the
Pre-Fertlizaion Study. Full details and references can be found in the UNLV
Lake Mead Limnological Research Center's methods manual ( Kellar et al.

1981).

PARAMETER

METHOD

Nitrate + nitrite

Ammonia

Total nitrogen
Orthophosphate
Total phosphorus

Chlorophyli-a

Temperature, b.o.,
pH, EC

Light intensity

Phytoplankton primary
productivity (PPr)

Alkalinity, DIC

Phytoplankton identifi-
cation and cell density

hydrazine reduction / NED-sulfanilimide /
colorimetry

phenol-hypochlorite / colorimetry

persulfate combustion (basic)

ascorbic acid- molybdenum blue / colorimetry
persulfate combustion (acidic)

trichromatic equations using 90% acetone
extract ; /n vivo fluorescence after correction

for filtrate background fluorescence

Hydrolab Water Quality Analyzer (calibrated
daily )

Licor Quantum Sensor ( P.AR.)

short-term radiotracer assays with HMCO:,>
at constant temperature and light

titration with standardized acid

microscopy using Utermohl settling chambers

1




types of ammoniated phosphate/polyphosphate (LAP or APP or 10-34-0 in aqueous
form); ammonium nitrate (AN or 34-0-0 in granular form); ammonium
phosphate-sulfate (16-20-0); and monocalcium phosphate (triple superphosphate,
3°-P, 0-46-0).

§.1.2 Methods

The fertilizer chemical formulas and characteristics most relevant to
this study are presented in Table 4. The triple designation refers to
%N-%P,0,-%K. As an example, 18-46-0 contains 18% nitrogen, 46% phosphoric
oxide and 0% potassium by weight. Note also that P,0; is only 44% phosphorus.
A1l of the fertilizers were expected to be soluble in water in both the pure
(reagent) and agriculture grades. Some of the formulations are acidic as 5%
solutions, but these solutions are at least 7 orders of magnitude more
concentrated than they would be after being mixed into the 1lake. The
alkalinity of the lake water is also quite high (ca. 200 mg CaC0,/1) which
would buffer pH changes unless enormous quantities of acid were added.

Two types of leaching experiments were performed. In the first,
fertilizer granules were ground in a glass mortar and pestle to powder, and
then "dissolved” in deionized water overnight using a magnetic stir plate.
These stock solutions were then filtered and diluted for nutrient analyses and
for use in nutrient enrichment bioassays (Section 4.2). Ammonium nitrate
granules rapidly dissolved leaving no residue and so did not require
powdering. The liquid formulations, 10-34-0, of course dissolved totally
also. Both of the granular ammonium phosphate solutions contained a
substantial particulate residue, even after a week of stirring and over a
month on the shelf at room temperature.

The second set of lgaching experiments was set up by adding whole

granules to filtered lake water, shaking for specified time intervals, and

12



(peanyipun) vilunios ATudty (dVv1 40 ddv ‘0-nE-01)
1°9-9°9 YUuo 4108 wnownbe S anAx jw vavydvoydAiod wnjuowwv pinbii
(NV ‘0-0-nrE)
9-6°n J¢0 & BLI J¢0 & mJe—— EoNNHN 93BJ3TU Wnjuouwwy
9-5 200 ¥ 1L 040 & 9°0L hoS< ("HN)
aaoqe eaoqe ea0qe + dVKW (eaeJIns gni ‘0-02-91)
8AOQE aaoqe eA0qQe® + dvda eqejIne ejeydeoyd wn JUowWwWy
oIQNIOo8 AudA &) pue (e3eydeoyduedns 91dT4q ‘0-91-0)
TeJ3aneu  Jejem U] sesodwoddp 2006 @ 8°L  OCHC(N0dCH)®eD @9qeydeoyd wnyO[eO0UOK
(dVH ‘0-£5-11)
n'n-g°¢ 0¢0 # En 200 & L°e2 ROdCHHN eqeydeoyd wWnJUOWWEOUOK "
. (dva ‘0-9n-gt)
1°g-L°L J¢0 & G2 2001 8 G°LS hodHS (THN) ejeuydsoyd umjuouweig
uolaINTos 1§ .
e Jo Hd) NOILVINWHOL 4avu0 JINJOVHY VINWHOJd HIZINILIH3A
ALIQIOV (403eM W Q01/swedd) ALITIEANTOS TVIIW3HO
JA1LYI3H

s anfoieqe) Auedwo)
D]J17Ua]0S JOUSTd 9861 Ul suojjedfjijoeds queBead uy palsil elep A31p1oe eajjered (9661
*}00QPUEH STBDJWay) wued wodJ) suojjeTnwUoj JeZ]T1349J 6€ pue (80]6Aud pue LJ3sTwaud

JO NOOQPUEBH OY) WOJJ) €3uabod ound €® ‘S40Z}(1240J POOVTEE JO EIJISTJI0BJIRUD Teojweyd *y o1qel




then analyzing for N and P, pH and electrical conductivity (in order to
estimate potential salinity effects). DAP, MAP and triple superphosphate
(abbreviated as 3°-P) granules were added to 500 mls of filtered surface water
collected from Boulder Basin in late June, 1986. Final concentrations were
all set at 500 ppm of fertilizer by adding 10-20 granules to duplicate mason
jars. Temperature was controlled at 25 degrees C (typical of the epilimnion
in the late spring and summer) and the jars were shaken gently at 150 rpm for
5-120 minutes. This level of agitation is probably gentler than the
turbulence created by being dragged in a porous bag behind a boat-a potential
large-scale application prodecure at this point in time.

Chemical analyses were performed on subsamples of the initial lake water
and on 1:500 dilutions of the leachate filtrate. After processing the
nutrient aliquots, an aliquot from each jar was removed for pH measurement and
then the remaining solution was used for electrical conductivity (EC)
measurements. The pH probe was standardized with pH 6.0 and 9.0 buffers and
the EC probe (YSI 33 S-C-T meter) was checked against 100 and 1000 micromho/cm
KC1 solutions and compensated for temperature.

4.1.3 Results

Table 5 summarizes the stock solutions and includes their predicted
concentrations, based on the manufacturer’s nominal formula, and the measured
N and P concentrations. It can be seen that:

* A1l of the nominal ammonia-N (NH3-N) and orthophosphorus-P (P04-P)
content of the two granular ammonium superphosphates (DAP and MAP) were
solubilized from powdered samples.

* A1l of the expected ammonia was recovered from the liquid ammonium
polyphosphate (10-34-0) formulation but only about half of the phosphorus was
present as orthophosphate.: A1l of the "nominal™ phosphorus was recovered, the

balance being found in the dissolved pool apparently as biologically available

14



Table 5. Fertilizer solutions used in Pre-Fertilization Study. GCranula
forgulations were ground to powder using a glass mortar and pestle
and mixed with deionized water to prepare stock solutions for
testing total nutrient content and algal growth potertial.
Solutions were filtered prior to use and diluted prior to nuirient

analysis.
FERTILIZER NOMINAL N,P MoASURED (% NOMINEL)
18-46-0 (DAF) 10 ppm P, 9 ppm N 9.7 ppm POy-P (971)
granular 8.9 ppm NH3-N (99%)

J. Brown, Inc.

11-53-0 (MAP)
granular
J. Brown, Inc.

10-34-0 (LAP, green)
liquid
J. Brown, Inc.

10-34-0 (LAP, green)
liquid
J. Brown, Inc.

10-34-0 (LAP, white)
liquid
Turf Equipment, Inc.

34-0-0 (AN)
unground granules
Tur{ Equipzent, Inc.

Ammonium Nitrate
(Reagent grade)

Monopotassium phosphate
(Reagent grade)

200 ppm P, 95 ppm N

10.2 ppm P, 6.8 ppm N

204 pp= P, 137 ppm N

204 ppm P, 137 ppm N

25 ppm NH3’N

25 ppm N 03'N

25 ppm NH3-N
25 ppm NO3-N

10 ppm POy-P

186/193 ppm POy-P (95%)
200/203 ppm DP  (100%)
9€ ppm NH3-N (103%)

4,3/4.8 ppm POy-F (LL%)
6.7 ppm NH3-N (98%)

95/104 ppm POy-F (50%)
24 ppm DP {105%)
139 ppm NH3-N (102%)

1207127 ppm POy-F (61%)

205 ppm DP (100%)
139 ppm NH3-N (102%)
27.3 ppm NH3-N (109%)
25.4% ppm NO3-N  (101%)
26.1 ppm NH3-N  (104%)

24,6 ppm NO3-N (98¢%)

10.2 ppm POy-P  (102%)
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polyphosphates (7, discussions with several fertilizer companies). We have
subsequently discovered that these polyphosphates are rapidly hydrolized to
orthophosphate in the lake or even by exposure to well-oxygenated water in
moderately concentrated stock solutions (~10 ppm P) sitting in the
refrigerator for several weeks.

* The yield of ortho-P in "white" liquid 10-34-0 was somewhat higher
than in the less pure "green" form. The green color is due'to metal
impurities and so the white form was chosen for further field evaluations (see
Section 5).

* No significant difference in ammonium or nitrate concentration was
found between the reagent and fertilizer grades of ammonium nitrate.

Tables 6 and 7 and Figure 3 summarize the granule-leaching experiments.
Experiment FT-3 was also designed to compare the same nominal 18-46-0 (DAP)
fertilizer from independent fertilizer companies. Table 8 summarizes a series
of pilot experiments conducted from February-April, 1986, prior to the start
of this study. Ammonium phosphate-sulfate (16-20-0) was added to 100 mls of
distilled water or tap (derived from Lake Mead) water as powder or granules.
Fertilizer concentrations ranged from 10-185 ppm.

Our principal conclusions from all of these leaching experiments are:

1. The phosphorus in all of the granular ammonium phosphate mixes was
predominantly present as orthophosphate - the most biologically available form
for phytoplankton growth.

2. Most of the orthophosphorus and ammonium release occurred within
15-30 minutes (-80% of nominal-P and -~90% of nominal-N) for all the
experiments combined.

3. The DAP (18-46-0) available from Turf Equipment, Inc. (Las Vegas,
NV) leached ortho-P and NH3-N slightly faster than the fertilizer obtained

from Jack Brown, Inc. (Alpaugh, CA).
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Table 6. Fertilizer Leaching Experiments (N and P)

FI-3
(24 July 86)
500 ppm fertilizer
5-6 minutes 15-16 minctes
ortho-F NH3-N ortho-P N-:-N

DAP - J. Brown, Inc. 53.0 ppm P 45.2 ppm N 72.1 ppm P 67.€ ppm N
(18-46-0) (53%) (50%) (72%) (1%
P=100, N=90 ppm
DAP®* - Tur{ Equipment 58.4 55.4 85.8 91.8
(18-46-0) (58%) (62%) (86%) (102%)
P=100, N=90 ppm
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Table 7. Fatilizer Leaching Bxperimetts (N and P)

FT-1
(10 Jaly 8)
500 ppm fertilizer

FT-2
(20 a1y 8)
500 por fertilizer

X min 3 min 120 min

athoP N F P MK P P Ne
DI (18-450) RpP 2ipm N 8.9 6.5 .6 T3 T.5 8.E
J. Brom, Inc. (83%)  (-21%) (81%) (76%) (88%) (76%) (72%) (9%
P,N=(100, 9 porm)
MP (11-53-0) ¥pnP 18pmN %.3 ®R.1 5.0 100.8 %.9 56.5
J. Brom, Inc. (85%) (34%) (83%) (T9%) (9%6%) (87%) (83%) (1030
P,N=(116, 55 ppz) ) :
30-p (0-46-0) BpnP — 8.5 7.5 <0.1 8.4 T.6 <0.1
J. Brom, Inc. (75%) - (B0%) (17%) (%) (83%) (80F) (%)
P=(100 ppm P)
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Figure 3. Time course of orthophosphate-P and ammonia-N release from
fertilizer granules. Values expressed as % of nominal concentrations from
Tables 6 and 7. Filtered Lake Mead surface water from Boulder Basin was
used in these leaching experiments.
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Table 8. Sumxrary of preliminary fertilizer leaching experiments
performed from February - April 1986 by L. Heki. Formulation
was a 16-20-0 (ammonium phosphate-sulfate) mix in graniar
forw. PWDR signifies that granules were ground to a coarcse
powder. The fertilizer was mixed on a shaker table at 15C rpm
at 25°C for a set time period. $-Recovery 1s based on the
panufacturers nominal formulation. DDW=double distilled
water, TAP=tap (treated Lake Mead) water.

FERTILIZE®
TREATMENT CONCENTRATION TIME % -RECOVERY
(ppm) (mins) ortho-P  ammoniz-N

PWDR, DDW, pu5.5 10-50 30 85 ---

PWDR, TAP, pHT7.5 20-60 30 P; 2-6 N 87 85

PWDR, DDW, p=8-9.5 20-60 30 P; 6 N 83 96

PWDR, DDW, p¥5.5 20-60 2-10 70% 93%

GRANULES, D-w, pH5.5 35-185 2 51 50

GRANULES, D°W, pHS.5  35-185 6 17 85
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4. A residue was noted in all of the jars even after sitting for a week
after the experiment with periodic vigorous shaking. This material is quite
insoluble and is likely to be biologically inért and comprised of clay and
calcium sulfate (gypsum) byproducts from the superphosphate production (7).

We also found that fertilizer additions to the lake to enrich the
epilimnion by about 20 ppbP and up to 200 ppbN using combinations of the
fertilizers tested, would not have a detectable effect on pH and salinity. No
measurable change in pH or EC was found in 1:100 dilutions of the granule
leachates, which are about 50 times more concentrated than the proposed

large-scale lake fertilization.

4.2 Nutrient Enrichment Algal Bioassays

4.2.1 Background
These experiments were performed using natural phytoplankton communities
from Lake Mead to test for algal growth responses as a function of various
nutrient and fertilizer enrichments. .
Previous limnological studies pointed to the importance of low levels of

available phosphorus in regulating primary productivity (algal growth) in the

main lake basins. However, phytoplankton algae also require available:

nitrogen (principally as nitrate or ammonium) in a ratio of -5-15:1 (N:P, by
weight) to maintain a balanced nutrition. This range of inorganic N:P ratio
is typical of a wide variety of aquatic ecosystems (13,17,39). Nutrient
enrichment bioassay experiments conducted in 1979-1980 as part of the Las
Vegas Valley Water Quality Standards Study (6, Appendix C) demonstrated that
an (inorganic-N):(inorganic-P) ratio of about 10:1 represented a balanced N

and P nutrition for Lake Mead phytoplankton. Ratios much higher coincided
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with periods of P-limited algal growth, and ratios much lower led to
N-limitation.

The above discussion necessitates that decisions regarding the
fertilization of the upper basins of Lake Mead must consider the inorganic
nitrogen concentrations in addition to the phosphate level. An injection of
phosphorus alone, in the absence of sufficient available nitrogen, might not
produce the desired increase in algal biomass due to the ensuing N-limitation.
Such an effect is less likely to occur in the spring when nitrate
concentrations are maximal (150-200 ppbN), and more likely to occur as the
summer progresses and phytoplankton uptake depletes the nitrate pool (levels
were already < 25 ppbN by late July, 1986 in the lower basin, Paulson
unpublished data submitted to USBR).

Two experiments were conducted in order to test for the algae growth
potential of various fertilizer mixes relative to additions of reagent-grade N
and P, and also to estimate the potential biomass yield likely to occur at
Cathedral Cove (see Section 5) after fertilization. The assays were performed
in early and late July using an epilimnetic composite collected from Boulder
Basin (USBR station LM02). This water was collected because of its convenient

location and because its characteristics were similar to those of Cathedral

Cove. (Table 13).

4.2.2 Methods
Experiments were conducted according to the same protocols as were used
in the 1979-1980 bioassays conducted by UNLV and Ecological Research
Associates (Davis, CA) for the Water Quality Standards Study in Las Vegas Bay
(6). Briefly, the experiments involve enriching subsamples of water with

nutrients and then estimat{ng algae growth by measuring in-vivo fluorescence
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Table 13. Limnological comparison of Cathedral Cove with Lower
Overton Arm, Virgin Basin and Boulder Basin. Nutrient
and chlorophyll data measured from 0-5 meter integrated
composites and are expressed as pg/l (ppb). LM site
numbers refer to designated stations from the 1986-1987
Lake Mead Monitoring Study funded by USBER.

PARAMETER CATHERAL (DVE L. OVERTON VIRGIN BASIN BOLIER BASIN
LM (STTE #) INER (1) TR (1%¢) (18) (08) (o2)
JNE 19686
ciloothyll-2 1.1 1.0 1.6 1.8 1.7
otro-P y y y 7 5
Total-P 6 6 10 16 1
H-l3-?~' 15 17 1% 17 15
N3N 1y 107 B 108 13
Ttal-N 330 B 346 n9 3
secchi (m) 5.5 5.3 5.7 5.5 5.0
texp (0-10m) 4.9:0.9  24.621.3 23.8:0.8 23.5#1.3 2u.241.0
thermocline m xed C10-11 11-12n 9-10m 11-120
JULY 1986:
diaothyll-a 2.1 2.1 2.6 2.5 3s
atho-P 2 3 3 2 2
Tetal-p 9 5 6 5 . 6
NRN 8 13 8 8 8
3N R B b S0 S0
Total-N 213 2% 276 267 2%
secchi (m) 5.5 6.0 6.7 6.5 5.2
tamp (0-10z) 2.420.1 %.340.2 .520.1 26.110.2 S5.240.1
themoeline ml xed 1213 11-12n 14-1m 12-14p
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to estimate chlorophyll-a and algal biomass. We apportioned 1 liter aliquots
of water from a 5 gallon carboy into 1 quart plastic containers and then added
nutrients as small volumes (<5ml1) of more concentrated stock solutions (see
Table 5). Treatments were set up in duplicate and no-enrichment controls were
triplicated. The samples were incubated outdoors in a small swimming pool
where they floated just below the water surface. Two layers of fishing seines
over the pdol were used to prevent "light shock" and overheating.
Temperatures ranged from about 25-29 degrees C and were typically 27 degrees C
in mid-afternoon when fluorescence was measured. The light intensity at the
same time inside the container at the water surface was estimated to be about
160 microeinsteins/m®/sec using a quantum photometer. This corresponds to
about 15% of surface irradiance, or a depth of 5-6 meters (mid-epilimnion) in
the lake at this time of year.

Chlorophyll fluorescence was estimated using a Turner-111 fluorometer
set up with a red-sensitive photomultiplier, high sensitivity door, blue
fluorescent lamp (F4T54B) emitting light through a blue primary filter
(CS5-60) and receiving emissions through a red (CS2-64) secondary filter. The
instrument was zeroed against deionized water before every treatment set and a
treatment composite filtrate was measured to correct for non-chlorophyllous
fluorescence (dissolved organic matter, primarily). Scale conversion factors
were directly determined using filtered chlorophyll solutions extracted from
grass in 90 % acetone. A1l values for an experiment were corrected for
filtrate fluorescence and converted to arbitrary units from the same scale
(10X for bioassay #1, and 3X for bioassay #2). Subsamples for nutrient
concentrations and spectrophotometric determination of chlorophyll-a were

taken at the beginning and end of each experiment.
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4.2.3 Results

Data are presented in Figures 4 and 5 and in Table 9. Chlorophyll was
estimated using the regression equation for parallel sets of extracted
chlorophyll-a and in-vivo fluorescence values measured during the Cathedral
Cove pilot studies (see Section 5). Conclusions which were made based on
these experiments include:

1. Algae growth was nutrient limited. The lack of growth or
significant dissolved inorganic-N (DIN) uptake in the low phosphorus controls
suggests severe P-deficiency.

2. Additions of orthophosphate stimulated algae growth and DIN uptake.

3. Enrichment with 20 ppbP and about 110 ppbN caused a 3X
increase in algae biomass in Bioassay-1 (ambient OP was 2 ppbP and DIN was 98

_ppbN) and a 4-5X fluorescence increase in Bioassay-2 (ambient OP was 1 ppbP
and DIN was 86 ppbN) after 5 days. A 30 ppbP + 187 ppbN enrichment (includes
DAP-N) in Bioassay-2 increased algal fluorescence by over 800% (9X).

4. Fertilizer phosphorus additions produced similar biomass yields to
éeagent-grade phosphate enrichments. Further, there was no significant
difference between liquid fertilizer and solid fertilizer responses, despite
the fact that about 50% of the liquid-P was in the form of polyphosphate
(initially), not orthophosphate. This suggests that the polyphosphate
fraction is readily avai]ab]e for microbial uptake.

5. A deficiency of nitrogen prevented some P-enriched samples from
reaching their maximum algal yield. This occurred because accelerated algae
growth and N-uptake depleted the pool of ambient DIN in the water. Greater
yields were achieved when samples were also enriched with DIN. We expect that
N-deficiency would be very unlikely in the spring .when DIN Tevels are still

high in the epi]imnion; but that an N and P co-limitation would be probable in
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Bicassay 1, July 1986 / x

-c

©- 1oP

§- 20p

O- 10PSON

* 20P100N

B~ 20P100N-s0l
X- 20F100N-1ig
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Figure 4. Nutrient enrichment algal bioassay *1, July 4, 1986. Potential
phytoplankton responses to fertilization were determined using: 10 and
20 ppbP enrichments with reagent grade potassium phosphate ; 10 ppbP +
S0 ppbN with reagent grade potassium phosphate and ammonium nitrate ;
20 ppbP + 100 ppbN with reagent grade potassium phosphate and
ammonium nitrate ; 20 ppbP + 100 ppbN with granular diammonium
phosphate ( 18-46-0 formulation) and ammonium nitrate ( 34-0-0
formulation) fertilizers, labelled so/; and 20 ppbP + 100 ppbN with liquid
ammonium polyphosphate ( 10-34-0, white ) and granular ammonium
nitrate (34-0-0 ) fertilizers, 1abelled //g . Daily chlorophyll
fluorescence measurements were corrected for filtrate fluorescence and
converted to chlorophyll estimates using the regression equation from
Figure 9. Initial levels of P and N were 2 ppb ortho-P (6 ppb TP) and 98
ppb DIN.
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Figure 5. Nutrient enrichment algal biocassay * 2, July 25, 1586.
Potential phytoplankton responses were determined using: 20 ppbP + 110
ppbN enrichments with reagent grade potassium phosphate and ammonium
nitrate ; and 10 ppbP + S0 ppbN, 20 ppbP, 20 ppbP + S0 ppbN, and 30 ppbP
+ 160 ppbN enrichments with mixtures of the granular fertilizers
diammonium phosphate ( DAP, 18-46-0 ) and ammonium nitrate ( AN,
34-0-0 ). Daily chlorophyll fluorescence measurements were corrected for
filtrate fluorescence and converted to chlorophyll estimates using the
regression equation from Figure 9. Initial levels of P and N were 1 ppb
ortho-P ( 8 ppb TP) and 86 ppb DIN.
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Table 9. Nutrient levels ( in pg/L or ppb ) and calculated rates of P and N
uptake (U, and Up , in ug/L/day) in Lake Mead Bioassays 1 and 2.

OP ts orthophosphate and DIN is dissolved inorganic nitrogen
(nitrate + nitrite + ammonfum ). Water was collected as 0-5
meter vertical composites. Ambient concentrations were 2 ppb
OP and S8 ppb DIN for Bioassay 1, and 1 ppb OP and 86 ppb DIN
for Bioassay 2.

TREATMENT INITIAL (Dey 0) _FINAL (Dsy S) Up UN
oP N OP N
Bioassay 1:
Control 2 g5 2 82 0 26
10P 12 93 2 45 20 96
20P 22 94 2 24 40 140
10P SON 12 143 2 74 20 13.8
20P 100N 22 185 3 103 3.8 17.0
20DAP 100N 22 200 3 103 38 194
20LAP 100N 22 197 4 91 3.6 212
ioassay 2:
Control 1 52 ] 63 0 ~0
20P 110 18 139 1 20 3.4 23.8
10DAP S0AN 8 98 2 60 1.2 7.6
20DAP 17 66 3 9 28 11.4
20DAP 90AN 16 150, 1 34 3.0 23.2
30DAP 160AN 24 226 3 13 42 426
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mid-late summer when ambient levels of DIN are lowest (often near detection
limits of ~10 ppbN). Such an effect would be "hastened™ by P-enrichment
alone. The greatest biomass accumulations per unit of P-addition occurred
when the cultures initially had a nutritionally balanced ratio of available N

and P (-10:1).

4.3 Phosphate Adsorption to Suspended Sediment and River

Injection Studies

4.3.1 Background

Direct addition of fertilizer to river inflows to Lake Mead has been
suggested as a method for uniformly dispersing fertilizer nutrients into
target areas. Only the Virgin and Colorado Rivers have sufficient late-spring
and summer flows to be potentially useful. Consequently, a preliminary
investigation was conducted to evaluate river injection as a means of
fertilizer application.

}he most important questions which needed to be addressed are :

* where do the river waters flow, once they enter Lake Mead, and

* how would interactions between the fertilizer and other constituents
in the water affect the fertilizing potential of the application.

We attempted to provide at least preliminary answers to these questions
in the following ways by:

* examining historical patterns of river flow during spring and summer
using temperature and electrical conductivity (EC) profiles determined at Lake
Mead monitoring stations,

* examining thermographs of Colorado and Virgin River water temperature
set in place and maintaine& by USBR in 1987,

* collecting temperature, EC, and D.O. profiles in the Virgin River
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inflow area, Virgin Bowl, mouth of Virgin Bowl, and up-lake at Columbine Falls
and Iceberg Canyon where the Colorado River enters Lake Mead, and

* conducting a series of adsorption experiments in the laboratory to
help assess the potential for phosphate fertilizer adsorbing to river-borne

silts and clays.

4.3.2 Methods

The USBR installed Peabody-Ryan recording thermographs in the Virgin
River 5.3 miles downstream from the Riverside Bridge, 0.5 m deep in swift
water and in the Colorado River 1.5 miles upstream of the Bat Caves, 1.5 m
deep in swift water. Both thermographs were in operation from February 1987
to mid-June 1987.

Sediment adsorption experiments were performed by measuring the
disappearance of fertilizer orthophosphate from solution as a function of

suspended sediment levels. A grab sample of surficial sediment was collected

in -1 meter depth water, approximately 200 meters from the Virgin River inflow

to Lake Mead in mid-April 1987. The mud was reddish brown, was
(qualitatively) a mixture of clay and silts with some fine sand, and had a dry
residue of 73% @ 105 degrees C. The water in this region was extremely turbid
and bottom sediment was easily resuspended by even gentle disturbances.
Experiments were initiated by resuspending known amounts of dried
sediment (60 degrees C) into 50 ml volumes of GF/C-filtered surface water
collected from the Tlower Overton Arm (USBR monitoring station LM18) in
mid-April 1987. Pre-weighed, powdered, sediments were added to the water in
125 m1 flasks. The assay was initiated by innoculating each flask with 0.5 ml
of a 10 ppm P stock solution of 1iquid ammonium polyphosphate (10-34-0, white)
fertilizer (see Table 5).; Each sediment level was run in duplicate and the

total range was 0-10,000 ppm total suspended sediment (TSS) in order to span a
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wide range of possible field conditions. Samples were agitated gently at 150

rpm on a shaker table at room temperature (-25 degrees C) for 42-46 hours.

4.3.3 Results

4.3.3.1 Virqgin River

The Virgin River channel is schematically shown in Figure 6. Flows are
quite variable in the spring, ranging from a mean daily value of 85 cfs to
almost 2000 cfs in the previous 10 year period (USGS data). Discharge depends
on mountain snowmelt runoff and rainstorms in addition to agricultural
diversions upstream from the USGS gauging station at Riverside. The river is
typically quite turbid during this time of year. Bottom sediments are very
fine and easily resuspended in the area where the river broadens and slows as
it enters the iake.

Therefore, it is reasonable to expect that there would be a relatively
high degree of contact between the river water and suspended or bottom
sediments. When flows are low, there is higher bottom sediment contact per
unit volume in the inflow and Virgin Bowl areas (Al and A2 in Figure 6).
Estimated residence times in this "high turbidity" zone were about four days
in May and 14 days in June for Area 1 assuming median 10-year flows for these
months (USGS data for station 09415230, Halfway Wash near Riverside, NV and
station 09415000 at Littlefield, AZ). The turnover times for median May and
June flows for the Virgin Bowl and Narrows (connecting the bowl and lake) are
considerably longer (several weeks to months). Although higher river flows

would result in a shorter transit time for this water to reach the 1ake
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proper, (and less contact time with bottom sediments), suspended sediment
concentrations would probably be much higher.

Table 10 presents the results of the sediment-phosphate adsorption
experiments conducted using Area #1 bottom sediments. It can be seen that TSS
levels of about 1000 ppm, which are probably not exceptionally high for the
inflow region, can potentially scavenge approximately 10 ppb of
orthophosphate. This is about 50% of the target P-concentration for
large-scale fertilization. We realize that these experiments only provide
first order estimates of the actual chemical exchange processes that would
actually occur. The exchange chemistry of aquatic sediments is extremely
complicated and relatively poorly understood (27). Sediment types are likely
to vary seasonally with flow as will the major ionic composition of the river
water. Mayer and Gloss (1980) found that phosphate adsorption/desorption
kinetics were in part regulated by absolute values of phosphate and silicate
in addition to their molar ratio in the Colorado River and in Lake Powell. A
more thorough evaluation of these processes may be warranted in the future,
but is beyond the scope of the current study.

We attempted to trace the passage of Virgin River water through the
inflow, Virgin Bowl and Narrows areas by examining the vertical profiles of
data collected using a Hydrolab Water Quality Analyzer in the period March -
June 1987. A density current associated with the river was not identifiable
until the mid-May sampling (Table 11). At this time, a plume of higher
density water, presumably due to high levels of suspended sediment, was
apparent just off the bottom at 10 m depth in the Virgin Bowl. It was clearly
evident at the Narrows station as a stratum of relatively high conductivity,
low dissolved oxygen water between 10 m and the bottom at 12.5 meters depth.

The data from station LM1Sa, at Fish Island suggest the presence of the plume
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Table 10 . Adsorption of fertilizer phosphate to muddy surficial sediment
near the Virgin River inflow to Lake Mead. AOP is the measured change in
orthophosphate during the assay after 42-46 hours of exposure to
different concentrations of suspended sediment (TSS). Phosphate was
added as liquid ammonium polyphosphate, 10-34-0 white, the formulation
recommended for large scale fertilization.

Initial Final
1SS OP oP AO0P AOP / 7SS

(ppmD.W.) (ppbP) (ppbP) (ppbP)  (ppbP / ppm D.W.)
0 99.8 99.8 0 (assumed)  --

200 96.0 925 35 175 x 1073
500 898 95.1 47 9.4
1000 9.8 80.5 Q3 93
1000 96.0 825 135 13.5
3000 839.8 83.4 16.4 5.5
10000 998 55.0 448 45

Regression Equation: AOP=a [ TSS ]+ b, wheren=7, r2= 0.96 ,

2=416x 10" ppbP/ppm TSS , b = 3.85 ppbP
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Table 11. Vertical profiles of temperature (°C), dissolved oxygen (ppm
DO.), and electrical conductivity (umho/cm) in the upper
Overton area of Lake Mead (see also Figure 6 ), May 14, 1987.

SITE Depth (m) T D.O. EC
Yirgin River infiow: 0.3 29.1 83 1974
Yirgin Bowl- Middle: 0 249 9.0 972

2 246 9.1 : 967

4 239 9.1 982

6 23.2 9.2 979

7 229 9.4 998

8 222 9.1 1033

9 21.7 9.1 997

10 20.9 8.0 1103

10.5 (bottom)  20.1 6.7 1107

Yirgin Narrows: 0 249 85 940
(main 1ske mouth) 2 24.1 8.9 952
4 24.0 9.2 971

6 231 9.2 948

7 22.1 9.6 922

8 21.8 96 923

9 . 2198 9.1 988

10 205 8.4 1087

11 195 1.2 1265

12 19.0 5.6 1454

12.5 (bottom) 18.8 46 1471

Overton Beach: 0 251 9.0 852
(Fish Island) 2 239 9.2 855
4 225 9.4 838

6 22.1 9.7 835

8 21.1 938 829

9 20.3 96 875

10 18.6 95 879

11 18.3 96 881

12 17.3 93 888

13 17.0 9.3 889

14 16.3 9.4 839

16 15.8 96 838

18 15.1 86 844

20 14.7 9.3 846

22 146 95 848

24 14.2 9.3 845

26 140 8.9 843

28 13.7 838 843

(bottom at 29 m)
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between about 9 and 13 m based on EC. D.0. changes were less dramatic than in
the Narrows, decreasing by about 0.3 ppm D.0. above and below these depths.

In mid-June, the river plume was more easily identifiable as a stratum
of water with elevated EC and relatively low dissolved oxygen (Table 12).
D.0. values were apparently reduced by the relatively long exposure of
inflowing water Qith shallow sediments in the uppermost region of the Virgin
River bay since the actual river water had highef D.0. values, as did the rest
of the lake. The plume flowed from about 7-10 meters depth just off bottom in
the Virgin Bowl. As it reached deeper water where the Narrows area opens up
into the lake proper, it lifted off the bottom while still maintaining its
integrity as a 5 m band from about 7-12 meters in depth. Below 12 meters
depth, electrical conductivity decreased sharply and D.0. increased. Above
and below this stratum, the water chemistry was more characteriﬁtic of Lake
Mead.

We were also able to delineate the plume quite far into the main lake in
mid-June. At the Fish Island site it was evident as a sharp drop in D.O.
below 11 meters, extending to about 16 meters depth. Electrical conductivity
was also elevated by about 4% in this region.

The temperature regime in the Overton Arm is extremely complex in the
spring and early summer. In May and June of 1987 there were often three
distinct thermoclines where temperature gradients exceeded 1 degrees C/meter.
These patterns varied from station to station and resulted from very variable
spring weather conditions (it was unusually windy and cool in May 1987),
together with north-south seiching in the Overton Arm, and high Colorado River
runoff intruding from Virgin Basin into the metalimnion. The June data
suggest that Virgin River water may also have a small effect on the
temperature and density gr;dients in the upper Overton Arm. The overall

conclusion from these field data is that Virgin River water cannot be reliably
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Table 12 . Ver-tical profiles of temperature, D.O., and EC in the Upper

Overton Arm area of Lake Mead , June 12, 1987. As per Table 11.

SITE Depth (m) T DO. EC
Yirgin River Infiow: 0.3 295 8.7 1450
Yirgin Bowl- Migdle 0 26.8 9.6 896

2 26.1 95 960
4 26.0 9.4 991
6 25.5 9.0 1021
8 24.7 83 1097
9 23.6 8.9 1018
10 229 8.0 1032
10.3(bottom)
Yirgin Narrows. 0 27.7 9.6 843
( main lake mouth) 2 26.9 10.0 835
4 265 9.9 850
) 26.4 99 849
6 25.6 93 988
7 25.0 9.1 1021
8 24.7 9.0 1022
9 235 8.4 1024
10 22.7 7.3 1060
11 220 5.9 1094
12 209 49 1119
13 19.7 59 976
14 18.8 6.4 901
14.2 (bottom)
Overton Beach: 0 27.2 10.0 836
{(Fish Island) 2 26.4 10.2 835
4 26.2 10.2 839
6 25.6 10.0 852
7 24.7 10.0 861
8 235 10.5 908
9 23.3 10.5 908
10 22.7 99 897
i1 221 9.7 887
12 21.2 7.4 955
13 19.8 1.7 876
14. 18.8 7.8 867
1S 18.2 7.8 859
16 175 7.9 855
18 165 8.2 834
20 15.9 8.2 839
225 15.2 7.3 845
25 148 7.3 842
275 145 1.2 843
( bottom at 28m)
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expected to form a surface overflow into the main lake, where algal production
needs to be stimulated, at this time of year.

Our basic conclusion drawn from the field and laboratory studies
presented above is that the Virgin River should not be considered for use as a
medium to transport fertilizer downstream into Lake Mead. Reasons include:

1. There is a great potential for a significant fraction of the
phosphate in the added fertilizer to adsorb to suspended or bottom sediments
in the shallow areas above the Virgin Bowl. Most of this material would
settle out and become largely unavailable to P-deficient phytoplankton in the
main lake.

2. Much of the nutrients dissolved in the river water in spring and
summer would not disperse into the upper layer of the lake 0-5 meters, where
most of the phytoplankton production occurs, but would be "trapped® in the
metalimnion and upper hypolimnion.

3. The morphometry of the Virgin River inflow area is such that even if
conclusions 1 and 2 above were not true, the added phosphate would be rapidly
taken up by phytoplankton in the Narrows and Virgin Bowl areas. The potential
would exist for creating too large a bloom in these regions without affecting

the much larger target area (Echo Bay to Overton Beach) in the main 1lake.

4.3.3.2 Colorado River

The Colorado River historically provided most of the nitrogen and
phosphorus loading to Lake Mead. This occurred primarily during the spring
runoff season (April-July) when warm river waters formed a turbid overflow
across the upper basin of Lake Mead. The construction of Glen Canyon Dam in
1963 drastically reduced phosphorus loading, temperatures and spring runoff in

the Colorado River inf]dw to Lake Mead (11,30,32,34). Phytoplankton
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productivity in the upper basin decreased by about 80% as a result of these
changes in the Colorado River (34).

Injection of fertilizer directly into the Colorado River may represent a
method of restoring phosphorus concentrations and productivity in the upper
basin, provided it can be dispersed into the epilimnetic waters where most of
the primary production occurs. Cold-water discharges from Glen Canyon Dam
cause the Colorado River to form an underflow or deep interflow in Lake Mead
for most of the year (30). However, a brief overflow was noted in Iceberé
Canyon during March of 1978 (30). Since overflows load directly into the
epilimnion, they could provide a natural mechanism for dispersing fertilizer
in upper Lake Mead.

Flows in the Colorado River have changed considerably in recent years
with above normal runoff and filling of Lake Powell. This has also affected
present-day circulation patterns in the upper end of Lake Mead. Temperature
profiles determined in upper Lake Mead during spring 1987 revealed that the
Colorado River formed an underflow in Iceberg Canyon and a deep interflow in
Gregg Basin in March (Figure 7a). However, cooler surface temperatures in
Virgin Canyon and Temple Basin indicate that considerable mixing of river and
lake waters occurred in those areas during March (Figure 7a).

Similar circulation patterns were also evident in April. River waters
entered the lake at about 14 degrees C and again formed an underflow in
Iceberg Canyon where surface temperatures were over 18 degrees C (Figure 7b).
Surface temperatures in Virgin Canyon and Temple Basin were similar to Iceberg
Canyon, but upwarping in the 14-17 degrees C ‘isotherms indicates that
considerable mixing of river and lake waters once again occurred in those
areas.

River temperatures;were about 17-18 degrees C during May and June

(Figures 7c and 7d). Surface temperatures in Virgin Canyon and Temple Basin
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Figure 7.

Temperature isotherms for the upper basins of Lake Mead,

March-June 1887.
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were 1-2 degrees C colder than uplake areas in May (Figure 7c). In June,
surface temperatures in Cirgin Canyon were nearly 4 degrees C cooler than
Iceberg Canyon and Gregg Basin (Figure 7d).

Although it is difficult to determine the cause(s) for these variations.
in surface temperature, they most likely reflect upwelling of river waters in
Yirgin Canyon and at times in Temple Basin. During peak discharges from Glen
Canyon Dam, large volumes of cold water are forced under relatively warm lake
waters in Iceberg Canyon. This 1ifts the epilimnion which results in
upwarping of the isotherms in that area. River waters then spread out along
the thermocline as an interflow and essentially flow under the epilimnion in
Gregg Basin. The lake narrows again at Virgin Canyon. This apparently
constricts the flow of river waters and causes an upwelling and considerable
mixing in that area. The degree of upwelling and mixing whould vary
considerably in relation to discharges from Glen Canyon Dam. More upwelling
could be expected during periods of high discharges.

It does not appear that river injection of fertilizer would
significantly improve fertility in the Iceberg Canyon or Gregg Basin since
river waters flow under the epilimnion. However, it seems that injection of
fertilizer in the interflow below Gregg Basin could improve fertility in areas
downstream, particularly in Virgin Canyon and Temple Basin where considerable
mixing of lake and river waters occur.

This possibility should be carefully evaluated as part of the Spring
Canyon Pump Storage Project. If discharges from the Spring Canyon Reservoir
can be enriched with fertilizer and released into the river interflow, it
seems nutrients could be efficiently dispersed to downstream areas.

The Spring Canyon Pump Storage Project offers numerous possibilities for
nutrient management in thé upper end of Lake Mead. In order to maximize its

environmental benefits, more detailed studies are required on the relationship
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between river discharges and temporal variations in lake temperature. The
hydrologic regime is extremely dynamic in those areas and cannot be adequately
evaluated without frequent monitoring. Serious consideration should be given
to installing a vertical string of thermistors in Iceberg Canyon, Gregg Basin,
Virgin Canyon, and Temple Basin so temperatures can be continuously monitored.
Results of these measurements could then be used to design dye experiments to
directly measure dispersal and mixing characteristics of nutrients injected

into the interflow.

5.0 RESULTS OF FIELD STUDIES

5.1 Background

Two pilot-scale field tests in which fertilizer was directly applied to
the lake surface were conducted in August and September 1986. The tests had
several major purposes, including:

* Develop relatively simple and inexpensive methods for dispersing
either liquid or granular fer@i]izers uniformly over large areas. When the
present study was designed, it was believed that a flotilla of volunteer boats
might be an excellent way to inexpensively apply fertilizer. Other
procedures, such as aerial dispersal and barge spraying were also evaluated
with help from M. Coffey of the NPS at Lake Mead.

* Determine if differences existed between algal responses to liquid
as opposed to granular formulations of fertilizer.

* Verify the results of laboratory studies. It was important to
demonstrate on a larger scale that the proposed large-scale (Overton Arm)
fertilization would not significantly affect salinity and would not produce a
eutrophication problem or in any other way significantly degrade water quality
for its other beneficial ﬁses. The pilot-scale response of phytoplankton

would also provide important information regarding potential large-scale
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responses at these times of year, and allow us to better assess the accuracy

of routine algal nutrient enrichment bioassays (Section 4.2).

5.2 Fertilizer and Cove Selection

5.2.1 Fertilizer Formulations

Based on the results of the laboratory studies (Section 4) we scheduled
two tests, the first with a mix of granular ammonium phosphate (DAP, 18-46-0)
and granular ammonium nitrate (AN, 34-0-0) and the second with liquid ammonium
polyphosphate (LAP, 10-34-0, "white") and 1iquid ammonium nitrate (20-0-0).
The first test was scheduled for late August and the second for late September
1986.

DAP was the granular formulation chosen because it offered the best
balance between high phosphate content and ammonium content per unit weight.
Since a large DIN supplement was needed by late summer to maintain a balanced
(re algae nutrition) N:P‘ratio, the higher N content favored DAP over
monoammonium phosphate gMAP, 11-53-0) which has a slightly higher P-content.
Other grades of fertilizer contained either lower N and P, or contained
relatively high percentages of calcium, potassium, or sulfate, ions which were
unnecessary for algal growth and which would therefore, contribute
unnecessarily to the salinity of the water (albeit a trivial and immeasurable
addition). Ammonium nitrate is a high-N supplement which is extremely
soluble, relatively inexpensive, and comprised entirely of NH,-N and NO,-N
with no "extra" salts present. We also noted that neither DAP nor AN
presented any special handling problems such as being caustic or toxic if

touched.
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Liquid ammonium polyphosphate (10-34-0) was selected for further
evaluation because of:

* its ease of handling (7,12; <confirmed by numerous personal
communications of R. Axler and L. Paulson (UNLV) and M. Coffey (NPS-lLake Mead
NRA) with fertilizer distributors and manufacturers, research biologists with
direct experience with 10-34-0, and with National Forest Service fire-fighting
units who use the chemical for fighting forest fires). It is not caustic, nor
is special handling care required. This formulation was previously approved
for aerial dispersal into Karluk Lake at Kodiak National Wildlife Refuge in
Alaska in 1986 by the U.S. Fish and Wildlife Service after reviewing an
Environmental Assessment for the project (U.S.FWS, Finding of No Significant
Impact, FONSI RS/0196R, May 6, 1986, Anchorage, Alaska; Dr. J. Koenings,
Alaska Dept. of Fish and Game (FRED), pers. Comm.);

* its commercial availability and moderate cost. A number of regional
manufacturers and distributors were found to be available to supply the
amounts proposed for large-scale tests.

* its proven effectiveness in other studies designed to stimulate fish
production (e.g. Alaska Department of Fish and Game, Division of Fisheries
Rehabilitation, Enhancement and Development Sockeye Salmon Fertilization
Program; 9,22,28).

Liquid ammonium nitrate (20-0-0) in aqueous solution was chosen as the
N-supplement for the second test because it has relatively high nitrogen
content, is entirely in the inorganic (readily avai]qb]e to algae) form, and
is non-caustic and requires no special handling precautions. It is routinely

mixed with 1iquid ammonium polyphosphate to produce formulations with varying

N:P ratios.
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5.2.2 Cove Description

The primary criteria for a test cove were that it be representative of
the Overton Arm of the lake and that its size and location be convenient for
the fertilization and for monitoring subsequent biological responses. The
first choices were Sfewarts Bay and Salt Cove on the west shore of the Overton
Arm north of Echo Bay. However, site surveys in May and June of 1986 ruled
these out because of excessive turbidity during windy periods (nearly every
afternoon). Apparently a fine clay fraction is easily eroded from the
shoreline. Adsorption of orthophosphate to these suspended sediments could
have confounded interpretations of the pilot fertilization experiments (see
Section 4.3).

Cathedral Cove, along the west shore of the Overton Arm approximately §
km south of Echo Bay was a better choice for these field tests. The cove was
selected for a number of reasons relating to size, depth, sheltering from the
wind, convenience of location, similarity of its water quality to the main
lake, anp its rocky shore which minimized the production of phosphorus
adsorbing silts from shoreline wave-action. The area of the cove was
estimated from the 1983 USGS 7.5 minute topographic map, from aerial
photographs taken from an overflight arranged by Michael Coffey of the
Natijonal Park Service, and from calculations based on depth profiles of
nitrate, ammonium, and orthophosphate concentrations immediately after the
second fertilization. Bottom depths were determined using a Furuno
echosounder. The surface area was approximately 13 hectares (~32 acres) and
assuming a mean mixed layer depth of -15 m the volume of the fertilized region
was ~2 X 10° m* during both experiments.

Limnological data collected from Cathedral Cove during the June and July

1986 upper basin monitoring surveys were very similar to data from Lower
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Overton, Virgin Basin and Boulder Basin (see Table 13 and Figure 9).
Therefore, the assumption that the cove was limnologically representative of

the Overton Arm was reasonable.

5.3 Pilot-Scale Test Methodology

5.3.1 Monitoring Methods

Figure 8 depicts the cove and the location of our five sampling stations
along a transect from the inner cove (#1) to the outer mouth (#3) to the main
body of the Overton Arm (#5). Stations 4 and 5 were used as “"control"
stations during the experiments. Depths were -3-16 m in the inner cove
(west-east), >25 m in the middle, >50 m in the mouth, and -100 m at the
control sites. Station 1 was designated LMI9b and Station 3 as LM19c during
the June, July, August, September, and October monthly USBR monitoring program
performed by UNLV. Sampling was intensified to include all 5 sites the day
before each of the fertilizations.

Water for nutrient, salinity (major anions/cations), algal biomass, and
a]éa] productivity (PPr) determinations was collected as an integrated
composite from 0-5 m using a tube sampler for ease of comparison to historical
Lake Mead data. Additional water column discrete-depth nutrient profiles were
periodically determined using a Van Dorn bottle at depths of 0, 3, 5, 7, 10,
12.5, 15, 17.5, and 20 m. A1l chemical methods were those routinely used for
the Lakes Mead, Mohave, Havasu Limnological Monitoring Prograﬁ. Additional
physical (temperature, electrical conductivity, 1light intensity, secchi
depth/clarity) and chemical (pH, dissolved oxygen) measurements were made
using field instruments. Salinity samples were sent to the USBR laboratory in

Boulder City, NV for analysis.
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Table 13. Limnological comparison of Cathedral Cove with Lower
Overton Arm, Virgin Basin and Boulder Basin. Nutrient
and chlorophyll data measured from 0-5 meter integrated
composites and are expressed as ng/l (ppb). LM site
numbers refer to designated stations from the 1986-1987
Lake Mead Monitoring Study funded by USBR.

PARAMETER CATHETRAL (MVE L. OERTON VIRGIN BASIN  BOULDER BASIN
M (STTE #) INER (19)  OUTER (19¢) (18) (08) (02)
JUNE 19686
dloophyll-z 1.1 1.0 1.6 1.8 1.7
otro-P 4 ] ] 7 5
Total-P 6 6 10 16 7
N3N 15 17 14 17 15

N 114 o %8 108 13
Total-N 330 B 346 N9 3
secchi (m) 5.9 5.3 5.7 5.5 5.0
tamp (0~-10m) 24,9:0.9 24.621.3 23.8:0.8 23.541.3 24.241.0
thermoel ine mi xed 1071 11-12n 910z 11-12n
JLY 19686:
dilaochyll-a 2.1 2.1 2.6 2.5 3s
atho-P 2 3 3 2 2
Total-P 9 5 6 5 6
NN 8 13 8 8 8

N R B b 50 0
Total-N 243 2% 276 267 2B
secchd (m) 5.5 6.0 6.7 6.5 5.2
tanp (0-10m) 25.4+0.1 %.3:0.2 26.5:0.1 26.110.2 5.2+0.1
thermoeline mi xed 12-13n 11-12n 14-15n 12-1%
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Algal biomass was estimated by chlorophyll-a concentrations calculated
using the trichromatic equations for acetone-extracted pigments. "Real time"
estimates of chlorophyll were made by measuring the in vivo fluorescence of
raw water samples immediately after returning to the field laboratory at
Stewarts Point. These data were corrected for non-chlorophyllous fluorescence
by subtracting out the values obtained for glass fiber (GF/C) filtrates.
Figure 10 shows the strong correlation between the two chlorophyll estimates
(r=0.93)

Additional estimates of phytoplankton abundance and taxonomic
identifications were made by microscopy. Phytoplankton samples were collected
from the 0-5 meter integrated composite water samples at each station and
preserved with acid-Lugol’s solution. Samples were taken from stations 1, 3,
and 5 from 24 August 1986 and 21 September 1986 (one day prior to the
Cathedral Cove fertilizations) and from stations 1, 2, 3, 4, and 5 from 28
August and 24 September (4 days and 3 days respectively, after the
applications). They were sent to Dr. Jeff Janik, of the Castle-Tahoe Research
Group at the University of California-Davis, who is an aquatic biologist with
particular expertise in the areas of phytoplankton and zooplankton taxonomy.
His master’s thesis research focused on the Lake Mead phytoplankton community
(20). The 16 samples were settled for 24 hours using standard Untermohl
sedimentation cylinders. A Wild M40 inverted microscope was used to count 2
strips at 600x for smaller algae, 2 strips at 150x for intermediate sized
algae, and a full scan of the chamber at 45x for the net plankton (e.g.
Lyngbya and Ceratium). Abundance estimates were converted to biomass by

assuming a density of 1.0 and using cell volumes developed from previous
studies of Lake Mead phytoplankton after rechecking some of the major species

found in the Cathedral Cove samples.
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Algal rates of primary productivity (PPr) were estimated using the
radiotracer '¢C. One-hundred milliliter aliquots of lake water were
apportioned into standard 125m1 glass "PPr" bottles, innoculated with -2 uCi
of 'C-labelled Na,CO, and incubated for 2 hours under a bank of cool white
fluorescent bulbs. The light intensity at "mid-bottle" approximated
mid-morning values in the middle epilimnion of the lake during late summer.
The bottles were placed in a shallow water bath set to ambient surface water
temperatufe. Bottle positions were rotated every 15-20 minutes to control for
a potentially inhomogeneous 1ight field. Radioactive algae were concentrated
onto 0.45u millipore filters and counted by liquid scintillation. Dissolved
inorganic carbon concentrations estimated from alkalinity titrations performed
immediately after sampling were then used to calculate rates of

photosynthetically fixed carbon (PPr).

5.3.2 Fertilization Procedures

gg_;:_ A total of 486 1bs of granular diammonium phosphate (DAP,
18-46-0) and 1475 1bs of granular ammonium nitrate (AN, 34-0-0) fertilizer
were added to Cathedral Cove on 25 August 1986. The N:P ratio of the spike
was 6.1:1. The total load was divided into three portions corresponding to
the relative volumes of the inner, middle, and outer cove regions. The
fertilizer was dispersed by adding it to 50 1b polypropylene sand bags which
were towed behind a boat at a depth of 1-2 m. The two fertilizers were mixed
in a ratio of ~3:1 (AN:DAP). We dragged 8 bags at a time, each with about 10
1bs of mix, for 10-15 minutes before "reloading”™. Relatively small loads were
used so that we could distribute the fertilizer as uniformly as possible.
Although important for the pilot experiment, this need not be as stringent a
requirement for 1arge-sc£1e fertilizations. Four transects were run in the

inner bay, 12 in the middle, and 16 in the outer cove. On each load-transect
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we criss-crossed the cove at a speed of several knotts to obtain maximum

coverage. The actual fertilization operation took about 7 hours. It would
not be difficult to expand a single boat’s coverage of the lake to -100 acres
in a day as part of a large scale scheme.

PF_11: A total of 135 gallons (1540 1bs) of 1liquid ammonium
polyphosphate (10-34-0, "white" grade), 300 gallons (3150 1bs) of liquid
ammonium nitrate (20-0-0), and 1250 1bs of granular ammonium nitrate (34-0-0)
was added to Cathedral Cove on 22 September 1986. The N:P ratio of the spike
was 5.3:1. The loading rates were increased to x2.4 for P and 2.0 for N,
relative to PF I, in order to stimulate greater algal production than was
observed during PF I. The granular AN was only used in the outer cove and was
used in addition to 1iquid AN because it was easier to handle.

The fertilizers were mixed together in a ratio of -1 part LAP:3 parts
LAN:3 parts lake water in a 100 gallon water tank on the UNLV boat. The
mixture was then pumped into the water at a rate of -5 gpm with a portable
pump. The solution was dispersed by pumping through a 10 foot wide spray boom
made.from 1" PVC pipe with 1/16" holes drilled every 1-2" which was towed
about 1m deep. As with the granular addition in PF I, we divided the cove
into 3 regions and criss-crossed each about a dozen times to obtain a more
uniform distribution of nutrients. The actual application took only 4-5

hours.

5.4 Results - Cathedral Cove Studies (PF I and PF II)

Overall, the Cathedral Cove pilot scale fertilizations were quite
successful. We approximately tripled algal growth and biomass within a few
days, despite significant interchanges of water from inside the cove with
epilimnetic water from the main lake. A summary of the two ekperiments is

presented in Table 14 and in the sections which follow.
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Table 14. Summery

LAKE MEAD PREFERTILIZATION STUDY

PF 1-Aug ‘80 PE 11-Sep "86
1. Fertilizer: granular ammonium liquid ammonium
phosphate (18-46-0) phosphate (10-34-0)
granular ammonium liquid ammonium
nitrate (34-0-0) nitrate (20-0-0) + granula
: ammonium nitrate
2. Enrichment:  +22 ppbP +53 ppbP
+140 pppbN +280 ppbN
(NH3/NO3=80/60) (NH3/NO3=157/123)

3. Loading Rate: ~3.4kgP/ha (3.0 1bP/acre)  7.9kgP/ha (7.1 1bP/acre)
~20.4kgN/ha(18.2 1bN/acre) 41.8 kgN/ha (37.31bN/acre)

4. Algal Response: (comparison of inner cove to control stations)

-chlorophyll-a_  +230 R (Days 3,4) +270% (Day 3)
(biomass) 1.3-3.1 ug/1 1.1-3.1 ug/1

- 14c-ppr +300% (Day 3) +570% (Day 3)
(growth rate)

- secchi depth  -05 to -0.7m (Day 2-4) -1.5 to -2m (Day1-3)

(ciarity) ( out of “Sm) (out of ~10m)

S. Salinity effects:
- conductivity(EC) not significant (p<0.05) not significant (P<0.05)

- major fons oo "
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5.4.1 Alqal Biomass

Figures 11 and 12 show the rapid increase in chlorophyll concentrations
in the cove immediately following fertilization. Chlorophyll-a during both
experiments increased from initial levels of about 1 ug/L to over 3 ug/L in
the inner cove within three days. The control stations (4 and 5) exhibited
little change during this period, although there was a slight increase at
station 4 on Day 2 of PF II which was probably due to advective flushing of
the cove during a wind storm (see discussion below).

It appears that the final yield of phytoplankton in the cove was
severely limited by exchange of surface waters with the main lake. Both
fertilizations were followed by relatively windy days with the wind direction
primarily from the southeast. This would tend to "pile" surface water into
the cove, forcing a return flow of deeper (but still epilimnetic) water out of
the cove. This effect was particularly dramatic two days after the second
fertilization (24 September) when winds of 25-40 knotts blew continuously for
about 2 days. The waves outside the cove ranged from 4-8 feet from trough to
crest. It can be seen in Figure 13 that the epilimnion was radically cooled
(-3 degrees C) and that the thermocline in the cove appeared to drop by more
than 10 meters. After the wind subsided, however, the thermocline was
reestablished near its original depth. This suggests that although the steep
canyon walls in Cathedral Cove prevented large waves and their resultant
vertical mixing from occurring inside the cove, horizontally advected water
effectively flushed the cove for at least two days.

Although we cannot estimate the magnitude of this dilution in order to
correct for it, we can make some interesting comparisons of tﬁe Cathedral data
with nutrient enrichment bioassays conducted in early and late July 1986.
These experiments utilized natural phytoplankton assemblages from Boulder

Basin when nutrient levels were similar to those in the upper basin and growth
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was strongly nutrient limited (see Section 4.2). Mean daily growth rates were
calculated from the chlorophyll fluorescence data for Bioassays 1 and 2 and
for both field experiments. Those values for bioassay treatments in which the
initial inorganic-N and ortho-P levels (after spiking with nutrients) most
closely approximated the conditions in Cathedral Cove after fertilization are
compiled in Table 15. Several conclusions can be drawn from these data:

1. The two bioassays both demonstrated that nutrient enhancement to
levels proposed for large-scale fertilization would increase algal growth.
However, the magnitude of this effect in Bioassay 1 was about half of that in
Bioassay 2. Daily growth rates were much lower in the early-July experiment
and we cannot offer a good explanation for this;

2. The growth rates measured for the first day after fertilization in
inner Cathedral Cove in both field experiments were relatively high (-100%)
and similar to that measured for the first day of Bioassay 2. However, algal
growth decreased dramatically after this initial burst of activity, presumably
due to the advective flushing of nutrients and algae;

3. If growth had continued in the cove as in Bioassay 2, the final
yield of chlorophyll-a would have been similar - approximately 8 ug/L, which
is the target value for the proposed large-scale fertilization. In fact,
preliminary analyses of the results of the 1987 Overton Arm Fertilization
(conducted on May 30, 1987) indicate that chlorophyl1-a concentrations peaked
in the range of 5-10 ug/L between four and seven days after the application
(4; see section 8.0). Further, additional bioassays performed in July and
August 1987 with similar N and P enrichments also produced chlorophyll-a
yields of about 8 ug/L (Axler and Vaux, unpublished data). Therefore, it is
clear that the natural phytoplankton community in Cathedral Cove was
dramatically stimulated b} nutrient enrichment and that higﬁer levels of

biomass were limited by "cove effects" and weather patterns.
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Phytoplankton species lists, enumerations of cell density, and calculated
biomass concentrations from microscopic examination are presented in Tables
16-19 and Figures 14 and 15. The response patterns were generally similar to
those measured for chlorophyll-a, chlorophyll fluorescence, and 14C- primary
productivity during the fertilization experiments. Biomass increased by
factors of about 2-3x due to the nutrient additions. Further, the most
dramatic increases occurred for smaller species <50u in size, which are
collectively referred to as nanoplankton. Some of these species, such as
Chrysochromulina parva, Rhodomonas minuta, and Cryptomonas marsonii are easily
eaten by zooplankton and were stimulated by factors of 3-6x in the inner cove
relative to the main channel control stations. These results indicate a great
potential for stimulating phytoplankton growth and channeling this "new"
production into zooplankton biomass. There were no indications of potential

problems arising from scum-forming blue-green algae (Cyanophyta), either.

5.4.2 Algal Growth

Figures 16 and 17 show the time course of 'C- primary productivity (PPr)
following enrichment of the cove. These data estimate the photosynthetic rate
of the natural phytoplankton community which generally approximates their
growth rate. The patterns are basically similar to those for chlorophyll
(Figures 11 and 12) which show the greatest stimulation in the inner cove for
both experiments. In fact growth rate at Station 1 in PF II was increased by
570% relative to the control stations on Day 2, despite the fact that a lot of
flushing had no doubt already occurred.

These results are particularly exciting because it is the growth rate of
the algae which we most wanted to increase by nutrient enrichment. The ideal
situation would be to inc}ease algal growth, producing biomass which is in

turn immediately grazed by zooplankton. The result would be to increase
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24 Aeg 1986 Sta. 1 ! : ]
Cells Cells Biomsss Biemess
Taxa per/ml £ 2y/m3 b 4
KCgseepiyta
{Ansbetne sp. 0.04: 0.00 0.02 0.01
lAphsnocapsa sp. 1792.00 22.01; 15.77 9.84
IChroococc us sp. 6016.00 73.89 313 1.85
Lyngbuys birgeii 0.24: 0.00 2400: 1497
1808.28 95.91 42.92: 26.717
IChrgssphygle
Mallomonss psuedocoronats 0.04 0.00 0.06 0.04
0.04 0.00 0.06 0.04
iICrygptesheta i
Katablephsris ovalis 4.00 0.05 0.36 0.23
Rhodomonss minuts 52.00 0.64 4.16 2.59
£6.00: 0.69: 452 2.82
Diseplecese :
[Cerstium hirundinella 0.16 0.00 14.13 8.81
{Glenodinium pulviscus 5.00 0.06: 18.19;: 11.35
Peridinium willei 0.16 0.00 9.86 6.15
5.32 0.07 42.18: 26.31
Bacillariephscese
nomoesneis vitres 39.00 0.48 952 5.94
rionella for mosa 1.00 0.01 0.58 0.36
uclotella spp. 60.00 0.74 18.00: 11.23
ISynedre ulne 0.04: 0.00 0.89 0.55
100.04 1.23 28.98: 18.08
IChMerephyta
Elakafothrix gelatinosa 11.00 0.14: 0.60 0.37
I0ocystis qigss v. incrass. 4.00 0.05 3402: 21.22
ystis pusilla 6.00 0.07 0.76 0.48
Planctonems lauterbornii 55.00 0.68 1.67 1.04]
Tetrsedron muticum 4.00 0.05 0.22 0.13
80.00: 0.98 37.26i 23.24
MISC Menods
Monads 2.5-5 68.00 0.84 0.55 0.34
Monads 5.1-10 8.00: 0.10 0.64: 0.40
Moneds <2.5 16.00 0.20 3.20 2.00
92.00 1.13 4.39 2.74
TOTAL 8141.68: 100.00 160.31: 100.00

Table 16a. Phytoplankton composition
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[24 Aeg 1986 Sts. 3 ,
Cslls Cells Biomssy Biemesd
Taxa per/ml X ag/m3 £
[Cuepopigts
nebeene sp. 0 0.00i 0.00 0.00
phenocspsa sp. 1344 14.21 11.83; 8.11
hroococsus 3p. 7520 79.48 3.91¢ 2.68
hroococcus limneticus 4 0.04: 0.97% 067
Lyngbys birgeii 0.04 0.00: 8.62 5.91
Microcystis seruginosa 10 0.11 0.65: 0.45
Merismosedia minima 128 1.35 0.01: 0.01
9006.04: 95.1876 26.00: 17.82
hrgssphgte
Mallomonss psuedocoronats 1 0.01 1.50 1.03
1.00: 0.01 1.50: 1.03
[Creplesigla
Katablepharis ovslis 4 0.04 0.36 0.25
Rhodomones Tens 48 0.51 18.341  12.57
Rhodomonss minuta 76 0.80 6.08: 417
128.00 1.35 24.78; 16.99
Dimephecese
ratium hirundinells 0.12 0.00 10.60 1.26
IGlenodinium pulviscus 2 0.02 7.28: 4.99
Peridinium willei 0.2 0.00 12.33 8.45
2.32 0.02 30.20: 20.70
Bocillarisphyceae
nomoeoneis vitres 30 0.32 2.32 5.02
[Asterionells for moss 0 0.00 0.00 0.00
uclotella spp. 100 1.06 30.00: 20.56
Synedra ulna 0 0.00 0.00 0.00
130.00 1.37 37.32] 25.58
hlerephyts
Elakatothrix gelatinosa 9 0.10 0.49 0.33
100cystis qiges v. incrass. 2 0.02 17.01 11.66
ystis pusilla 16 0.17 2.03 1.39
Planctonems lauter bor nii 48 0.51 1.46 1.00
[Scenedesmus bijuge 11 0.12 0.69 0.48
Tetrsedron muticum 12 0.13 0.65 0.44
98.00 1.04 22.33; 15.31
MISC Menads
Monads 2.5-5 68 0.72 0.55 0.38
Monads 5.1-10 20 0.21 1.60 1.10
Monads <2.5 8 0.08 1.60 1.10
96.00 1.01 3.75 2.57
TOTAL 9461.36: 100.00 145.88: 100.00

Table 16b. Phytoplankton composition
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‘{24 Aeq 1986 Sta. 5
Cells Cells Biemass Biemsss
Taxa per/ml X »q/m3 X
ICgsesphqte
fAnabeens sp. 0 0.00 0.00: 0.00}
tAphanacapss sp. 2240 18.04 19.21 11.68
hroococcus $P. 9664 77.81 5.03 298
Lyngbya dirgeii 0.12: 0.00 12.00: .11
Microcysts seruginosa 0 0.00 0.00: 0.00
Merismopedia minime 0 0.00 0.00 0.00
11904.1 95.85 36.74: 21.17
IChresepigla
Dinobryon divergens 1.00 0.01 0.24 0.14
hrysochromulins parva 4.00 0.03 0.10: 0.06
Mallomonss psuedocororats 1 0.0t 1.50i 0.89
: 6.00 0.05 1.84 1.09
Cryptepdyla
Katablepharis ovalis 0 0.00 0.00 0.00
ryptomonss eross ] 0.01 1.00 0.59
Rhodomongs lens 28 0.23 10.70 6.34
Rhodomonss minute 92 0.74: 7.36 436
121.00 0.97 19.06: 11.29
Dissplgcese
ratium hirundinells 0.04 0.00 353 2.09
enodinfum pulviscus 6 0.05 21.83 12.93]
Poridinmium willei 0 0.00 0.00 0.00
6.04 0.05 25.36; 15.02
Bacillarisphuecese
[Anomosoneis vitres S6 0.45 13.66 8.10
|Asterionela for moss 1 0.01 0.58 0.34
[Cyclotella spp. a8 0.71 26.40: 15.64]
[Synedrs ulns 0 0.00 0.00 0.00
145.00 1.17 40.65: 24.08
{Chlereshgla
Elakatothrix gelatinoss 8 0.06 0.43 0.26
{0ocystis giges v. incrass. 4 0.03 34.02 20.1S
[Oocystis pusills 0 0.00 0.00 0.00
Planctonema lauterbormi 70 0.56 2.13 1.26
'Scenedesmus bijuga 4; 0.03 0.25 0.15
Tetrsedron muticum 4 0.03 0.22 0.13
90.00 0.72 37.05: 21.95
MISC Mensds
Monads 2.5-5 92 0.74 0.75 0.44
Monads 5.1-10 32 0.26 2.56 1.52
Monads <2.5 24 0.19 4.80 2.84
148.00 1.19 8.11 4.80
TOTAL 12420.16: 100.00 168.79: 100.00

Table 16c. Phytoplankton composition
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Leke Mesd

28 Auq 1986 Sta. 1
Cells Cells Blemass :Blemess
Taxe per/ml % »y/o3 %
rgpas payls
Anaboens 3p. 0 0.00 0.00 0.00
Aphanocaps? 8p. 1024 8.42: 9.01 2.33
Chroococcus 8p. 8480: 69.75: 4.41 1.1
Chroococsus limneticus 4 0.03 0.97 0.25
Lyngbys dirgeii 0.04: 0.00 862 223
Microcystis serugingsd 20: 0.16: 1.31 0.34
Merismopedia minime 1216} 10.00 0.14 0.04
10744 88.38 24.46 6.34
Chrysspigla
Dinobryon divergens 2.00 0.02: 0.49 0.13
Chrysochromuling parvs 240.00 1.97 5.81 1.50
Mallomonas psuedocoromnats 2 0.02 3.00 0.78
244.00: 2.01 9.29 2.41
Cryptophyls
Katsblepharis ovalis 0: 0.00 0.00 0.00
Cryptomonss marssonii 136 1.12 59.30 15.36
{Cryptomonas eross 14 0.12 14.00 3.63
Rhodomonss lens 0 0.00 0.00 0.00
Rhodomonas minuta 524 431 41.92 10.86
674.00 5.4 115.22; 29.85
Dissphucese
ratium hirundinela 0 0.00 0.00: 0.00
Clenodinium pulviscus 18 0.15 65.48 16.96
Gymnodinium $p. 24 0.20 6.72 1.74
Gymnodi mium Sp. 24 0.20 36.10: 9.35
Peridinium quadridens 4 0.03 4094 10.60
Peridinium willei 0 0.00 0.00 0.00
70.00 0.58: 149.24: 38.66
Bacillariephacese
Anomosoneis vitres 54 0.44 13.18 3.41
{Asterionells for mosa 2 0.02 1.16 0.30
yclotella spp. 64 0.53 19.20 497
Synedra uing 0: 0.00 0.00 0.00
120.00; 0.99: 33.54 8.69
Chlsrsphyta
hlamydomonss $pp. 92.00 0.76 17.94: 4.65
Elakatothrix gelatinosa 12 0.10 0.65 0.17
Docystis giges v. inCrass. 1 0.01 8.50 2.20
Ooc ystis pusilla 0 0.00 0.00 0.00
Phacotus sp. 4 0.03: 0.92 0.2
Planctonema lauter bornii 24 0.20 0.73 0.19
Platymonas elliptics 16 0.13 16.64: 4.31
Scenedesmus bijug 8 0.07 0.50 0.13
Tetraedron muticum 8 0.07 0.43 0.11
165.00 1.36 46.32: 12.00
MISC Mesads
Monads 2.5-5 92 0.76 0.75 0.19
Monads 5.1-10 20 0.16 1.60 0.41
Momds <2.5 28 0.23 5.60: 1.45
140.00 1.15 7.95 2.06
TOTAL 121572.04 100.00: 386.01: 100.00
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139

TR

0.49

Aphanacapes ¢p.

0

0.00:

0.00

0.00

Chrovcoscus sp.

9792.

§5.08:

5 0%

.77

{Gomphaeplisena la¢ ustris

0

0.00:

0 0o

0.00

Lungbip brrgett

0.1c

000:

12.00:

4.17

Microcistic aeruginos

0:

0.00:

0.00:

0.00

1Simle gells

128

11Y

D0

0.02

I Foppe ——
Merismopedis mimma

384

334

004

0.02

18.6098:

6.4613

[Chrgsephgta

10464.1:

90.919.

Dnmobripon divergers

0.00.

900

030,

0.06

Chrysochromulim parva

72.00:

0.63:

1.74

0.60

Peseudopedinells erensis

0.00:

0.00¢

0.00:

0.00

Mailomonas peueioonronsts |

0:

0.00:

0.00¢

0.00

72.00:

0.63

1.74

0.60

Cryplophyts

Katabieptmris ovalis

0.00%

0.00:

0.00

Cryplomonas marssemi

0.5€:

2736

2.69

Crigptomona #ras

0.0%:

.00

2.43

Fhodomonas ens

0.00:

0.00:

0.00

Phodomanse minuta

3.34

- ',"3"

] L

10.67

3.95:

65.62:

22.78

Dinophyceae

Ceratium hirundirells

300

a3

491

IGlermdinium pulviscus : NO7: 2e12 1010
Glermdinium qumpnginium i 001 2975 10.23
Feridimum willel : .o 0.00: 0.00

0.08:

25.34

Bacillariopbyceae

AncTiponeis vitres 6: .60: 16.84 5.85
Astericnells formoss 0 0.00¢ 0.00 0.00
‘Cixlotella spp. 104 5.90: 71.26: 1083
iCeiotells himapios 2 2032 23 72 8.23

2491

1.52¢

iChlerephgta
iChiamydomonas 3pP.

N

2.71

Elakstothrix gelatinesa

0.00:

0.00

[00cstis gigas v. irkrass. D.03: 32570 11.81
0ocystis pusilla 0.00: pEsi .00
Ooc ystis borgei 0.00: 0.00: 0.00
Planctenems Yauterfornit < 0.55: R 0.69
i Platymarnes elliptica 0.01: V.04 3.3¢
Scendesmue Hijixg 181 g.14 t0t 0.35
{Teiraedron muticum i 0.00C pRVIE 0.00
i 126.00: 45.84: 1592

:MISC Monads

1.09:

"Mongds 2.5-5 e 0.57 0.31 0.31
Momds 5.1-10 7% 0.5 5.75 2.00
HAsneds <2 24 0.2% 4.22 1.67

208.00;

3.98

TOTAL

11509.28.

100.00:

100.00

Table 17b. Phytoplankton composition
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28 Aeg 19865t. 3
Cslls Cells Blemssy Blomass
Tea per/ml % aq/m3 S
sephyls
raboeng 3p. 0 0.00i 0.00: 0.00
aphanocapss p. 1216 16.22 10.70: 5.15
NroocoeL us SP. 5440 72.55 2.83: 1.36
Lyngbya birgeii 0 0.00: 0.00: 0.00
Microcystis ser uginass 16 0.21 1.05: 0.50
Merismopedia minims 0 0.00 0.00: 0.00
6672 88.98: 14.58: 7.01
Chregsepkyta
Dinobryon divergens 0i 0.00 0.00 0.00
IChrysochromuling parve 112 1.49 2.71 1.30
Mallomonas psuedocoronats ) 0.01 1.50: 0.72]
| 113.00 1.51 4.21 2.03
ruplephgls :
Katablepharis ovslis 0 0.00 0.00: 0.00
[Cryptomones merssonii | 88 1.17 38.37: 18.45
ryplomonss erosa 6 0.08 6.00 2.89
Rhodomonss lens 0 0.00 0.00 0.00
Rhodomonss minuts 304 4.05 24.32 11.70
398.00 5.31 68.69: 33.04
Disspheceae
ratium hirundinells 0.08 0.00 7.06: 3.40
iGymnodinium $p. 12 0.16 3.36: 1.62
{Gymnodinium sp. 0 0.00 0.00 0.00
enodinium pulyiscus 6 0.08 21.83 10.50
Peridinium willei 0 0.00 0.00: 0.00
18.08 0.24 32.25: 15.51
Bacillarisphycese )
{Anomoeoneis vitres 50 0.67 12.20¢ 5.87
{Asterionells formosa 3 0.04 1.724 0.8
yelotella spp. 40 0.53 12.00: 5.77
[Synedra ulne 1 0.01 22.0S 10.60
94.00 1.25 4799 23.08
[Chlerespigts
hamydomonas spp. 16.00 0.21 3.12 1.50
Elakstothrix gelatinoss 4 0.05 0.22 0.10
fOocystis giges v. incrass. 2 0.03 17.01 8.18
ystis pusilla 0 0.00 0.00 0.00
Planctonema 1suterbor nii 13 0.17 0.40 0.19
Platymonss elliptice 12 0.16 12.48: 6.00
Scenedesmus bijuge 20 0.27 1.26 0.61
Spheerocystis schroeteri 16 0.21 1.39 0.67
Tetrasedron muticum 0 0.00 0.00 0.00
83.00 1.11 35.872: 17.25
MISC Mensds
Monads 2.5-5 100 1.33 0.81 0.39]
Moneds S.1-10 4 0.05 0.32 0.15
Monads <2.5 16 0.21: 3.20 1.5
120.00 1.60 4.33 2.08
TOTAL 7498.08: 100.00 207.92; 100.00

Table 17c. Phytoplankton composition

67

-




L

S . Cells _ Cells
iTere Poper/ml % : ‘ mg/m3 * 0B

"
s

Biekiass Dlomass

e o e e o ¢ e = e ] e e s -}

t@* sephyls

ApNINOCAPSA 3P,

0

000,

000

020

by

0

000

3.00:

090

rphamr,apta sp.
(Chraoconcys 3p.

5312

82.78.

-~ ot
276!

2.03

IGomphosphseria lacustris

256:

399

210

1.54]

iLarebys birgen

004

0 90:

500

294,

iMoracysts aeruqinase

9

0.00:

0.00:

606

I P
Single celie

153

2357

0.08:

0.96;

Merismopedla mnima

0

0.00:

0 00:

J.00

5720.04

89.1372:

8.94

6.57

Chrysophyta

Dinobryon divergers

700,

RREE

125

Chrysochromuling parve

72.00:

1.12

1.28

Fseeudopedinells erkensis

15008

3.25:

2.40

Mallomonss psuedocoronsta

0:

0.00:

003

4.93

Cryplophyta

95.00:

1.48:

Katablepharis ovalis

0

000

0.00

Cryptomonszs marseoni

13

g.i%

- -
a D
. b

IS ryptomonss eross

e

a.11:

5.14

iRhodomones lens

{0

0.00:

0.80

Fhcdomomas minyta

272

424

15951

289.00:

4.50:

24.33

Dinophycese

iCeratium hirundinella

3.00:

5.18

I2Yergdinium pulviscus

908!
e

LN

0.93:

5.3

Feridimum willei

0.0

0G0l

"N
o
=

10.54

‘Bacillariophyceae

0.03;

o

Ao maennels viires D55 5.54 3.27
Asterinneils formoss 2 0.03: 1.1% .85
'Wucistella spo. 43 0.75: 14.40 1J.58
Cucloteila dodanica 3.92: 11.86 23

iSunetra ying

200

000

bk e ot

26.42

LChlorophyta

1.34:

iChlamuydomonas spp.

o
o
o

0 25

2.29

1 Dakatothnx gelatinoss

0.285¢

0.64

Goc itz i8S v. ircress.

0.03:

12.50

‘Onciystis pusilla 1 0.25: 205 149
[Cocustis borgei 5.0G: 9.00. __ 0.00

:Planctonemas lagterbornil

0.1%:

n.z2

Flatumonas ellistics

D.02:

J.76

Beenede:mus biijuga 008 0.25: G049
a.09 oaf .00

Tetraedron muticem

(=14 I 28 Gooest hr=3 L= L= 3 UnEA Ko =1

18.09

MISC Monads

Momeds 2.5-5 72 1.3 8.58 0.43
Monadz 5.1-110 43: 0.y 324 2.32
WMonaigz 2.9 49: 0.£ 8.00: 3 05
‘- 160.00: 2.4 12.42:  9.13

YoTaL

6417.12

136.12. 100.00

Table 17d. Phytolankton composition
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128 Avg 1986 Sfs. S !
Cells Cells Bismasy :Bismexy
Taxs per/ml X ee/m3 X
aejphgts
Anaboena 3p. 0 0.00: 0.00: 0.00
phanocapss 3p. 1408 19.35: 12.39 7.719
NrOOCOCTUS 3. 5376i 13.87 2.80 1.76
Lyngbys birgeii 0.12 0.00: 12.00 7.54
Microcystis sefugi ross 0 0.00: 0.00 0.00
Merismopedis mimme 0 0.00 0.00: 0.00
6784.12 93.22: 27.19 17.08
hrgseplgta
Dinobryon divergens 4.00 0.05 0.97 0.61
hrysochromulins parva 44.00 0.60 1.06; 0.67
Mallomonss psuedocoronats 8 0.11 12.00! 7.54]
$6.00 0.77 14.04: 8.82
Crgplepiyla H
Katablephris ovalis 0 0.00: 0.00 0.00]
ryplomonss marssonii 23 0.32 10.03 6.30
Cryptomonss eresd 2 0.03 2.00 1.26
Rhodomonas 1ens 0 0.00 0.00 0.00
Rhodomonas minuts 132 1.81 10.56 6.64
157.00 2.16 22.59 14.19
Discphgcese
Ceratium hirundinells 0.08 0.00 7.06 4.44]
{Gymnodinmum sp. 16 0.22 4.48 2.82
Cymrodinium ep. 4. 0.06 4.00 2.51
enodinium pulviscus 1 0.01 3.64 2.29
Peridinium willei 0.2 0.00 12.33 1.75
. 21.28 0.29 31.51 19.80
Bacillariephycese
nomoesneis vitres 48 0.66 11.21 7.36
lAsterionells for moss 1 0.01 0.58 0.37
yclotella spp. 60 0.82 18.00 11.31
[Synedra ulna 0 0.00 0.00 0.00
109.00 1.50 30.29 19.04
iChlersphyta
{Chlamuydomonas spp. 36.00 0.49 7.02 4.41
Elakatothrix gelatinosa 13 0.18 0.70 0.44
ystis qiges v. incrass. 2 0.03 17.01 10.69
ystis pusilla 0 0.00 0.00 0.00
Planctonems lauterbor nii 23 0.32 0.70 0.44
Platymonass elliptics 0 0.00 0.00: 0.00
[Scenedesmus bi jugs 0 0.00 0.00 0.00
Tetraedron muticum 4: 0.05 0.22 0.14
78.00 1.07 25.65 16.12
MISC Menads
Monads 2.5-5 24 0.33 0.19 0.12
Monads 5.1-10 16 0.22 1.28 0.80]
Monads <2.5 32 0.44: 6.40 4.02
72.00 0.99 7.87 4.95
TOTAL 7277.40: 100.00 159.14 100.00

Table 17e. Phytoplankton composition
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v Sta121Sept86 . - - ]
F e Cells. Cells ._Blemsss Blomasa |
s periml % . mg/m3 0%

il:gm-mp!*gh T P :
Anabaens 2. n: 0 00: 0.00: 0.00
Aphanc<apss 2p. 1024 17.66: 9.01: 8.37
Chroococcus 3. 1520: 80.71i 1.83: 1.70
Lungbua birgen 0 0.00: 0.00: 0.00
fﬁx_&_rocwﬁs %7 U1 N0 J 000, 000 000
‘°mq!e X RE 134 2.48¢ 0.07: 0.07
Merismopedia TR M 440 7 54 0.0S: 0.0S
€123: 88.448: 10.97: 10.19

Carysophyts ’ ‘
Dimobryon divergerns 21: 0.36: S.10: 474
Lh_r‘m»hror«u‘m* Nrvy 132 228 319 2.97
pVS-el.\.U eTinellg eriensis 16.00: 928 3:6 303
Mallomonss pauederarassts | 0 Q.00 0.00: 0.00
’ : 150 2.91; 11.56._10.14

{Cryptophyta
Katablephsris ovalis Qi 0.00: 0.00: 0.00
Cr"'to TONEs eIl b 0.1 2.62: 2.43
Cryuplomanas erosa i 0.02 1.00: 0.93
‘P*rn*mc re2 Rfe 0: 0.00: 0.00: 0.00
|k hodomenas minits 112 1.93; 8.9¢ 8.32
119. 00 2.05: 12.58. 11.68

Dinophyceae
Ceratium hirundinella 0.04§ 0.00¢ 3.53: 3.28
Glenodinium pulviscus 0 0.00; 0.00: 0.00
Peridinium =1lled Lk Q.00 0.00; 0.00
0.04: 0.00: 353 3.28

Bacillariophycese
Anomoeoneis vitrea 24 .41 5.86! 5.44]
Asterionslla formesa i 2.00: 0.00: 0.00
Cyclotella spp. 128 2.21¢ 38.40: 35.68
Synedra vim 0 3.00: 0.00: 0.00
152. 00 2.62: 44.26: 41.12

Chlerophyta
Chlamuydomonss 30 D.OD% 0.00: 0.00: 0.00
Blakatothrix glatimes & 0.14 0.43: 0.40
Qocystis qicas v, ircrass. 22 0.01¢ 6.12: 5.69
:Om:.uzﬁs pusilla 18! 028 2.03: 1.89
Wocishs dorged 3 0.05: 2.60: 2.41
{Planctonem aterbor o 11 D17 0.30: 0.28
‘Flatumonas eiliphcs g J.00: 0.06:  0.00
Scenetesmus Diiuca RE 2.008 0.00: 0.00
Tetraedran muticum A 0.0 0.22: 0.20
H 41.72: 0.72: 11.70; 10.87

iMISC Monads :
{Monsns 2.5-5 85 1.8 0.71¢ 0.66
{Monads 5.1-10 £ 4 1.10 5.12 476
iMonads 2.8 36 062 1.20¢ 6.63
i 183. 00 324 1303 12.11

! :
1TOTAL 5797.76% 100.00: 107.63: 100.00

Table 18 a. Phytoplankton composition
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Tt el

- Blemass Blamayl

Taxs . perial % me/m3 .3
Cgenophyta i : : :
Anabaena sp. 0: 0.00. 0.00: 000

Tfhanocapsa sp.

96

163

0.84

0.64

Aphanocapss sp.

03

0.9¢:

0.00:

0.00

1ChroeCoctus 3p.

3544

799

2.35:

1.79

(Lymadys birgen

0.04

0.00:

4.00:

3.03

TMICIC Y FRONINCSR

0:

S.0C.

0.00:

7061

IMerismopedia minima

508:

10 3%

0.07:

0.0s!

143:

251

0.08:

0.08

ISingle Cells

5248.04:

89.0304

1.28:

5.52

iChrysophyta

“Dinohryon divergens

T

0.3t

332

iIChrysochromuling pervg

120.00:

2.04

229

tPosaudopedinells erkessis | 0.00:

0.00:

.00

‘5

0.0

1.14

[ PRI e erniaty
ML mnnas pEuedwirenats

139.00

Dl—lolml s
~Jin|olo|ol

6.66

Crygptophgta

2.36:

Ystablenharis ovalis

0.00:

0.00:

0.00

T - -
Crystomangs marssoni

0.20¢

5.23:

397

Cryntomonss eross

0.03:

2.0G;

1.52

Rhodomonas lens

0.00¢

0.00:

0.00

RNodamorRs minuts

285

13.44

10.20

15.68

Dinophyceae

3.09

20.67:

Caratium hirundinella

300,

10.60:

8.04

iRtenadinium pulviscue

.00

Q.00

0.00

0.Q1:

5.00:

3.7¢9

tPeridinium willei

0.01:

15.60

11.83

:Bacillariophyceae

At moenneis vitres

053

1.56:

5.74

ssterionells formesa

0.00¢

0.96:

0.60

ICiaxlotella 2pp.

P
2.51:

34.40:

33.68

iSuredrs ulna
)

3.00:

.90

0.50

39.42

;thlerophgta

3.04

51.96:

.00

iCNlamydomonas spp. 0.00 1,50 0.00
Dakatothrix gelstiresa 3 0.14 0.43: 0.33
JDovipetis qiges v incrass. 2 0.03: 17.00:  12.90
oot y2tis pusilla 0 5.0 0.00: 0.00
i yatis borged ‘ 0: G i 0.00: .00
iFlarcterems lsutertaran 12: . 020 .38 0.28
Ity raes elliphics : 4 0.07 4.16: 218
iSosnesesmus bijug: 0 3.0 2.00: 000
ITetraedron muticum 4 2.07 .22 0.1
. 30.00 0.51 16.83

fl‘HSII Monads

22.18:

(nacmrds »
- tanads 2.5-5

055

0.42

Momadz 5.1-10 40 G.e5 320 2.43
iMonsds <25 214 1.5 2

5.3535:

4.06

TOTAL

5894.66.

131.82._100.00

Table 18b. P-ytoplankton composition
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. Bierasss Biemsss

.__Cells Cells
Taxy i per/ml % mg/m3 %
Cyanopbgla ’ :
Aphanocapsa $p. 0 0.00: 0.00: 0.00
Aphanocspsa 9p. 0: 0.00: 0 00: 0.00
Chroococrus 3p. 2976; 67.66: 1.55: 0.94
Gomphospheer Tscustris 400: 9 09: 3.28: 200
iLyngbya birge 0.16: 0 00¢ 16 00 3.27
Microcyshe serug vty 22 0.50 1 44 0.88
'Single, cells 96! 2.18: 9.05: 0.03
[Mensmopedia minima 284 8.73: 004  0.03
22.36:  13.65

3878.16. 88.1761:

Chrygssphgta i :

Dinobryon divergens 9.00: 0.20: 219 1.33
Chrysochromuling parva ¢ 88.00; 2.00: 2.13; 1.30
Psszudopedinella erkensis 0.00: 0 00: 0.00: 0.00
Mallomonss psuedocoronsts | 0: 0.00: 0.00: n.00

97.00: 2.21; 432 2.63
Crypisphyla

Katablepheris ovslis 0 0.00: 0.C0: n.00
Cryplomonss merssenii S 0.1 2.18 1.33
Cryplomonss 2rose 3 0.0% 3.00: 1.83
Rhodomonas lens 0: 0.00: 0.00: 0.00
Rhedomornss minuts 112 2.55¢ 8.96: 5.47

120.00: 2.73: 14.14 8.63

Dinophgcese

Ceratinum hirundinsils 0.04 0.09: 353 2.16
Yencginium pulviscus 0: 0.00: 0.0  0.00
Peridinium wiliei i .00 J.00: 0.00
0.04 0.00: 353 2.16

Bacillariephycese
Anorrneoneis vilres 24 0.55: 5.86: 357
Asteronella formoess 0 0.00: 0.00: 0.00
iCiclotella 3pd. 104 2.36: 31200 1904
'Cyciotells bodanics 0: 0.00: 0.00: 0.00
Synedra ulra 0: 0.00: 0.00: 0.50

128.00: 2.91: 37.06: 22.62

Chlorophgta
Chiamydomones spp. 0.00: 0.00: 0.00: 0.00
Blakatothrix gelatinose 8 0.18: 0.43 0.26
Docystis qigss v. incrass. S 0.13: $8.03:  41.52
Dot y2tis pusille 0: 0.00¢ 3 00: 0.00
Oocystic borgel 4 0.09: 2.46: 211
Planctonem Yauter bernii 7 0.16: 0.21i 0.13

Platumones eiliptics 0: 0.0 0.0 0.00
Scenegesmus biiugs 40: 0.91: 2.5z 1.54
Teirzedron muticum 0i 0.00: 0.00: 0.00

67.00: 1.52¢ 74.66: 45.57

MISC Monads ‘

Momyds 2.5-5 5ét 1.188 Q 4z 0.26
iiMenads 5.1-10 3 0.73 Z.56; 1.56
iMenags <25 24 0.55: 4.20: 2.93

108.00: 2.46: 7.18: 4.75

TOTAL 4398.20: 100.00: 163.84. 100.00

Table 18c. Phytoplankton composition




.Sts 1 245¢p106

Cells

Cells

‘Tero

per/ml

B B_t?mm_.B_um;ij

wg/m3 : %N

iCyanaphyta
ALIVEENS 8.

0.00.

000 0.00

tApham-:spsa sp

122

056 0.28

TAphanocapss sp.

0.00:

0.00: 0.00

:Chroococtus sp.

15.30¢

205, 102

.Lyngbua birgeii

0.00:

40 199

(Microcystis 3eroq nosa

0.61:

2.0% 1.04

"Merismopedia minima

2.45:

001 0.01

Single Cells

5.82:

0.16: 0.08

4160.04:

719.5869:

8.72.__ 4.33

Chrysophyte

Dirobrion divergens

10.00:

0.10

743 121

Chrysochromuling perva

140.00:

2.68:

3.39: 1.68

Psseudopedinella erkensis

28.0:J§

054

5.71; 2.84

Mallomonas psuedicorenats

0.02:

1.50: 0.7%

Cryptephgta

179.00

3.42.

13.03__ 6.48

K atsblentrns ovalis

o

.00

900 000

Cruptomonss marssanii

30

0.57

13.08: 6.50

Cryptomorsas erasg

0.19:

10.0C: 497

Rhodomonss lens

10¢
0

0.00¢

0.00: 0.00

Rindomonss minyta

424

8.11:

33.92:  16.87

464.00:

Dinophgcese

8.88:

57.00: 28.35

Ceratium hirundimzlla

3.00:

000 0.00

‘Senodinium pulviacus

0.00:

0.00: 0.00

[Periginium willel

0.00:

0.60: 0.00

! 0.0 0.00: 0.00: 0.00

Bacillariophyceae

Anomoeoneis vitrea 23 0.44 S.61: 2.79
Q:

"Asterionella for mose

0.00¢

0.00: 0.00

ICyalotells 2pp.

413

64.80: 3222

Syredra uing

0.0¢:

.09 J.00

4.57

Chlorephgta

70.41__35.02

Chlamudomanes 3D

0.00.

500; _ 0.00

lakatothrix gelatinoss

0.08:

0.22; 0.11

Qocystis Jigss v. incrass.

0.08!

3402 1692

Cozysts pusilla

0.00:

0.00: 0.00

(g ipatis borgel

0.00:

0.00¢ 0.00

1Planctonema lagter bornti

0.10;

0.15: 0.068

i Dlatymorms e1iptica

0.08:

4.16: 2.07

1Sc2nedesmus bijuss

r)

0.38:

i.261 0.63

iTetraedron muticum

0.0%:

0.22% 0.1}

41.0

0.78;

40.02. 19.90

MISC Monads H

iMonads 2.5-5S 55! 1.30: f; S5 327

Monads 5.1-10 32 0.61: 2.56: 1.27

iMoneds 125 44 0.84 3.80: 438
144.00: 2.75: 11.91) 5.92

:TOTAL

§327.04

100.00:

201.09. 100.00

Table 19a. Phytoplankton composition

73

..
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P

"l .

Siomaas

o e m————— 4

_Biemsss |

%

m/u.’»

Amataer '8 D

|

Ap_harmo 8 p.

lAptanosapss 2p.

IChroococc us 3p.

|Gomphespheeria lacysins

{Lurg;bua Nrgen

tl‘*\ rociyzhie gerugi e

,:m;’e cells

*Men«morh‘na minima

4992.04:

h_gsophg‘ta

Tu._

76.00

Danobryon divergens 0.43 532 3.33
‘Chrysochromuling perva 175.00: 2.92 4.26: 226
[Psseudopedinella erkensis 16.00: 027 326 172
Mallomonds psuedocoronata ! 2 0.03 3.00: 1.58

:  220.00: 3.65 16.84.  8.89:

Crygptophyta

(Katablepharis ovalis

Cryptomonss marsxnii 2 10.4¢ 52
Cryptomonas £ros3 9.16 & 00 317

Rhodomonss lens

Q.01

Fhodomonas mingte

2618

ol

382

Qe 8120

Dinophyceae

44.62§

Cerstium hirundireila

1050

Glenadinium pulviscus

0.0

Peridiniym willei

21202

0.12;

10.60:

Bacillariophyceae

30

{&nomoesneis witres 2.50 338 3.88
Tasterinnella for mose 0 0.00: 0.00: 000
iCuciotella 2pp. 218 358 5450 3519
iCiclotells bodanica 2 D.03: 21320 1251

{3 .00 0.00: 0.00

iSynesra uina
]

248.00:

95.84:

50.56

iChlorophyta

Chlamuydomonas $pp.

0.00.

0.00

Blakatothrix gelatinoss

0.0

10ocystis qiges v. incrass.

4.45

iCocysts borgei

0.00

C ey SO O

wigoM!IR

Planctonems lauter bor nii 313 D.12:
Platymenas elliptics 3.0 00N
Scenedesmus bijucd 1 027 38%
Tetraedran muticurm 913 k. .22

3 R

33.00:

Ol = |w i@

b

5.37

MISC Monads

LR

iMords <25

160.00:

Monate 2.5-5 128 2.1 104 D.53i
Monads 5.1-19 32 0.53 2.5% i 35,
B Q.00 Q.00 5.00

1.90

3.60:

TOTAL

6035.16;

100.00:

189.53.

100.00;

Table 19b.

Faytoplankton composition
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Sta 3 24S¢pt86

. Biemsss -Biemass

! Cells - Cells
(Taxe per/ml | 0% mg/m3 L |
Cyanophyta :
lAnmem 5. o 0.0, 000200
[Aohenocepes op 0: 0 00: 000 000
Thrmus 3p. 4576: 80 04 2.38: 1.35
" angbys birgen 0.08: 0.00: 8.00: 454
M\cmcx;hs e 1 Qi3 0: 0.00: 0.00: 9.00
Tindle, cells 232 406 1o 107
yMerismuDedE MMMy R 0.00: 0 Q0: J3.00
| 4808.08: 84.0997. 10.50: 5.96
Chrysophyta : ;
D\mbruon Jivergens 2.00¢ 0.03: 0.49: 29
nrl.r-c-*hror_r_s_!,o_na ngrws 1 208 008 364 5.03: Z.85
lepuoom inelle eriersis .00 0.00: 0.00: .99
.m.lurm..a,y@,Lmronats : 0 0.00: 0.08: 4.00
i 210.00: 367 5.52: 3.13
1Crgptophgta
'Katabienharis ovaiis i} 0.00: 0.00¢ 300
‘Cruptomords marswnil 32 0.56: 13.98: 7.91
iICryplormsnias eross 3: 0.0S: 300 170
Rhcdorunss 1ens Q: 0.00: 0.00: 2.00
Phodomronds minuty 308 5.39 2464 1393
343.00: 6.00: 41.59: 23.59
Dinophyceae
ICaratium hirundinells 0.04: Q.00 3.53: 2.00
FSienodinium pulviscus 0: 3.00: 0.00: 0.00
TPeridinium willei 0: 0.00: 0.00 2.00
' 0.04: 0.00: 353 2.00
"Bacillariophyceae ;
‘Aromoeoneis vilrea 24 0.4%% .86 3.32
iasterionella for moss 2 0.0%: 1.16: 3.66
'Cyclotella spp. 2265 3.8% 66.008 37.43
Siyradra ulna i .00 0.00: 2.00
; 246.00: 4.30: 73.02; 41.41
:Chlorephyta §
Chiamulemonas 300. 0.00 0.00: 0.00: 3.00
Blakatothrix elatimas2 16: 0.28 0.87: 2.49
Wacyshis §igas v. incrass. 4 0.07 3402: 192
Cocystis pusilla Q: 0.20¢ 0.00: 3.00
iDocystis borgei 2i N.03 1.73: 3.93
'P‘ nctone ms 1«111&*5:"!111 Q: .00: 0.00: 2.00
iPiatumonas i1l ptics 0i 0.00 0.00¢ .20
'Scenedesmus bw.m: 4 0.07: 0.2%: 2.14
iTetrasdron muticum 0 0.00: 000 .00
2 26.00: 0.45: 36.87:  20.91
iMISC Honads
{Monads 2. A0: 0.7 0.32 018
Morads © 1- ! r‘ 32 0.56&: 2.56: 1.45%
{Maneds 2.5 12 D21 240i .36
84.00§ 1.47: 5.28: 3.0
i TOTAL 5717.12% 100.00: 176.31: 100.00
!‘ : : i ;
Table 19c. Phytoplankton composition
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iCysnophyta
IAPRINICIPRS :

wg/m3

Blomsss_ Biemass ]

113

0.00:

Pﬁampu zp
i hreocaceus o

1.36:

St phespheeris T ustris

A

PeaPa0iE DIrgen

4.00:

Mcrocusha sriaziness

N.00:

:- "h‘ f 7]!.

0.08:

"‘ﬁ"*r‘u:“e*‘s minma

0.00:

!

{éhrgso_pﬁgta

4032.04

82.9454

8.39

imbryon divergers

700

014

130

'Chrusechramuling 5arve

132.00:

3.95:

465!

Pasegdaredinells erkensis

3.00:

0.1é&:

I 63

"Mallomens jiredocoronsty

1

5.02:

SIE

208.005

iCryplophyta

4.28:

9 43

MV atablephanis ovsiis

900,

U.OO?

o ryptemones marssonii

——

0.27:

567

ICryptemenas £rasa

0.1C

5.00:

Rhodomonas lens

0.00:

0.00¢

Rhodsmonse minuta

[82]

6.583:

25.80:

QRIS

OFJ

338.

6.95

Dinsphyceae

36.27;

0.00:

—
T 53
P

Ceratium hirundineils 0.04 ' : 2.27
Grenedinum pulvisous 0.00: 0.00: N.00

Perinnium wilel

0.0C:

0.00:

\

e
=3

!Bacmariophgceae

0.00:

3.53:

ANOMEESDEls vitred

.38

4.15%

Asterioneiis fCromse

0.0z

n.5&

oyclotella spo.

2.88:

42.00:

o ctotella Sudanics

0.0¢:

35.5%

:Chlorophyta

3.31:

82.30:

iChlamydomanas 2pp.

0.00.

i 005

1E1gka tofhn'x ge'atinosy

0.00:

.00

Cm‘s 13 qigas v. incrass.

0.0z

3.50:

r;shs pust’ia

0.99:

5.08:

!'oﬂ..'\.* boraeld

0.00%

0.00:

}
[k ] [P P F .33
i 3NCTONEME 1A Wer 3o ol

8.3¢:

012

‘Platyrmsnas sNishes

0.02:

LS

iSeenedesmus Miugs

0.16:

5.50¢

= .
srerrgedran muticum

0.03:

Q.z2¢

)
1]

:MISC Monads

0.32;

10.39?E

0 nEds .‘ E-%

1.23

PMorads 5.1-10

0.66:

”"‘ nads -2.5

2.25:

onfn
a2 fu =

2.14

Drolrno
:-ﬁ.m‘u
I Lot el Ku i T

100.00

{TOTAL
i

4861.08

100.00

15530

Table 19d. Phytoplankton composition
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32,
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Table 19e. Phytoplankton composition
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zooplankton biomass (utilizable by forage fish and juvenile predators) without
dramatically increasing the standing stock of algae, thus minimizing changes

in water clarity.

5.4.3 Water Clarity

Secchi depth measurements are presented in Table 20. The maximum
difference between the cove and the controls was only ~0?7 m in PF 1 and
occurred two days after peak algal biomass was observed. No visual
differences were seen from the boat or from an overflight about 3000 feet
above the cove on Day 3 of PF I.

A much more dramatic effect was seen during PF II. The water in the
inner cove was noticeably greener on the day following fertilization than at
the outer stations and secchi depth was reduced more than 2 meters (out of
about 10m). This "greenness" persisted for at least two more days (and is
evident from Table 20) despite the flushing and relatively poor viewing
conditions due to wave action. However, water clarity was still excellent in
the inner cove and actually exceeded the clarity measured two weeks earlier,
prior to fertilization.

Table 21 summarizes values of vertical extinction coefficients
calculated by linear regressions of the quantum photometer (1ight meter)
vertical profiles. Data are presented for the day prior to each fertilization
and then at maximum chlorophyll for PF I and near-maximum chlorophyll for PF
IT (it was too rough on the lake on day 2 when chlorophyll reached its maximum
value). It can be seen that there was little difference between pre and post
fertilization values during PF I, either inside or outside the cove. During
PF 11, the extinction coefficient increased in the inner cove but actually

decreased in the middle and outer cove.
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Table 21. Cathedral Cove vertical light extinction coefficients
(k,inm™'), PF | and PF |I. Values determined by linear regression

of Ln 1(z) versus depth. r>0.97 for all values. A depth range of 8 meters
was used for Station 1 on 24 August, 9 meters for Station 1 on 27
August , and 10 meters for all other data sets. Peak chlorophyll levels
occurred on 27 August for PF | and 24 September for PF 11. Light atten-
vation data were not collected on 24 September because of rough weather.

STATION ! 2 3 4 5 X + SD.

24 August 1986 ( PF |, Pre):

0.31 0.29 0.29 0.30 0.28 0.29+0.01
27 August 1986 ( PF I, Post):

0.29 0.30 0.30 0.28 0.25 0.28+0.02
21 September 1986 ( PE_1I, Pre):

0.30 0.27 0.28 0.27 0.28 0.28:0.01
23 September 1986 ( PE i1, Post):

0.35 0.21 0.23 0.25 0.26 0.26:0.05
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It is also interesting to note that even though clarity improved
markedly, as measured by secchi depth, between the two experiments, the
extinction coefficients showed only a small change. Although a complete
analysis of this phenomenon is beyond the scope of this study, it is clear
that because of differences in the relative influence of suspended sediment,
phytoplankton, and light absorbing solutes on light attenuation in the lake,
extinction coefficients and secchi depth may not always correlate well. These
observations have been noted by other researchers for natural lakes and

reservoirs (10,25,39).

5.4.4 3Salinity Effects/Major Anions and Cations

A1l available evidence has shown that fertilization of the Overton Arm
of Lake Mead, at the proposed levels, will not significantly increase the
salinity of the 1lakewater. This conclusion is based on calculations,
laboratory studies (Section 4.1), and the results of the Cathedral Cove
pilot-scale experiments in August and September 1986 (Tables 22 and 23).

Field measurements of specific electrical conductivity (EC) before,
during, and after the fertilizations showed that salinity was not
significantly increased. Even in the inner portion of Cathedral Cove, where
almost 3x the proposed dose for the Overton Arm was supplied in September
1986, we did not measure a significant increase in EC. During PF 1, within 2
hours of the actual fertilization, we conducted an intensive survey of the
inner cove. Eight Hydrolab profiles of temperature, pH, conductivity, and
D.0. were measured along an east-west transect of the inner cove and no
significant differences were found.

. The field EC data were further corroborated by complete analyses for TDS,
Na, K, Ca, Mg, HCO,, co,, b], S0,, and Si0, performed by the U.S. Bureau of

85




Table 22 .Specific electrical conductivity (EC, in umhos/cm) in the
epilimnion of Cathedral Cove, Lake Mead during fertilization pilot studies
in 1986. Data are from the inner cove (*1), mid-cove (*2), outer-cove
(*#3), and control stations *4 and *5 in the Overton Arm outside the cove
Data expressed as mean +s.d. for n depths within the mixed layer, Ze,

before and after the fertilizations on 25 August and 22 September. The
data for stations 1 and 2 for August 25 were collected immediately
fertilizing these regions. Stations 3, 4, and S were sampled just prior to

fertilization.
STA | STA?2 STA3 STA 4 STAS
8/24: Ze >Sm 13m 13m 14m 14m
EC, 807+ 1 806+ 2 806+ 1 805+ 1 804+ 1
n 10 13 14 15 15
8/25: Ze 10m 12m 11-12m 12m 12m
ECe  B824:9 830+10 827+13 822+9 819+9
n 1 13 12 13 13
8/26: I, 11-12m i1-12m 11-12m 12m 12m
ECe 835+7 840+3 83645 836+S 83G+4
n 12 12 12 13 13
8/2V. I, >15m 16m 17m 17m 16.5m
EC, 802:1 801+1 801+1 802+1 800+2
n 16 17 18 18 18
9/23: I,  >15m . 19m 18"m 19m 18"m
EC, 802+0 800+3 801+2 801:2 801+2
n S 1R 9 12 13
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TABLE 23.Summary of the resulls of salinity analyses parformed by the U.S. Bureeu of Reclamation
on water ssmples collected during the Cathedra! Cove, Lake Mead pilot-scale fertilizstions in 1986.
The sampling dates ars two days following enrichment with granular fertilizer in August and with
liquid fertilizer in September 1986, respectively. Stations 1, 2 and 3 were locsted within the
forti1{2ed aree, &nd stations 4 and S were control aress outside of the cove. Field pH and electricsl
conductivity (EC) are avereges taken from verticsl profiles throughout the epilimnion by UNLY. Al
other dsts were determinad in the USBR, Lower Colorado Region, Sofl and Water Laborstory on 0-Sm
d=pth-integrated composite water samples. EC inumho/cm, el other data in mg/1.

DATE STATION pH tC DS Na K Ca Mg
Field/Lab Field/lab

27Ag1986 1 80 74 840 848 584 66 4 68 26
2 85 76 839846 587 66 4 68 26
3 84 76 840846 589 66 4 69 26
4 84 76 844843 583 66 4 68 26
5 83 78 843845 562 66 4 68 26
245p1986 | 84 74 802834 560 64 4 68 26
2 84 74 80289 553 63 4 68 26
3 84 74 802832 558 63 4 68 26
4 - 75 - 830 555 63 4 68 26
S 83 77 801828 552 63 4 61 25
DATE STATION  HCO3 Cl S04 Si0,  USBR
Lab. *
27A03 1986 1 149 60 228 9  86-3748.
2 151 59 230 9  86-3749
3 144 57 230 8  86-3750
4 12 64 226 9  86-3751
5 156 53 223 9  86-3752
24591986 1 146 57 223 8  86-3753
2 151 S3 216 8  86-3754
3 156 53 216 9  86-3755
4 142 57 223 8  86-3756
5 154 59 218 8  86-3757
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' Reclamation (Table 23). EC was also determined independently in this

laboratory. The analyses were performed on two sets of 0-5 meter integrated
composite water samples, one from each fertilization experiment. They were
sampled approximately 48 hours after the initial application to allow the wind
to vertically mix the fertilizer throughout the epilimnion. The five samples
corresponded to the five station transect used for all limnological monitoring
in the study. Stations 1, 2, and 3 were inside the cove, and stations 4 and 5
were the designated control sites outside the fertilized cove.

The data clearly show that neither salinity, as estimated by TDS and EC,
nor any of the major anions and cations were significantly increased by
fertilization with either granular (diammonium phosphate plus ammonium
nitrate) or liquid (ammonium phosphate/polyphosphate plus ammonium nitrate)
formulations. This finding is consistent with the field measurements of EC
reported earlier (<4% relative percent difference between the field and lab

values). Only if extremely high doses of these fertilizers were applied,

orders of magnitude higher than those proposed fér the Overton Arm and Gregg
Basin experiments, could one reasonably expect to see an effect on the
salinity of Lake Mead water.

It should also be noted that neither ammonium nor phosphate are
routinely considered to contribute to the salinity of water bodies. They are
nutrients which, even immediately after fertilization, will be present at
levels thousands of times lower than the major components of the salt load of
Lake Mead water. This fact is either explicitly stated or inferred in
virtually every limnology and water quality textbook. Dr. Wetzel states on p.
143 of his textbook Limnology (39, one of the most widely used texts in North
America), "The concentrations of four major cations, Ca, Mg, Na, K, and four
major anions, HCO,, co,, §0‘, and C1, usually constitute the total ionic

"salinity" of the water for all practical purposes. The concentrations of



'ionized components of other elements such as nitrogen (N), phosphorus (P), and
jron (Fe), and numerous minor elements are of immense biological importance,

but from the standpoint of the composition of water they are small.”

Similarly, Dr. G.E. Hutchinson, who is generally considered to be the
"father" of modern limnology, writes on p. 553 of Volume I-Limnology (18):
" it would be more satisfactory to define salinity as the concentration

of the Na, K. Mq, Ca, €03, SO4., and halide (C1) present, all bicarbonate being
converted to carbonate.”

5.4.5 Nutrients

Concentrations of ammonium-N, nitrate (+nitrite)-N, total-N, ortho-P,
dissolved-P, and total-P in surface water composites (0-5m depth) are
summarized in Tables 24 a-f. Values measured on the fertilization days (25
August and 22 September) are not representative of the entire epilimnion
because the fertilizer had not yet mixed completely. For PF II, we collected
a separate set of discrete depth samples the day before, immediately after the
fertilization was complete, and the fo119wing morning from Station 2 in the
middle of the cove (Figure 18). The results indicate that most of the spike
was concentrated in the upper 5 meters on the first afternoon but that by the
following morning, the nitrogen and phosphorus were well mixed throughout most
of the epilimnion. Further, the mean concentrations on Day 1 (23 September)
were significantly lower than the predicted values which were calculated as
the actual fertilizer load divided by the estimated volume of the mixed layer
in the cove (listed in Table 14). This was probably due to a combination of
horizontal patchiness in the original distribution of fertilizer, exchange
with the main lake, phytoplankton uptake (especially luxury uptake of

ortho-P), and adsorption of phosphate onto suspended silt particles.
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Figure 18 c,d. Cathedral Cove: Vertical profiles, PF 1I:
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The time courses of dissolved inorganic-N (DIN=ammonium-N + nitrate-N +
nitrite-N) and ortho-P depletion from the cove are plotted in Figures 19 and
20. Conclusions which can be drawn from the nutrient data include:

1. Fertilizer additions near the lake surface were rapidly dispersed
(-24 hours) throughout the mixed layer (epilimnion) by moderate winds; |

2. Orthophosphate was rapidly transformed into particulate-P due to
algal assimilation and to a lesser extent adsorption to silt. It disappeared
overnight in PF I ( >75% in particulate form). More than 75% of the (larger)
PF II spike was associated with particles after only 2 days;

3. Depletion of ammonium-N was faster than for nitrate. Preferential
NHs-uptake is typical of phytoplankton communities, particularly when
inorganic nitrogen is deficient (3). Both forms of nitrogen are readily
available for algal uptake;

4. The 1liquid 10-34-0 phosphorus fertilizer was recovered almost
entirely in the ortho-P fraction immediately after addition to the lake.
Previous laboratory analyses (and the manufacturer’s formulation) had
indicated it was comprised of equal amounts of ortho-P and polyphosphates.
This rapid hydrolysis of polyphosphates could be due to extracellular alkaline
phosphatases, released by P-deficient algae. This hypothesis is consistent
with previous studies of phosphatase activity by the UNLV Limnological
Research Center in the period 1979-1981 (6). In any event, this formulation
is readily available to algae;

5. The elevated concentrations of inorganic nitrogen and phosphorus
which resulted from fertilization were rapidly assimilated by nutrient
deficient algae and returned to normal (pre-fertilization) levels within
several days. Even though this process was hastened by dilutional flushing
from the main lake, the field data we collected, together with the nutrient

enrichment bioassay experiments, strongly indicate that a relatively rapid
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(-1-2 weeks) return to pre-fertilization conditions would occur following a

large-scale fertilization of the Overton Arm or Gregg Basin.
6.0 CONCLUSIONS AND RECOMMENDATIONS

Principal goals of the Prefertilization Study were:

* to determine the most suitable type(s) of fertilizer for large-scale
additions to Lake Mead;

* to evaluate methods of fertilizer applications;

* to make recommendations regarding the frequency of fertilizer
additions.

The conclusions and recommendations which follow are based upon the
results of the present study. However, it is important to note that this
information was used to design and implement the first large-scale
fertilization of Lake Mead which was conducted in the Overton Arm on May 30,
1987. Consequently, some of the following conclusions from the
Prefertilization Study have been substantiated by the preliminary results of
this large-scale test. An overview of the 1987 Overton Arm Fertilization has

been appended as Section 8.0.

Conclusions and Recommendations:

1. Liquid ammonium polyphosphate (10-34-0) is currently the most
suitable formulation of phosphorus fertilizer for use in Lake Mead.

2. Either liquid ammonium nitrate (20-0-0) or granular ammonium nitrate
(34-0-0) are most suitable for use as a nitrogen supplement in Lake Mead
during mid or late summer when low levels of inorganic-N could necessitate

N-enrichment, in addition to P-enrichment.
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3. Dispersing liquid fertilizer(s) from slowly moving boats appears to
be the most cost-effective method of uniformly applying fertilizer to surface
water at a rate of about one gallon per acre. Over 1000 volunteers and about
300 boats effectively applied fertilizer to about 19,000 acres on May 30,
1987. Effective planning prevented major mishaps and the event was very
successfully carried out (see section 8.0).

4. Alternative application methods which could be used are:

* spraying from a barge with a storage tank of about 2000 gallons.
This would require a one-time capital investment in the barge, tank(s), and
pumps. This arrangement would allow for uniform fertilizer dispersal over a
period of several days to about a week (assuming a 20,000 gallon enrichment in
the Overton Arm).

* spraying from a large aircraft with a capacity of 1000-2000
gallons. This method has been successfully used in British Columbia and
Alaska, but we estimated its cost to be at least $12,000-$15,000 for the
Overton Arm, which is substantial. Another consideration would be ownership
of the aircraft; that is, how much control, and at what cost, would the
Committee have over the timing of the spraying. ~Delays of any sort,
particularly as related to weather, could cause major cost overruns unless the
aircraft was local.

5. It does not appear that river injection of fertilizer would
significantly improve fertility in the Overton Arm (via the Virgin or Muddy
Rivers) or in the Iceberg Canyon/Gregg Basin areas (via the Colorado River).
However, there is the potential for improving fertility in Virgin Canyon and
Temple Basin by using the proposed Spring Canyon Reservoir discharge to
disperse fertilizer. More detailed studies of the Spring Canyon Pump
Storage Project, as re1ate& to improving the fertility of this region of Lake

Mead, are recommended.
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6. Weekly enrichments of several partsfper-bi1lion phosphorus
throughout the spring would probably best simulate the higher P-loading which
occurred historically. However, this type of program would be relatively
difficult to evaluate experimentally. The following are recommended:

* A first-year large-scale enrichment of ~20 ppbP in spring when the
lake is thermally stratified, ample inorganic-N is present in the epilimnion,
and threadfin shad and bass are spawning.

*  Multiple (smaller) fertilizations to prolong the period of enhanced
primary production in the spring should be tested. The exact frequency and
intensity of these fertilizations will depend upon the results of the first
year test, in addition to considerations of cost and potential effects on
other beneficial uses of the lake.

* A test fertilization of coves in the fall when inorganic-N is
reintroduced into the euphotic zone by wind mixing of the upper hypolimnion

(containing relatively high nitrate) should be conducted. Increased
phytop1anktoq and zooplankton production at this time could enhance

over-winter survival of forage and game fish populations.

103



7.0

REFERENCES

Ahl, T. and T. Wiederholm. 1977. Swedish water quality
criteria. Eutrophication elements. Nat. Swed. Environ. Protect. Bd. PM

918.

Arizona Game and Fish Department and Nevada Department of
Wildlife. 1982. The status of the black bass fishery in Lake Mead and
a program toward restoration and enhancement. Final Report to U.S.

Bureau of Reclamation. Contract No. 7-07-30-X0028.

Axler, R.P., R.M. Gersberg, and C.R. Goldman. 1982. Inorganic nitrogen

assimilation in a subalpine lake. Limnol. Oceanogr. 27:53-65.

Axler, R., L. Paulson, P. Vaux, P. Sollberger and D. Baepler. In
press. Fish Aid-The Lake Mead Fertilization Project. In Lake and
Reservoir Management: Pro. 7th Ann. Int. Symp. N. Amer. Lake Manage.
Soc., Nov. 3-7, 1987, Orlando, FLA. N. Am. Lake Manage. Soc.,

Washington, D.C.

Baker, J.R. and L.J. Paulson. 1983. The effects of limited food
availability on the striped bass fishery in Lake Mead. 1In: V.D. Adams
and V.A. Lemarra (eds.), Aquatic Resources Management of the Colorado

River Ecosystem. Ann Arbor Sci. Publ. p. 551-561.
Brown and Caldwell. 1982. Water quality standards study. Report
submitted to Las Végas Valley Water Quality Program by Brown and

Caldwell Consulting Engineers, Inc. Sacramento, CA.

104



10.

11.

12.

13.

14,

California Fertilizer Association. 1975. Western Fertilizer Handbook.

California Fert. Assoc., Sacramento, CA. 250 p.

Carlson, R.E. 1977. A trophic state index for lakes. J. Fish. Res.
Bd. Can. 29:673-682.

Davidson, R.G. and C.E. Boyd. 1981. Phytoplankton response to liquid
fertilizers. Prog. Fish-Cult. 43:126-129.

Edmondson, W.T. 1980. Secchi disk and chlorophyll. Limnol. and
Oceanogr. 25:371-372.

Evans, T.D. and L.J. Paulson. 1983. The influence of Lake Powell on
the suspended sediment-phosphorus dynamics of the Colorado River inflow
to Lake Mead. In: V.D. Adams and V.A. Lemarra (eds.), Aquatic Resources
Management of the Colorado River Ecosystem. Ann Arbor Sci. Publ., p.

57-68.

Farm Chemicals Handbook. 1986. R.T. Meister (ed.). Meister Publ. Co.,
Willoughby, OH.

Forsberg, C., S. Rydeny, A. Claesson, and A. Forsberg. 1978. Water
chemical analyses and/or algal assay? Sewage effluent and polluted

lTakewater studies. Mitt. Internat. Verein. Limnol. 21:352-363.

Haley, J.S., S. Leav{tt, L. Paulson, and D.H. Baepler. 1987. Wildlife

agency efforts to improve fish habitat by introducing artificial and

105



15.

16.

17.

18.

19.

20.

natural cover. lLake Mead Limnological Research Center Technical Report

No. 15, University of Nevada-las Vegas. 34 p.

Haley, J.S., S. lLeavitt, L. Heki, L. Paulson, and D.H. Baepler. 1987.
Annotated bibliography to largemouth bass habitat requirements,
artificial cover, and terrestrial and aquatic plant introduction. Lake
Mead Limnological Research Center Technical Report No. 17, University of

Nevada-lLas VYegas. 36 p.

Haley, J.S., S. Leavitt, L. Paulson, and D.H. Baepler. 1987. Lake Mead
Cover Enhancement Project. Lake Mead Limnological Research Center

Technical Report No. 18, University of Nevada-las Vegas. 117 p.

Healey, F.P. 1975. Physiological indicators of nutrient deficiency in

algae. Fish. Mar. Serv. Res. Dev. Tech. Rep. 585.

Hutchinson, G.E. 1975. A treatise on limnology. Volume 1 (Part 2)-
Chemistry of lakes. John-Wiley and Sons, New York. 1015 p.

Hyatt, K.D. and J.G. Stockner. 1985. Responses of sockeye salmon to
fertilization of British Columbia coastal lakes. Can. J. Fish. Aquat.

Sci. 42:320-331.

Janik, J.J. 1984. The role of nanoplankton in the phytoplankton
dynamics of four Colorado River reservoirs (Lakes Powell, Mead, Mohave

and Havasu). M.S. Thesis. University of Nevada-las Vegas.

106



21,

22.

23.

24,

25,

26.

27.

Kellar, P.E., S.A. Paulson, and L.J. Paulson. 1981. Methods for
biological, chemical, and physical analyses in reservoirs. Lake Mead

Limnological Research Center Technical Report No. 5, University of

Nevada-lLas Vegas. 234 p.

Koenings, J.P. and R.D. Burkett. In press. The population
characteristics of sockeye salmon smolts relative to temperaturé
regimes, euphotic volume, fry density and forage base within Alaskan

lakes. Can. J. Fish. Aquat. Sci. Spec. Publ. 1986.

Lara, J.M. and J.I. Sanders. 1970. The 1963-64 Lake Mead
survey. U.S. Bureau of Reclamation Report No. REC-OCE-20-21. 169 p.

LeBrasseur, R.J., C.D. McAllister, W.E. Barraclough, 0.D. Kennedy,
JManzer, D. Robinson, and K. Stephens. 1978. Enhancement of sockeye

salmon (Oncorhynchus nerka) by lake fertilization in Great Central Lake:

Summary Report. J. Fish. Res. Bd. Can. 35:1580-1596.

Lind, 0.T. 1986. The effect of non-algal turbidity on the fe]ationship
of secchi depth to chlorophyll-a. Hydrobiologia 140:27-35.

Longwell, C.R. 1936. Geology of the Boulder Reservoir floor. Geol.
Soc. Amer. Bu]l. 47:1393-1476.

Mayer, L.M. and S.P. Gloss. 1980. Buffering of silica and phosphate in

a turbid river. Limnol. Oceanogr. 25:12-22.

107



28.

29.

30.

31.

32.

33.

34.

Metzger, R.J. and C.E. Boyd. 1980. Liquid ammonium polyphosphate as a
fish pond fertilizer. Trans. Amer. Fish. Soc. 109:563-570.

Morgensen, S.A. 1983. Factors affecting the production and recruitment
of largemouth bass, Micropterus salmoides in Lake Mead. M.S. Thesis,

University of Nevada-lLas Yegas.

Paulson, L.J., J.R. Baker, and J.E. Deacon. 1980. The limnological
status of Lake Mead and Lake Mohave under present and future powerplant
operations of Hoover Dam. Lake Mead Limnological Research Center

Technical Report No. 1, University of Nevada-lLas Vegas. 229 p.

Paulson, L.J. and J.R. Baker. 1983. Interrelationships among
nutrients, plankton, and striped bass in Lake Mead. Lake Mead
Limnological Research Center Technical Report No. 10, University of

Nevada-Las Vegas. 94 p.

Paulson, L.J. and J.R. Baker. 1984. The limnology in reservoirs on the
Colorado River. Lake Mead Limnological Research Center Technical Report

No. 11, University of Nevada-lLas Vegas. 275 p.

Prentki, R.T. and L.J. Paulson. 1983. Historical patterns of
phytoplankton productivity in Lake Mead. In: V.D. Adams and V.A.
Lemarra (eds.), Aquatic Resources Management of the Colorado River

Ecosystem. Ann Arbor Sci. Publ. Ann Arbor, MI. p. 105-123.

Prentki, R.T. , L.Jf Paulson, and J.R. Baker. 1981. Chemical and

biological structure of Lake Mead sediments. Lake Mead Limnological

108



35.

36.

37.

38.

39.

Research Center Technical Report No. 6, University of Nevada-las Vegas.

89 p.

Rast, W. and G.F. lee. 1978. Survey analysis of the northern American
(U.S.) OECD eutrophication project: Nutrient loading-lake response
relationships and trophic state indices. EPA-600/3-78-008.

Stockner, J.G. 1981. Whole-lake fertilization for the enhancement of
sockeye salmon (Oncorhynchus nerka) in British Columbia, Canada. Verh.

Internat. Verein. Limnol. 21:293-299.

Stockner, J.G., K.S. Shortreed, and K. Stephens. 1980. The British
Columbia lake fertilization program: Limnological results from the
first two years of nutrient enrichment. Can. Tech. Rep. of Fish. and
Aq. Sci. No. 924, Dept. of Fisheries and Oceans, Resource Serv. Branch,

W. Vancouver, B.C. 91 p.

U.S.E.P.A. 1974. The relationship of phosphorus and nitrogen to the
trophic state of northeast and northcentral lakes and reservoirs.
National Eutrophication Survey, U.S. Environmental Protection

Agency, Working Paper No. 23.

Wetzel, R.G. 1975. Limnology. W.B. Saunders Co., Philadelphia, PA.
743 p.

109



'8.0 ADDENDUM - THE 1987 OVERTON ARM FERTILIZATION

As the Prefertilization Study progressed, a secondary set of goals were
developed because the first large-scale fertilization of the Overton Arm of
Lake Mead was scheduled for May 30, 1987, prior to the formal completion of
this Final Report. The planning process for this experiment was developed by
the Lake Mead Nutrient Enhancement Technical Committee, a technical advisory
panel formed in January 1985 and comprised of representatives of the Lake Mead
Limnological Research Center (Environmental Research Center, UNLV), the Nevada
Department of Wildlife, the Arizona Game and Fish Department, the Nevada
Division of Environmental Protection, the U.S. Bureau of Reclamation, the
National Park Service at the Lake Mead National Recreation Area, and the U.S.
Fish and Wildlife Service. Numerous meetings have been held in the period
June 1986 to the present to review and evaluate the experimental work and to
determine short and long-range plans for implementing an experimental program
of fertilization in both the Overton Arm and in Gregg Basin. The proposals
developed from this process, of course, were largely based upon the results of
the Prefertilization Study. The major accomplishments of this process were:

* A formal proposal was submitted to the committee by the Limnological
Research Center at UNLV to fertilize the Overton Arm and Gregg Basin once
each, in May or June 1987 using volunteer help with a surface application in
the Overton Arm and aerial spraying in Gregg Basin (Paulson, Axler and
Baepler, January 20, 1987). The Gregg Basin element of the proposal was
subsequently postponed indefinitely because of inadequate funding;

* A determination was made by the National Park Service that an
Environmental Assessment for the proposed fertilizations would be required to
comply with the Council of?Environmenta1 Quality regulations implementing the

procedural provisions of the National Environmental Policy Act (NEPA). In
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"response, the Lake Mead Nutrient Enhancement Technical Committee submitted the
Lake Mead Fertilization Project Environmental Assessment to NPS at Lake Mead
National Recreation Area on March 11, 1987. The document was open for public
review for 30 days and a Finding of No Significant Impact (FONSI) was
authorized and announced on May 21, 1987. Permission to procede with the test
was made contingent upon issuance of a National Pollutant Discharge
Elimination System (NPDES) permit from the Nevada Division of Environmental
Protection;

* Following a 30 day comment period and a public hearing, the NPDES
permit was issued (May 27, 1987, #NV0021393) by the State of Nevada;

* A volunteer force of approximately 300 boats and 1000 people
assisted in applying 20,000 gallons of liquid ammonium polyphosphate (10-34-0,
"white" formulation) on May 30, 1987. An intensive monitoring program was
implemented by UNLV in early May 1987 which has continued to the present time.
The program was designed to evaluate the beneficial effects of fertilization
on the Lake Mead food chain in addition to assessing potential impacts on
down-lake and downstream beneficial uses of Lake Mead and the Colorado River;

*  Provisional data from the May 30, 1987 test was presented by UNLV to
the Lake Mead Nutrient Enhancement Technical Committee on July 20, 1987. A
data report was submitted to NDEP in late October 1987 to satisfy the
reporting requirements of the NPDES permit. To date, we note that no
substantative negative impacts of the fertilization have been reported and
that the experiment appears to have successfully stimulated short-term algal
growth, and improved the nutritional status and reproductive potential of
cladoceran zooplankton. We also collected a limited amount of data which
suggested that the survival of shad may have been enhanced and their range
extended. The expanded distribution of threadfin shad from Overton Beach

south to Echo Bay appears to have resulted in increased surface feeding
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A

"activity by striped bass ("boils") and improved condition factors (see

reference 4).

*+ PBased on the apparent success of the 1987 test, plans are currently
being developed for a continuation of the program in 1988 and 1989. It now
appears that the single, relatively large (-20 ppbP) enrichment which we used
in 1987 in the Overton Arm was very successful in terms of providing food for
shad. Therefore, we have recommended repéating the exact same experiment in
the Overton Arm in May 1988.

* A single, late spring addition is recommended for Gregg Basin as
originally proposed in the Lake Mead Fertilization Project Environmental
Assessment (March, 1987) if funding is available.

* Fertiiization in the fall when inorganic-N is reintroduced into the
euphotic zone by wind mixing of the upper hypolimnion (containing relatively
high nitrate) should be considered in either the second or third year of the
experimental test program. Increased algal and zooplankton production at this
time of year would be likely to improve over-winter survival of shaq and
juvenile game fish.

Our major conclusions based on the results of the 1987 Overton Arm
Fertilization are:

1. Controlled fertilization of Lake Mead, as proposed and implemented
in 1987 for the Overton Arm, and as proposed for 1988 will temporarily
increase phytoplankton production to moderate levels, improve the nutritional
status and productivity of zooplankton populations, and improve'the survival,
growth, and range of threadfin shad. The expanded distribution of shad will
be likely to increase striped bass surface feeding activity in the fertilized
regions of the lake. Striped bass, largemouth bass, and other game fish will
be likely to have increased;growth rates and improved condition factors due to

nutrient enrichment.
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2. Fertilization at the proposed (approximately + 20 ppbP) levels will
not degrede water quality in the fertilized region(s), down-lake, or
downstream. More specifically,

* fertilization of the Overton Arm north of Echo Bay and of Gregg
Basin will not produce demonstrable changes in any water quality parameters in
Virgin Basin, far uplake from Hoover Dam discharges to Lake Mohave.

' * The fertilizations conducted in 1987 and proposed for 1988 pose no
threat to local (Las Vegas) or downstream (Arizona and California) beneficial
uses of Colorado River water. This includes: domestic (drinking water),
agricultural (irrigation and livestock watering), wildlife, industrial,

contact and non-water contact recreation uses, and aesthetic values.
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