










long by 2-1/2-inch-inside-diameter hipe, and-a perfoxated false' bottau, ' 
Figure 1. The propeller forced water, a t  a discharge of 0.147 cubic foot 
per second, through the 2-1/2-inch-diameter pipe a t  4.31 fee t  per second 
(fps). Water spread beneath the false bottau and discharged through 
twenty-five 112-inch-diamter holes and a circumferential opening approxi- 
mately 1/16 Inch wide around the fa l se  bottam. Averuzge velocity through 
theee openings vas 2.28 fps, and resulting upward velocity in the  drum 
wss approxlxately 0.055 fps, o$ 1.7 cm/sec, The 1/30-horsepower motors 
operated a t  1,550 rpm and w e r e  deeigned t o  operate continuously while i n  
the-ver t ica l  position. Because: t e s t s  were conducted outdoors, hoods , 

were installed t o  keep the motors dry. To prevent possible phytotoxic 
contamination of the culture water, a l l  submersed metallic parts  were 
painted with an appropriate primer preparation and vinyl-based paint. 

Limnophotooneter Uaed f o r  the Mlissurement of Radiant Energy 
i 

The limnophotcnneter was ~aanufactured by a private instrument mmufaeturer 
i n  the United States and is eimthr t o  tha t  described by Atkins e t  a l ( 1 ) ~  
f o r  measurement of' submarine da~rlight. This instrument consists basi- 
ca l ly  of two selenium barrier-type photoelectric cel ls ,  one of which is 
sealed i n  a heavy brass case with a glass window* This uni t  fe used f o r  
the measurement of subsurface illumination. ~ 6 ~ b l n a l s  of the submersible 
c e l l  a re  connected t o  a waterproof e lec t r ic  cable t o  f a c i l i t a t e  masure- 
ment of c e l l  output current a t  the ssurfce. The surface o r  reference 
c e l l  19 encased i n  a gimbal-mounted tirase case. !Phis rrnit is used t o  
measure t o t a l  (within sensi t ivi ty l imi ts  of the ce l l )  radiant energy 
awailable at  the water's surfsce. 

Readings are obtained by measuring) the electpica1 current emitted by the 
light-excited photocell on a micri'anrmeter contained I n  the control box. 
The meter i s  shunted t o  allow readilngs from direc t  connection t o  
multiples of 10, 100, and 800. A aelector switch enables the rapid 
switching from the surfc~cs t o  the sbmereed c e l l  fo r  compamtive readings. 

Flashed opal glass discs ape used t c  cover each photocell. The opal 
glass s e m s  to prevent variations caused by unequt%llight diffunion and 
t o  permit the measurement of oblique, llgh".; Pays. Both cs l l a  are equipped 
with detachable red and: blue f i l t e r s  t o  a X b ~  separation and measurement 
of portione of the spectrum known t o  I= ef f ic ient  i n  photosynthesis* 
The red f i l t e r  tmnsmits wave lengths frclm 600 t o  700 millimicrons, and 
the blue f i l t e r  transmits wave lengths from 400 to 500 oaillimicrons. 

The complete limnophotcmter is shown in  Figure 2. Figure 3 showa the 
spectral range of sensi t ivi ty of the photocells, transmiesion ranges.of 
the - f i l t e r s ,  and spectral range of relat ive photosynthetic rertes. 

WXVwbers in parentheses refer t o  references at end of report. 
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Dskota. It was brown i n  color, and its petrogsphic analyeis is given 
i n  Appendix B. In the wet  condition, approxlmtely 99 percent of the 
m t e r i s l  is amaller t k n  40 microns, 95 percent is smaller %ban 
10 microns, 83 percent is smaller tban 5 microns, and 49 percent is 
smaller than 1 micron, ~ i g u r e  6. 

Drums were a m g e d  as shown in Figure 7, and sediment was added t o  drums 
after gremlxing with a malted milk mixer. Concentrations of sediment 
were checked a t  approxirPate3.y 2-day intervals. When concentrstions were 
found t o  be below the desired level,  additional sediment was added. 
Concentrations decreased as sediment se t t led  in areas of low velocity. 
Graphs of concentrations maintained in drums a r e  shown in Figures 8, 9, 
10, Up 12, and 13. 

Suspended sediment concentrations were determined with a modified turbi- 
dlmeter, Figure 14. A vented l igh t  eliminator, t o  prevent oubside l igh t  
from entering the ares near the candle and t o  create a near-constant 
list condition around the candle, was designed and is shown in 
Figures 1ka and 1442. 

The turbidimeter (2) consists of a calibrated glass tube, a standard 
candle, and a spring-loaded stand and support which al ine tb? caqc)  and 
the tube. In  use, the sample is poured into the  glass tube :until the 
image of the candle flame J w t  disappears from view and the '  03server sees 
a uniformly illuminated f i e l d  with h a t  spots. Depth of water in 
the tube when the candle flame disagpgarsTsBB-bfffsuspended sedi- 
ment concentrstion in ppm by might.  

The turbidimeter evalmtes the effect  of optical  properties of the sample, 
which causes l igh t  rays t o  be scattered and absorbed. A s  optical proper- 
t i e s  a re  affected by size, shape, refractive index, and transparency of 
the material in suspension, the turbidimeter ws calibraled i n  parts  per 
million by weight f o r  each sediment. 

Tests Conducted 

Test 1 was conducted durlng the growing season of 1958. I n  t h i s  t e ~ t ,  
the drums were divided into two 4-drum groups. One 4-dxym group con- 
tained potted unge-ted plant propagules, and the other group 
contained potted established vegetstive cultures. One 'drum from each 
group was used as a control and contained no sediment. To cover a wide 
mnge of sedlment levels, the a p p r w t e  concentrations in parts per 
million by weight (p) maintained i n  one drum f m  each group were 50, 
200, and 800 ppm. Graphs of concentrations mintsined i n  the drums are 
s h m  in Figures 8 and 9. The light-gray montmorlllonite-type bentonite 
was used a s  the sediment throughout the t e s t .  



eight drums contained a propgule and a vegetatively established culture 
of each plant species being tested. Two drums were used a s  control and 
contained no sediment. I n  three d m ,  the light-gray montmorillonite- 
type bentonite was msintained a t  concentrations of approximately 1,250, 
2,500, and 5,000 ppn. I n  the three remining drums, brown Angostura 
Reservoir sediment ws nrrintained a t  concentrations of approximately % 

1,250, 2,500, and 5,000 p p .  Graphs of concentratims maintained in the 
drums are shown i n  Figures 10 and 11. l, ;: 

-. 
Test 3 was conducted during the l a t e  1959 growing season. The dsums were 
divided in%o two 4-drum groups. One group contained potted wgerminated 
plant propagules and the other group contained potted established vegeta- , _.. , -* 
t ive  cultures. One drun; from each group was used a s  a control and con- 
tained no a e d b n t .  Angostura Reservoir sediment was add.ed t o  the 
remaining s i x  Approximate concentrations laaintained in  one drum 
for  each group were 50, 250, and 800 ppn. Graphs of concentrations 
maintained i n  each drum are shown i n  Figures 12 and 13. 

Biological Testing 

Three species of the Potamogeton genus were used as test plants i n  
Test 1, conducted during the summer of 1958. These species were sago 
pondweed, P. pectinatus L.; leafy pondweed, P. foliosus Raf.; and 
Anerfcan pondweed, P. nodosus Poir. Tests 2 an-ueted in 1959, Q 

uti l ized the same s p e c i e s e p t i w  leafy pondweed, which did not develop 
properly during the course of the first study. Common waterweed, Elodea 
canadensis Michnx., was substituted because of Its adaptability t o  
cultivated sii;uations. 

Cultures were established by using vegetative prapagules: (1) tubers of 
the sago pondweed, (2) winter buds of the American pondweed, (3) axi l la ry  
winter buds of the leafy pondweed, and (4) excised stems of waterweed. 
These propagules were planted in  6-inch clay pot8 f i l l e d  with topsoil. 

*. 

Two types of cultures were used i n  the study. The f i r a t  type was a 
vegetative mature series  where propagules were planted and auowed t o  
reach a stage of growth near vegetative maturity before being exposed t o  
the various concentretione of suapnded sediment. This required a period 
of 3 t o  4 weeks fo r  sago pondweed, American pondweed, and common water- 
weed, and 2 months fo r  leafy pondweed. The other type was a propagule 
series  where ungermimted o r  excised propagLPle nmaterula were planted in cls 

the potted s o i l  and inmediately placed i n  the suspended sediment environ- 
ment. Plants in  two different stages of growth were used t o  determine 
the effects  of sediment shading on pondweeds already vegetatively estab- . 
lisned, a s  compared t o  effects  of sediment sbading o n t t h  & - e n t i o n  and 
establishment of an infestation of pondweeds. 
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eurface, was reduced t o  1 percent o r  l e s s  a t  a depth of lYoot (30.5 cm) 
in a l l  concentrations of Angostura sedIm,ent, excepting 50 *. Total 
radiant energy was reduced about 63 percent at  1-foot water depth by the A 

f i l t e r i ng  action of the water i t s e l f ,  a s  measured in  the control. situation. 
A further  reduction of 29 percent was effected by the addition o'f', 50 p p  
of Angostura sediment. a t  the 1-foot depth. Near-maximum sbadhg effect -? 

was obtained at a de&h of 20 cm by 250-pp~ sediaent Xevel. 

Spectral pucility measurements tend t o  indicate %bat 'the red wave l eng th  - 
were able t o  penetrate somewbat further into the sediment-laden waters \\: - .-. 
than were the shorter blue wave lengths, Figure 17. Investigations by 
Birge and Juday (3) showed tha t  the short vave radiation is more affected '., 
by stains and suspended rmtter thqn i s  radiation of longer vave lengths; 
whereas mdiation from the red end the spectrum is more rapidly 
absorbed by water and less  affected by s t a in  and suspended matter. *J 

Measurements in  the control situation of t h i s  study indicated tha.2 the 
blue wave length energy levels were somewbat l e s s  t b n  red wave length i , 

levels in the water depths. Apparently the water i n  the control con- 
tained enough s ta in  and planktonic suspenfiion t o  af fec t  the blue wave 
lengths, although the differences between the two were not great. 

< 
A representative record of radiant ener& measurements is sbovn i n  
Table 1. This table indicates microampere readings obtained a t  various 
water depths in the control and high sediment concenhation s%tsstions 
and corresponding foot candle values. 

..", 
Biological Reaponse ',I 

The growth response of t h e  various plant species t o  sbsdqg with the two 
types of suspended sediments are graphically shown in Figkxe 18 and tabu- 
la ted by individwl ovendry weights in Table 2. The curves shown in 
Figure 18 indicate the  average overall  percentage weight mduction of a l l  
species and of individual species. Percent w e i g h t  reduction was detar- 
mined by considering the plant grovth in  sediment culh.u.-es $0- be .a por- 
t ion  of t ha t  attained i n  control s i t a t i o n s .  Angost- s e d h n t  . 
concentration of 56 ppn caused a p h n t  growth reduction 03 approximately 
33 percent less  tban tkit developed i n  the controa! situation. Increased 
growth reduction was evident as the Angost- sedjhent eoncentration 
increased t o  1,250 p p ,  where the average p a n t  gi-owth was approximte1.y 
90 gercent l e s s  than control plants. Angostura dkdiment conceotra.f;iona i* 

greater than 1,250 ppm were riot effective in producing further ,- 
i- 

signtficant growth reduction. 
. 

Commercial bentonite caused gsaxth reductions of a similar trend but 
required concentrations greater than the f i e l d  sediment t o  produce s m -  
h r  results.  Data f o r  the first t e s t s  indicated connslercisl bentonite 
concentrat i~ns of 800 appm and leas  did not produce signflicant sbding 

u' 
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were obtained, by visual  observation only, and dry-weiat data were not . 
obtained. ResUaLa of the  i n i t l a1  t e s t  a r e  shown in Table 3. 

AU. species exhibited n e a r ~ n o m l  growth characteristics at low sediment 
concentration (50 p p )  in both aadiments and i n  the control drum. A s  
the  concentrations of rsediments increased, certain changes i n  growth 
characteristics became evident. Soane of these characteristics were 
elonwtion of stems i n  internods1 areas, basal submersed leaves and 
stems became chlorotic. AUo, chsngee i n  the  developsnent of chlorophyll 
and other photosynthetic pigments were noted i n  upper submersed leaves. 

Sago pondweed w 3 s  morphologically modified more than the other species. 
A s  the shading effect  b e m e  pea-tier, growth ehsrscteris t ics  t y p i m  
apica l  dominance w e r e  pronounced. In  sediment concentrations of 2,500 
and 5,000 p, leaf  and stem t issue were becaning extremely chlorotic at  
the termination of the test. 

* - 
-Sago pondweed appeared t o  be the leas t  shade tolerant of a l l  species 
tested and waterneed the most tolerent of shading. These differences a r e  
due in part t o  the variation i n  leaf area, watec.zeed laving considerably 
more to ta l  leaf area. Stem elongation and pigmentation changes observed 
during these t e s t s  msy.bk:.a response t o  the decrease i n  available 
radiant energy of the coGlete visible and near-visible spectrum o r  
specific portions of t ha t  spectral range. Interpretation of these ape- 
c i f i c  cause and effect  factors is beyond the scope of the study and would 
require further extensive laboratory investigations. 

The photographs of p h n t  specimens in  Figures 19 and 20 show some typica l  
responses t o  shading by suspended sediments. 

ComLusIOIvs 

Data obtained under the  conditions described in t h i s  report indicate that  
swpended sedime7t;a have a considers'ble e f fec t  on reducing the Intensi ty 
ma spectral q w l i t y  of solar  radiant energy penetrating sediment-laden 
waters. These effects  vary coasidembly with sediment type and become 
more pronounced as sediment concentration incrwses. 

SuWrsed aquatic plants '  response t o  t h i s  shading effect  varied somewhat 
with the species tested, but i n  general, data from t h i s  study indicate 
tha t  low concentrations (50 t o  100 ppsn) of suspended sediment create suf- 
f i c ien t  shading t o  produce some growth reductions of submersed aquatic 
plants. Thiscamount of gruwth reduction would not be considered critical 
t o  the extended eurvival a b i l i t y  of the plants. Sediment concentrations 
greater t h  1,250 gpn would be necessary t o  cause plant growth reduc- 
t ions tbta t  might be considered c r i t i c a l  t o  the plants' a b i l i t y  t o  survive. 
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Corresponding approximate foot candle values indicated. Inetrument readings indicated i n  m i c ~ r e ~ .  
Ini t ia l  readings indicate water depth where f i r s t  measruable Ugh% occurred ianging from 0 t o  0.2 micro~lmp@res. 

ACCESSORY EQUIFMEHI' USED OlfER CELLS . . : -1 d i n e r  and = . 1 diff'user and 
Sediment type: Opsl glaes diffuser - .  a re8 f i l t e r  -t,lue f i i t e r  

and : S-ce ce l l  : Submereed ce l l  :Water : Surfsce :Suhmersed:Water :3GEFe : Subrsed:Water 
concentration: : Foot : : Foot :depth,: cel l  : ce l l  :depth,: ce l l  : cel l  :depth, 

:Microamps:crandles:EUc-~8:andkee: cm :Mlcroamps:Microsmgs: cm :Mtcmmpa:Mcroamps: cm 
: e . . . . - '  : . . . . . . 

5,OOOppon : 7,200 : 9,620: ~ n i t i a l :  -- : 26 : 11,050 : 1ni.tia1: 19 : 700 : ~ n i t i a l :  8 
Bentonite : 7,200 : 9,620 : 2% : 75 : 10 : i,050 : 35 : 10 : 
2,500 plpn : 7,200 : 9,620 : I n i t l a l  : - : 41 : l,25Cc' : InitPal. : 32 : 7OO : I n i t i a l  : 17 
Bentonite : 7,200. : 9,620 : .. 105 -.: 42 : 20 : 1,250 : 19 : ,20 : : ; . 
1,250 ppn : y.200 : 9,620 : I n i t i a l  : -- : 62 ,,: 1,350 : I n i t i a l  : 48 : 700 : ~nitia- 

t 7,200 : 9,620 : 77 : 30:  1 1,350 : 203 : 10 : 700 : 29 : 10 
: 7,200 :9,620:  275 : 6 :  20 : - . . . . 

. :  7,200 : 9,620: 1,375 : 120 : 10 : . ,3 . . 
Control (i7, : 9, 20 : 0 : 1, . , 

: 7,200 : 9,620 : 4,840 : 4,100 : 31 : 1,950 : 700 : g: . 
: 7,200 : 9,620: 5,280 : 5,100: 20 : 1,050 : no : XI : 600 : 420 : 20 
: 7,200 : 9,620: 5,720 :6,18O: 10 : 1,050 : 840 : I0 : 600 : 4% : 10 
: 7,200 : 9,620: 5,720 : 6,180: 5 : 1,050 : 840 : 5 : 600 : 560 : 5 

1 , 2 5 0 ~ ~  : 7,200 : 9,620: I n i t i a l :  -- : 22 : 1,100 : In i t ia l  : 17 : 650 : I n i t i a l  : 10 
A ~ ~ O B ~ W X R  : 7,200 : 9,620 : 19 : 7 :  1 : n,soo : 20 : 8 : . . . z - -  - -- . - 

:1p7,200 6 275 : 6 :  5 : L O  . . . . . 
2,500 ppn : Q7,XK) : 9,620 : In i t la l  : -- : 10 : 1,100 : I n i t i a l  : 10 : 650 : Icitisl : 4 
Angos turn : . . . . . . . 
5,QOOpp : 7,200 : 9,620: 1nii.SX: -- : 4 : 1,200 : Ia l t i a l  : 4 : 700 : I n i t i a l :  2 
AngostUra : . • 3 : • • . a . 

:t - 
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To determine percent l ight  ~?eduction due t o  sediment, the percent light 
reduction for a given depth in the control drum was subtracted fromthe 
percent l ight reduction a t  the same depth i n  drums containing e,&Iment. 
Plots of the res%ults are shown in  Mgums 3 and 4. %he figures show 
l ight reduction for total  vis ible portions of the spectrum. 



the me& velocity wae directed towak the water surface and there was 
no resulting average horizontal velocity. I n  flowing canals o r  
laterals the  opposite is true, or, the mean veloclty is i n  the 
direction of the  canal or  lateral, and there is no resulting average 
upward velocity. As plants a re  by no means rigid, any resulting 

b horizontal velocity w l l l  tend t o  deflect them. (~n these t e s t s ,  
resulting upward velocitiea did not tend t o  create a horizontal 
deflection of the  plant. ) In  the f ield,  any l a t e r a l  velocity would 
force plants t o  deflect a t  various angles, depending on the  velocity * 
of the water and the  condition of the plant. Thie would require 
the  plant t o  produce longer stems than those produced by plants i n  
these tests before i t 8  t i p  reached a comparable l ight  intensity. 
Figure 6 is a graph of the additional elongation required versus the  
angle of deflection. Assuming a channel 3 feet deep and tha t  light 
fo r  aiding plant growth is not available at depths, of greater than 
1 foot below the  water surface, the figure indicates tha t  i f  the  
velocity were such tha t  a deflection between plant t i p  and root of 
60° resulted, it would be necessary fo r  the plant t o  become twice as 
long t o  reach the same level  of l ight  intensity as  those tested. 
However, velocity fluctuations of the flowing water may result i n  
fluctuations of the plant which would a id  i n  reducing the  effective 
elongation necessary t o  reach the l ight  source. There is ,the 
possibi l i ty tha t  resulting deflections plus fluctuations m y  
contribute such emall corrections tha3 they can be neglected. It 
i a  also  possible that the plants nay be forced t o  such lengths as 
t o  actually create more obstruction t o  the flow. 

From preceding discwsions, it becomes obvious tha t  reduction i n  
growth of a given plant in a flowing channel cannot be related 
simply t o  the concentration of suspended sediment, but must be a 
function of : (1) concentration of suspended sediment, (2) type of 
suspended sediment, (3) velocity of water i n  the  channel, and (4) 
depth of water i n  the channel. Also, plant response w i l l  depend 
Gn type of plant and other biological factors within the  plant and 
sofk. These diecussions show the equations given should be 
considered a.13 applying only t o  the t e s t  conditions used i n  th ia  
study, and that  &.ditional studies would be necessaryto evaluate 
other effects.  
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