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Chapter 11 

ALGAL BIOFOULING OF OLIGOTROPHIC LAKE TAHOE: CAUSAL FACTORS AFFECTING 

PROOUCTION 

STANFORD L. LOEB 

Div is ion  o f  Environmental Studiesr Universi ty o f  Cal i f o rn ia r  Davis, CA 95616 

ABSTRACT 

The a l g a l  b i o f o u l  i n g  o f  01 i g o t r o p h i c  Lake Tahoe r e f e r s  t o  t h e  increased 
growth o f  at tached algaer per iphy tonr  on n a t u r a l  l y  occu r r i ng  rock subs t ra ta  
a long the  sho re l  ine. P e r s i s t e n t  pa t te rns  o f  periphyton production have been 
observed and associated w i t h  l and  d is tu rbance t i .& ,  development) w i t h i n  t h e  
watershed. Nutr ient  bioassays demonstrated produc t iv i t y  can be stimulated with 
increased a v a i l a b i l  i t y  o f  nitrogen alone or  phosphorus and nitrogen together. 
Both stream and ground waters have been iden t i f i ed  as nu t r i en t  loading pathways 
from the  watershed t o  t h e  lake. P a r t i c u l a r  a c t i v i t i e s  associated w i t h  land 
d is tu rbance increase n u t r i e n t  m o b i l i t y  and subsequent l oad ing  t o  Lake Tahoe. 
These a c t i v i t i e s  are bel ieved t o  be causal factors a f fec t ing  the d i f f e r e n t i a l  
accural o f  periphyton biomass (Chl I) along the shoreline. 

11.1 INTRODUCTION 

The term " a l g a l  b i o f o u l  ing" g e n e r a l l y  r e f e r s  t o  t h e  attachment o f  a lgae 

onto man-made s t r u c t u r e s  p laced i n  waters (e.g.r boatsr piers,  o i l  d r i l l i n g  

p la t fo rmsr  etc.). I n  t h i s  paperr t h e  term i s  used t o  r e f e r  t o  the  growth o f  

attached algaer periphyton. on n a t u r a l  l y  occu r r i ng  rock surfaces a long the  

shorel ine  o f  an 01 igotrophic laker Lake Tahoe (Cal ifornia-Nevada). 

Lake Tahoe (39' N Lat.; 120' W Long.Ir which l i e s  a t  an e l e v a t i o n  o f  

1,898 m amid mountains o f  g ran i te  and volcanic composition i n  the Sierra Nevada 

mountainsr i s  t he  t h i r d  deepest l a k e  i n  Nor th  American hav ing  a mean depth o f  

313 m and a maximum depth o f  501 m (Fig. 11.1). The r a t i o  o f  t h e  lake's 

watershed (807 km2) t o  i t s  sur face  area (499 km2) i s  very s m a l l r  1.62. The 

small  watershed area and acidic. nu t r i en t  poor s o i l s  o f  i t s  drainage basin have 

con t r i bu ted  t o t h e  o l i g o t r o p h i c  cond i t i ons  o f t h i s  suba lp ine  lake. O v e r t h e  

pas t  17 yearsr a steady inc rease i n  the  t o t a l  annual pr imary p r o d u c t i v i t y  o f  

pelagial  phytoplankton has been accompanied by a steady decl ine i n  the lake's 

transparency (Goldmanr 1981). The most v i s i b l e  evidence o f  t he  acce le ra t i ng  

eutrophication has been the increased amounts o f  per iphy ton  produc t ion  w i t h i n  

the l i t t o r a l  zone o f  Lake Tahoe (Goldman and de Amezagar 1975). These observed 

changes have been a t t r i b u t e d  t o  an increased n u t r i e n t  l oad ing  t o  the  l a k e  

resu l t ing  from 1 and disturbances w i th in  the watershed. 
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F i g u r e  11.1. Land use map o f  t h e  Lake Tahoe watershed i n d i c a t i n g  areas which 
h a v e  been d i s t u r b e d  ( d e v e l o p e d  a r e a s  a r e  b lackened;  u n d e v e l o p e d  a r e a s  a r e  
white). Periphyton sampl ing l o c a t i o n s  (P=Pinel and, DP=Deadman Point,  I C = I n c l  i n e  
Condominium, IW=Incl  i n e  West) a r e  indicated. 
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The o v e r a l l  hypothesis o f  t h i s  study i s  t h a t  t h e r e  i s  a d i r e c t  assoc iat ion 

between land  d is turbance and the product ion o f  per iphyton along t h e  shore1 i n e  o f  

Lake Tahoe. The o b j e c t i v e s  o f  t h i s  paper are t o  document t h e  long-term s p a t i a l  

d i s t r i b u t i o n  pa t te rns  o f  periphyton biomass (Chl a), demonstrate the  associat ion 

between watershed d i s t u r b a n c e  and p e r i p h y t o n  biomass a c c u r a l ,  de te rm ine  t h e  

r e l a t i o n s h i p  between n u t r i e n t  a v a i l a b i l  i t y  and p e r i p h y t o n  p r o d u c t i v i t y ,  and 

f i n a l l y ,  d i s c u s s  t h o s e  f a c t o r s  wh ich  a f f e c t  n u t r i e n t  m o b i l i z a t i o n  w i t h i n  the 

watershed as they may a f f e c t  t h e  growth o f  periphyton. This paper i s  meant t o  

p rov ide  an overv iew o f  t h e  s i t u a t i o n  a t  Lake Tahoe rev iewing t h e  fn te rac t i ons  

between v a r i o u s  l a n d  use a c t i v i t i e s  and t h e  b i o l o g i c a l  processes p o t e n t i a l  

a f fected by such a c t i v i t i e s .  

11.2 METHODS 

Four  l o c a t i o n s  were sampled on n e a r l y  a m o n t h l y  b a s i s  f o r  t h r e e  yea rs  

(1982-1984): two l o c a t i o n s  a d j a c e n t  t o  d e v e l o p e d  areas and two a d j a c e n t  t o  

undeve loped  a reas  (Fig. 11.1). S t a t i o n  P i n e l a n d  (PI  was chosen t o  be a d j a c e n t  

t o  Ward V a l  l e y  w i t h i n  which an i n t e n s i v e  h y d r o l o g y  i n v e s t i g a t i o n  has been 

conducted (Leonard e t  al., 1979) i n c l u d i n g  a groundwater  s t u d y  (Loeb and 

Goldman, 1979). This s t a t i o n  was adjacent t o  a h e a v i l y  developed area. S ta t i on  

I n c l i n e  Condo ( I C )  and I n c l i n e  West ( I W )  were e s t a b l i s h e d  200 m apa r t :  I C  

adjacent to a l a k e  f r o n t  condominium having a h e a v i l y  f e r t i l i z e d  area o f  lawn 

and a s e w e r l i n e  l e s s  t h a n  20 m away f r o m  t h e  shore; I W .  a d j a c e n t  t o  an 

undeveloped area. These two s i t e s  were used t o  examine smal 1 s c a l e  (meters) 

d i f f e rences  i n  per iphyton biomass. S ta t i on  Deadman P o i n t  (DP) was adjancent t o  

an u n d i s t u r b e d  area, t h e  n e a r e s t  deve lopmen t  a p p r o x i m a t e l y  1 km away. The 

drainage towards DP, however, was undisturbed. 

Sampling l o c a t i o n s  were establ ished adjacent t o  areas representing a range 

i n  the  degree o f  watershed disturbance (i.e., development) I n  order t o  eva lua te  

whether per iphyton product ion and 1 and d is turbance were associated. Disturbed 

l a n d s  w i t h i n  t h e  Tahoe b a s i n  t o t a l  141 km2 o r  17% o f  t h e  t o t a l  watershed area 

(Fig. 11.1). S t a t i o n s  I C  (deve loped)  and I W  ( undeve loped)  were chosen t o  

determine i f  d i f f e rences  I n  amounts o f  per iphyton biomass cou ld  be detected on a 

s m a l l  s c a l e  b a s i s  (meters); s t a t i o n s  P (deve loped)  and DP (undeveloped)  

evaluated l a r g e  s c a l e  d i f f e rences  i n  per iphyton biomass (ki lometers). 

P e r i p h y t o n  biomass was sampled In siiu f r om rock  s u r f a c e s  (0.5 m depth)  

(Loeb. 1981); t h r e e  samples were c o l l e c t e d  w i t h i n  a 0.5 m2 a rea  o f  benthos a t  

each s i t e  on each date. These samples were centr i fuged, weighed and subsampled 

f o r  c h l o r o p h y l l  A d e t e r m i n a t i o n .  Subsamples were p l a c e d  i n  5-10 m l  o f  100% 

b o i l i n g  methanol f o r  2-3 m i n t  cent r i fuged t o  clear, then read a t  666nm and 653nm 

on a d u a l  beam spec t ropho tomete r  u s i n g  a r e f e r e n c e  c e l l  o f  100% methanol. 
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T u r b i d i t y  was measured a t  720nm and c o n c e n t r a t i o n s  o f  c h l o r o p h y l l  4 were 

c a l c u l a t e d  using the  equation o f  Iwamura e t  al.D 1970. Ana lys i s  f o r  phaeophytfn 

p igments u s i n g  paper chromatography on t h e s e  samples i n d i c a t e d  t h e r e  were no 

s i g n i f i c a n t  amounts present (Eloranta, 1983). 

The e f f e c t s  o f  n u t r i e n t  en r i chmen ts  on t h e  p r i m a r y  p r o d u c t i v i t y  o f  

per iphyton were examined i n  the  laboratory. Periphyton was c o l  l e c t e d  from rock 

surfaces (0.5 m depth) a t  s t a t i o n  P (Pineland) dur ing t h e  maximum sp r ing  growth 

per iod (May 24D 1982). The community composition was almost e n t i r e l y  GomDhoneis 
herculw a t  a l l  0.5 m depth s t a t i o n s  around the  lake. Nine treatments were 

prepared cons is t i ng  o f  1000 m l  o f  l a k e  water i n  1500 m l  f l asks :  c o n t r o l  ( l a k e  

w a t e r  o n l y ) ,  n i t r a t e - n i t r o g e n  (600 ug N'1 i t e r - l l D  a m m o n i u m - n i t r o g e n  

(600 ug N ' l i t e r - l D  n i t r a t e  p l u s  ammonium (300 ug " l i t e r - '  eachID phosphorus 

(orthophosphate) (100 ug P'1 iter-l)D phosphous p l u s  n i t r a t e  (100 and 600 ug o f  P 

and N r e s p e c t i v e l y I D  phosphorus p l u s  ammonium (100 and 600 u g * l i t e r - l ) D  and 

phosphorusD n i t r a t e  and ammonium t o g e t h e r  (100, 300D 300 ug ' l  i t e r - ' ) .  The 

ambient l a k e  water concentrat ions o f  n i t r a t e ,  ammonium and phosphorus were 3 ug 

N * 1 i t e r - l D  b e l o w  l e v e l  o f  d e t e c t i o n  ( ( 2  ug N ' l i t e r ' l ) ,  and 

<2 ug P'1 i t e r - I  r e s p e c t i v e l y ;  ambient  wa te r  t e m p e r a t u r e  was l l ° C .  These 

n u t r i e n t  c o n c e n t r a t i o n s  were chosen f i r s t ,  t o  make c e r t a i n  no s i g n i f i c a n t  

dep le t i on  o f  t he  n u t r i e n t s  occurred dur ing t h e  3-day incubat ion and second, t o  

b e t t e r  d e t e r m i n e  a p o t e n t i a l  response t o  t h e  a v a i l a b i l i t y  o f  t h e  s p e c i f i c  

nu t r i en t ( s1 .  

A p p r o x i m a t e l y  5 g wet w e i g h t  o f  p e r i p h y t o n  were added t o  each t r e a t m e n t  

f l a s k D  p l a c e d  i n  a l i g h t  (ca. 200 E i n s t .  m-2s-1) and tempera tu re  c o n t r o l  l e d  

i n c u b a t o r  and s w i r l e d  t w i c e  a day. A f t e r  t h r e e  days, a p p r o x i m a t e l y  50 mg o f  

a lgae was t rans fe r red  i n t o  125 m l  f l a s k s  conta in ing the same s o l u t i o n  from which 

the  a lgae were taken. The smal l  

f l a s k s  were t h e n  i n n o c u l a t e d  w i t h  2.85 uCi  o f  14C-b ica rbona te  b e f o r e  b e i n g  

returned t o  t h e  incubators f o r  t h ree  hours. A f t e r  t h e  incubat ion the  a lgae  were 

removed and prepared f o r  combustion i n  a C a r l o  Erba CHN elemental analyzer f o r  

determination o f  carbon biomass and the  amount o f  14C incorporated (LoebD 1981). 

Because the  amount o f  a v a i l a b l e  d i s s o l v e d  i n o r g a n i c  ca rbon  ( D I C )  v a r i e d  

between t r e a t m e n t s  f l a s k s  a f t e r  t h e  th ree -day  i n c u b a t i o n  'and, s i n c e  t h e s e  

r e s u l t s  were going t o  be presented as primary p r o d u c t i v i t y  ra tes  ( ra tes  o f  

uptakeID D I C  concentrat ions were determined. D I C  concentrat ions were analyzed 

by i n j e c t i n g  0.2 m l  o f  sample i n t o  5 m l  o f  3N H2S04. T h i s  a c i d  s o l u t i o n  was 

sparged w i t h  n i t r o g e n  gas and t h e  amount o f  C02 e v o l v e d  measured by i n f r a r e d  

ana lys i s  against  s o l u t i o n s  o f  known concentrat ions o f  sodium bicarbonate. 

Seepage f l u x  t h r o u g h  l a k e  sediment  ( 2  me te r  depth)  was measured ia sl.tu 
using seepage meters (LeeD 1977). The seepage meter consisted o f  t h e  top 20 cm 

o f  a 208 1 i t e r  m e t a l  drum. The drum 1 i d  was pushed i n t o  t h e  b o t t o m  sediments 

Three r e p l i c a t e s  were made f o r  each treatment. 
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c o v e r i n g  a p p r o x i m a t e l y  0.25 m2 o f  l a k e  sedtments. As w a t e r  seeped o u t  o f  t h e  

sedtments t n t o  t h e  seepage meter, an equa l  vo lume was d t s p l a c e d  I n t o  a 

c o l l e c t i o n  bag t h r o u g h  a s m a l l  h o l e  d r i l l e d  f n  t h e  t o p  o f  t h e  l t d .  These 

seepage meters were used t o  determine the  d t r e c t t o n  o f  groundwater f l u x  (t.e., 

i n t o  o r  o u t  o f  t h e  l a k e )  and n o t  t h e  t o t a l  n u t r i e n t  l o a d t n g  v t a  groundwater. 

These data supported a prevtous groundwater f l o w  study which used hydraul t c  and 

we1 1 wa te r  c h e m t s t r y  d a t a  t o  detetritne t h e  t o t a l  groundwater n u t r l e n t  loadlng 

f rom Ward V a l l e y  t o  Lake Tahoe ( a d j a c e n t  t o  S t a t t o n  PI F ig .  11.1) (Loeb and 

Goldman, 1979). Two seepage r a t e  samples were c o l l e c t e d  between A p r t l  and J u l y  

1984, however, c o l l e c t i o n  bags were l o s t  o r  t o r n  on s e v e r a l  occasions, 

therefore, reducing the  sample s t ze  t o  one on those dates. 

I n t e r s t i t t a l  water qua1 i t y  was c o l l e c t e d  adjacent to, b u t  separate from, 

t h e  seepage meter. Porous T e f l o n R  s o i l  m o t s t u r e  e x t r a c t o r s  were p l a c e d  

a p p r o x i m a t e l y  10 cm t n t o  t h e  sedtment  (Ztmmerman e t  al., 1978), and wa te r  was 

ext racted from the  sampling tube which extended t n t o  t h e  l a k e  using a hand pump 

(samp l ing  done u s i n g  SCUBA). These wa te rs  were t h e n  a n a l y z e d  f o r  n t t r a t e -  

n i t rogen  (Mu1 1 t n  and Ri ley,  1955; Kamphake e t  al., 19671, ammontum (Solorzano, 

19691, and s o l u b l e  r e a c t i v e  phosphorus ( S t r i c k l a n d  and Parsons, 1972; Murphy and 

R i  1 ey, 1962). 

Land use d i s t r i b u t i o n  and area mapping was provtded by the  Tahoe Regional 

Planning Agency (TRPA). The TRPA a l s o  provtded data from a survey o f  200 homes 

from 23 houstng areas around the l a k e  which were reduced t o  p rov ide  an estimate 

o f  t he  area o f  developed land on which grass lawns were being grown (7.05 kn?). 

T h i s  g r a s s  l a w n  a rea  was t h e n  m u l t t p l t e d  by t h e  ave rage  annual  f e r t i l i z e r  

appl t ca t ton  r a t e  (TFPA, unpubl tshed) t o  ge t  a t o t a l  amount. The l a r g e s t  s i n g l e  

user o f  f e r t t l t z e r s  w i t h i n  the  Tahoe basin is be l teved  t o  be g o l f  courses which 

cover 4.01 km2. 

N u t r i e n t  tnputs t o  t h e  watershed o f  Lake Tahoe from p r e c t p i t a t i o n  have been 

c o n t i n u o u s l y  measured s i n c e  1973 (Leonard e t  al., 1979; Byron and Goldman, 

19851, i n c l u d i n g  one synopt ic  e v a l u a t i o n  ( A x l e r  e t  al., 1983). These data were 

used t o  de te rmtne  t h e  ave rage  annual  n u t r i e n t  t n p u t s  t o  t h e  watershed o f  

n t t rogen and phosphorus from t h i s  source. 

11.3 RESULTS AND DISCUSSION 

11.3.1 S s  bi- 

The species composttton o f  t h e  e u l  t t t o r a l  per iphyton community was near l y  

e n t t r e l y  one spec tes  o f  t h e  s t a l k e d  diatom, hnmgmeb w l m n .  Other  

pennate dtatoms were common (e.g., S y n d m  sp. and sp.), however, 

t h e s e  were n e v e r  dominant. T h i s  community compos t t ton  was shared by a l l  

l oca t i ons  sampled. 
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Figure 11.2. P a t t e r n s  o f  per iphyton biomass ( c h l o r o p h y l l  sampled from 
rock surfaces a t  0.5 m depth from t h e  four  sampling s t a t i o n s  between 1982 and 
1984. Error bars represent f SE (h=3); no er ror  bars are present when the error  
term i s  less  than diameter o f  the open c i r c l e  mark. 
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O v e r a l l ,  per iphyton biomass ( c h l o r o p h y l l  a) c o l l e c t e d  between 1982 and 1984 

11 l u s t r a t e d  a s t r o n g  seasonal  p a t t e r n  o f  growth. Maximum amounts o f  biomass 

usual l y  occurred dur ing spr ing (March-June) a t  a1 1 fou r  s t a t i o n s  (Fig. 11.2). A 

v e r y  pronounced s p a t i a l  p a t t e r n  i n  t h e  amounts o f  biomass was a l s o  ev iden t .  

Greater amounts o f  per iphyton biomass were found a t  t he  developed stat ions, P 

and IC ,  t h a n  a t  t h e  two undeveloped s t a t i o n s  (DP and I W ) .  The r a t i o s  between 

the maximum amount o f  biomass a t  each l o c a t i o n  (DP:IW:IC:P) dur ing each o f  t he  

th ree  years i l l u s t r a t e d  the  pers is tence o f  t h i s  s p a t i a l  d i s t r i b u t i o n :  1982 - 
1:3:8:8; 1983 - 1:1:6:10; 1984 - 1:2:4:13. Annual d i f f e r e n c e s  i n  p e r i p h y t o n  

biomass were b e l i e v e d  t o  be t h e  r e s u l t  o f  h y d r o l o g i c  f a c t o r s  which a f f e c t  

n u t r i e n t  loading. S i m i l a r  s p a t i a l  d i f f e rences  i n  amounts o f  periphyton biomass 

i n  t h e  l i t t o r a l  zone o f  Lake Tahoe have been r e p o r t e d  by o t h e r s  (Goldman and 

deAmezaga, 1975; Loeb and Reuter, 1984; Loeb and Palmer, 1985). 

These data e s t a b l i s h  t h a t  m r e  periphyton biomass accrued i n  the  l i t t o r a l  

zone a d j a c e n t  t o  a reas  o f  t h e  watershed t h a t  had been deve loped  t h a n  

undeveloped. The p e r s i s t e n t  c h a r a c t e r i s t i c  o f  t h i s  s p a t i a l  d i s t r i b u t i o n  

suggested t h a t  some fac to r ( s )  which enhance the product ion o f  periphtyon must be 

af fected by l and  development. The e f f e c t s  o f  development were a l s o  detectable 

on both a s m a l l  (meters) and l a r g e  (k i lometers)  scale, therefore, some poss ib le  

causal f a c t o r s  cou ld  be e l iminted.  For example, a v a i l a b l e  l i g h t  energy, water 

temperature,  and n u t r i e n t  p o o l s  i n  t h e  l a k e  wa te r  d i d  n o t  v a r y  s i g n i f i c a n t l y  

enough t o  e x p l a i n  t h e  s p a t i a l  d i f f e rences  i n  per iphyton biomass between s i tes,  

e s p e c i a l l y  between I C  and IW which were o n l y  200 m apa r t  (Loeb and Reuter, 1984; 

Loeb and Palmer, 1985). The most l i k e l y  d i f f e r e n c e  between s t a t i o n s  which would 

cause such g r e a t  d i f f e rences  I n  the  amount o f  per iphyton biomass was n u t r i e n t  

a v a i l a b i l i t y .  

11.3.2 

B i o l o g i c a l  assays were designed t o  examine whether n u t r i e n t  a v a i l a b i l  i t y  

a f fected per iphyton p r o d u c t i v i t y .  The r e s u l t s  o f  t h e  b ioassays  demonstrated 

t h a t  t h e  p r o d u c t i v i t y  o f  t h i s  a l g a l  community was s t i m u l a t e d  by a d d i t i o n s  o f  

n i t r a t e  and ammonium e i t h e r  a lone o r  i n  combination o r  phosphorus i n  combination 

w i t h  n i t r o g e n  (F ig.  11.3). T rea tmen t  compar isons ve rsus  t h e  c o n t r o l  showed 

s i g n i f i c a n t  increases i n  p r o d u c t i v i t y  except f o r  phosphorus a lone (NO3, (0.01; 

NH4, a (0.05; NO3 t NH4, a(0.005; a1 1 n i t r o g e n  and phosphorus combinat ions,  

a (0.001). A d d i t i o n s  o f  n i t r a t e - n i t r o g e n  a l o n e  enhanced p r o d u c t i v i t y  200% 

compared t o  t h e  con t ro l s .  The s y n e r g i s t i c  e f f e c t  o f  n i t rogen  (as ammonium and 

n i t r a t e )  and phosphorus added together  r e s u l t e d  i n  the  most s t imulat ion,  279- 

370%. These and o t h e r  d a t a  ( E l o r a n t a ,  1983) s u p p o r t  t h e  h y p o t h e s i s  t h a t  

increased n u t r i e n t  a v a i l a b i l i t y  can be t h e  causal f a c t o r  a f f e c t i n g  t h e  observed 

s p a t i a l  heterogeneity i n  per iphyton biomass. 
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Th is  bioassay was conducted on per iphy ton  sampled du r ing  May 1982, from 

s t a t i o n  P, a developed area. The species composl t lon o f  t he  per iphy ton  

comnunity was the same a t  a l l  stations, only biomass was d i f fe ren t .  The resu l t s  

o f  t h i s  bioassay were s lmp ly  t h a t  increased n u t r i e n t  a v a i l a b i l i t y  increased 

periphyton product iv i ty.  I n  Lake Tahoe, an extremely nu t r i en t  de f i c ien t  system, 

the  r e s u l t s  o f  t h i s  bioassay were n o t  surpr is ing .  I f  the re  was d l f f e r e n t i a l  

nu t r ien t  loading t o  the l i t t o r a l  zone from the surrounding watershed, the r e s u l t  

would very l i k e l y  be manifested i n  d i f f e r e n t i a l  amounts o f  perlphyton biomass. 

11.3.3 &cdpLUlon.  strenm and gmu&abr sour= 

Prec ip i ta t ion  nu t r i en t  inputs to the watershed, stream nu t r i en t  loading t o  

the lake, and o v e r a l l  lake l innology have been continuously investigated a t  Lake 

Tahoe since 1968 (see review, Go1 dman, 1981). Ear ly  invest igat ions demonstrated 
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Figure 11.3. Nut r ien t  b io log i ca l  assay o f  periphyton primary p roduc t iv i t y  using 
treatments o f  n i t rogen  (nitrate=N03-N and ammonium=NH -N) and phosphorus 
(orthophosphate=PO -P). Uni ts f o r  amounts added t o  ambient lake water o f  each 
nu t r ien t  are I n  m?crograms per l i t e r .  The control  eriphyton i n  ambient 1 ke 
water (N03-N=3 ug * l i t e r - ' ,  NH4-N (2 ug N ' l i t  r-f, PO P (2 ug Politer-'). 
Units o f  spec l f i c  productions are i n  ug Cliter-'h-'/ug &iomass. Error bars 
represent  &1 SE (n-3). Treatment comparisons versus t h e  c o n t r o l  showed 
s ign l f l can t  increases i n  p roduc t iv i t y  except f o r  phosphorus alone "4, a (0.01; 
NH4, ~(0.05 NO3 + NH4, a(0.005; a1 1 N + P treatments, a(0.001). 
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t h a t  greater  amounts o f  pertphyton grew on a r t i f i c i a l  subst rata placed t n  the  

l a k e  adjacent t o  streams d ra in ing  developed areas compared t o  undeveloped areas 

(Go1 dman and deAmezaga, 1975). P e r t p h y t o n  growth, however, was a l s o  e v t d e n t  

along the  s h o r e l i n e  away from stream water inputs. Another poss ib le  n u t r t e n t  

pathway, groundwater, was then constdered. 

I n v e s t i g a t i o n s  o f  groundwater w i t h i n  the  Tahoe bas in have been 1 tmtted. A 

study o f  groundwater n u t r i e n t  tnputs from Ward V a l l e y  (adjacent t o  s t a t t o n  P, 

Fig. 11.1) t o  Lake Tahoe estimated t h a t  n i t ra te -n i t rogen  loadlng o f  the l a k e  v t a  

groundwater  was equa l  t o  t h a t  o f  Ward Creek (Loeb and Goldman, 1979). Ward 

Creek i s  t h e  f o u r t h  l a r g e s t  stream tnput  source o f  n t t r a t e  t o  Lake Tahoe i n  the 

basin (Byron and Goldman, 1985). I n  t h e  present study, d i r e c t  measurements o f  

seepage  t h r o u g h  t h e  s e d t m e n t s  i n t o  t h e  l a k e  a t  s t a t t o n  P ( 2  m d e p t h )  

demonstrated a n e t  p o s t t i v e  f l u x  o f  groundwater i n t o  Lake Tahoe (Fig. 11.4). 
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F i g u r e  11.4. Mean r a t e  o f  seepage f l u x  t h r o u g h  sediments t n t o  Lake Tahoe 
(Pineland s t a t i o n )  a t  2 m, dur ing 1984. E r r o r  bars = +1 SE (n=2) and (n=l) when 
n o t  present. I n s e r t  va lues a re  t h e  mean i n t e r s t l t i a l  water chemistry. 
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Furthermore, n u t r i e n t  concentrat ions o f  these seepage waters were h igh i n  both 

n i t r a t e  and orthophosphate. The hypothesis t h a t  groundwater may be an i n p o r t a n t  

sou rce  o f  n u t r i e n t s  a f f e c t i n g  t h e  a l g a l  b i o f o u l  i n g  o f  t h e  sho re1  i n e  o f  Lake 

Tahoe, therefore, appeared p laus ib le .  

N u t r i e n t  l oad ing  t o  t h e  watershed v l a  r a i n  and snow was reviewed i n  order 

t o  e s t i m a t e  t h e  ave rage  annual  n i t r o g e n  and phosphorus i n p u t s  ( T a b l e  11.1) 

( L e o n a r d  e t  al., 1979; A x l e r  e t  al. ,  1983; B y r o n  and Goldman, 1985). 

A p p r o x i m a t e l y  147.7 MT o f  n i t r o g e n  (1.83 k g  Noha'') and 3.5 MT o f  phosphorus 

(0.044 kg Pha'l) are loaded i n t o  the  watershed annually. based on n ine  years o f  

data. These n u t r i e n t s  i npu ts  are g e n e r a l l y  processed w i t h i n  t h e  watershed by 

t h e  vegetat ion and s o i l  b i o t a  (Coat e t  al., 1975). For  example. approximately 

8% o f  t h e  i n o r g a n i c  n i t r o g e n  e n t e r i n g  t h e  Ward V a l l e y  watershed f r o m  

p r e c i p i t a t i o n  f lowed i n t o  Lake Tahoe v i a  Ward Creek i n  1984. 

T a b l e  11.1. 
from p r e c i p i t a t i o n  and f e r t l l i z e r  sources. (Un i t  = me t r i c  tons per  year.) 

N i t r o g e n  and Phosphorus i n p u t s  t o  t h e  watershed o f  Lake Tahoe 

Ni t rogen 
(MT-N) 

Phosphorus 
(MT-P 1 

P r e c i p i t a t i o n  

F e r t i l i z e r s  

147.7 

79.3 - 84.6 
3.5 

26.4 - 28.2 

TOTAL 227.0 - 232.3 29.9 - 31.7 
% Fer t .  o f  To ta l  34 - 37% 83 - 94% 

11.3.4 Watershed a c t i v i t i e s  affect- 

Sol1 disturbance w i t h i n  the  'watershed through var ious a c t i v i t i e s  tends t o  

e n r i c h  t h e  wa te rs  w i t h i n  t h e  system w i t h  n u t r i e n t s .  T o p i c a l  a p p l i c a t i o n s  o f  

f e r t i l i z e r  w i t h i n  t h e  Lake Tahoe watershed g r e a t l y  increases t h e  n u t r i e n t  load. 

A p p r o x i m a t e l y  79.3-84.6 MT o f  n i t r o g e n  and 26.4-28.2 MT o f  phosphorus a r e  

app l i ed  t o  bas in s o i l s  as f e r t i l i z e r  each year by g o l f  courses, home owners and 

o t h e r  p r o p e r t y  owners o r  u s e r s  ( T a b l e  11.1). These es t ima tes ,  made f rom t h e  

most recent  l and  use data. are s i m i l a r  t o  pro jected va lues made i n  an e a r l i e r  

study o f  f e r t i l i z e r  use i n  t h e  Tahoe bas in ( M i t c h e l l  and Relsenaur, 1973). 

F e r t i l i z e r  n u t r i e n t  i n p u t s  c u r r e n t l y  accoun t  f o r  a t  l e a s t  34-37% o f  t h e  

t o t a l  n i t r o g e n  l o a d i n g  and 83-94% of t h e  t o t a l  phosphorus l o a d i n g  t o  t h e  

watershed (Table 11.1). Increased n u t r i e n t  inputs  t o  the  watershed Increase t h e  

l oad ing  of n i t rogen  and phosphorus t o  t h e  groundwaters and p o s s i b l y  i n t o  sur face 

r u n o f f  (Table 11.2). Increas ing the  n a t u r a l  loading of n i t rogen  by over  50% and 
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T a b l e  11.2. A c t i v i t i e s  Assoc ia ted  w i t h  Land D i s t u r b a n c e  and t h e  P o t e n t i a l  
Resu l t  A f fec t i ng  N u t r i e n t  M o b i l i z a t i o n  and Loading o f  Lake T a k e  

f!au!m RESULT 

1. Impervious sur face (bu i ld ings,  l a .  I n c r e a s e d  n i t r t t i c a t i o n  
roads, park ing l o t s ,  etc.). r e s u l t i n g i n  t h e  r e l e a s e  o f  

NO3-N i n t o  groundwaters. 

b. I n c r e a s e d  e r o s i o n  re leas ing  Nt 
PI Fe and t r a c e  m e t a l s  I n t o  
s u r f a c e  runoff. 

2. F e r t i l i z e r  appl icat ion.  

3. Road cuts. 

2. L e a c h i n g  o f  N and P i n t o  
g round  waters. 

3. I n c r e a s e d  e r o s i o n  r e l e a s e  o f  
N, PI Fe and t r a c e  m e t a l s  i n t o  
sur face runo f f .  

4. E x f i l t r a t i o n  from sewer l i nes .  4. Leaching o f  N, P, e tc .  i n t o  

5. Mainta in ing h igh  l ake  l e v e l  5. I n c r e a s e d  s h o r e 1  i n e  b a n k  
v i a  the  dam. e r o s i o n  add ing  N, PI Fe and 

t r a c e  m e t a l s  i n t o  l i t t o r a l  
waters o f  t he  lake. 

ground waters. 

6. Septic leach f i e l d s  (no longer 6. Leach ing  o f  N, PI etc.  i n t o  
allowed i n  the  Tahoe bas in -- ground water. 
discontinued f i e l d s  probably 
s t i l l  leaching). 

7. Sewage disposal w i t h i n  watershed 7a. I n c  r e  a s  e d  n 1 t r  i f i c a t  I o n  
.. (two discontinued s i t e s  w i t h i n  r e s u l t i n g  i n  NO3-N r e l e a s e  

i n t o  t h e  ground waters. 

b. L e a c h i n g  o f  P a n d  o t h e r  
n u t r i e n t s  i n t o  t h e  g r o u n d  
waters. 

t h e  Tahoe basin). 

8. Unpaved roads and t r a i l s  
(compacted s o i l s ) .  

9. I r r i g a t i o n  o f  s o i l s .  

8a. Increased erosion r e l e a s i n g  Nt  
P, Fe and t r a c e  m e t a l s  i n t o  
sur face runo f f .  

b. I n c r e a s e d  n i t r i  f i c a t i o n  
r e s u l t i n g  i n  t h e  r e l e a s e  o f  
NO3-N i n t o  ground waters. 

9. I n c r e a s e d  m i n e r a l i z a t i o n  and 
i n c r e a s e d  m o b i l  i z a t i o n  o f  
s o l u b l e  n u t r i e n t s  i n t o  ground 
waters p l u s  p o s s i b l e  r u n o f f  o f  
n u t r i e n t s  and sediments i n t o  
s u r f a c e  waters. 
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o f  phosphorus by 700 t o  800% tends t o  Increase n u t r t e n t  l oad tng  t o  Lake Tahoe. 

I n  an ecosystem wh ich  has e v o l v e d  under  c o n d t t t o n s  o f  ext reme n u t r i e n ‘ t  

d e f i c i e n c y ,  a c c e l e r a t e d  e u t r o p h l c a t l o n  wou ld  b e  an u n a v o f d a b l e  response t o  

t ncreased n u t  r t  e n t  1 oad t ng. 

F e r t t l t z e r  usage a f f e c t s  pertphyton production, as was ev tden t  a t  s t a t t o n s  

I C  and I W .  Separated by o n l y  200 mr s t a t t o n  I C  was a d j a c e n t  t o  a condominlum 

development w l t h  approxtmately 0.1 ha o f  f e r t t l t z e d  lawn, wh t le  I W  was adjacent 

t o  an undeve loped  area. Each year, 1.3 t o  1.6 MT o f  f e r t t l  l z e r  a r e  a p p l  l e d  t o  

t h t s  area, t.e., 0.13-0.16 MT o f  n t t rogen  and 0.10-0.13 MT o f  phosphorus. These 

a rea l  l oad ing  ra tes  were 700 t o  800 t imes and 23,000-29r000 t imes g rea te r  than 

t h e  ave rage  annual  a r e a l  l o a d t n g  r a t e s  o f  n t t r o g e n  and phosphorus f r o m  

p r e c t p t t a t t o n  sources, respec t i ve l y .  F e r t t l  t z e r  de r i ved  n u t r t e n t s  leached i n t o  

t h e  groundwater and i n t o  t h e  l a k e  were b e l f e v e d  t o  be t h e  cause o f  t h e  observed 

d i f f e r e n c e s  i n  t h e  amounts o f  p e r t p h y t o n  biomass between t h e s e  two s t a t t o n s  

(Ftg. 11.2). 

O the r  a c t t v t t t e s  a l s o  i n c r e a s e  n u t r t e n t  m o b t l  t z a t i o n  ( T a b l e  11.2). 

Creat ion o f  tmpervtous surfaces (bu i ld ings,  roads, park ing l o t s ,  etc.) removes 

t h e  n a t u r a l  v e g e t a t t o n  wh ich  absorb n u t r i e n t s  f o r  t h e i r  growth. I m p e r v i o u s  

services, therefore, t n d l r e c t l y  enhance the  b a c t e r i a l  mediated t ransformat ton o f  

ammonium t o  n i t ra te ,  n l t r t f t c a t t o n ,  as mlner tzat ton o f  restdual  organic ma te r ia l  

i n  t h e  soils produces ammontum. N t t r a t e  can t h e n  move r e a d i l y  i n t o  t h e  

groundwaters because no p l a n t s  a r e  p r e s e n t  t o  u t t l  tze t h e  n u t r i e n t .  S t m t l a r  

f i nd ings  have been reported i n  o the r  s tud ies  (Ltkens e t  al., 1969; Coats e t  al., 

1976). Furthermore, tmpervtous surfaces increase t h e  v e l c c t t y  o f  r u n o f f  waters 

thereby Increas ing t h e  eros ion p o t e n t t a l  o f  t h e  surroundtng s o i l s  which r e s u l t s  

t n  added nitrogen, phosphorus, t r o n  and t r a c e  metals t o  sur face runoff.  

Road c u t s  are sources o f  eroston re leas ing  n u t r t e n t s  t n t o  sur face waters. 

Unpaved roads and t r a i l s  cause t h e  compaction o f  t he  sotls r e s u l t t n g  i n  e f f e c t s  

s t m t l a r  t o  those o f  tmpervtous servtces: increased eroston and n t t r t f t c a t t o n  

p o t e n t t a l s .  I n c r e a s e d  sho re1  i n e  bank e r o s t o n  r e s u l t i n g  from htgh l a k e  water 

l e v e l s  matntatned by t h e  2 m dam on t h e  o u t l e t  t o  Lake Tahoe re lease  n u t r t e n t s  

t n t o  t h e  1 t t t o r a l  zone o f  t h e  lake.  T h i s  p r a c t i c e  o f  m a t n t a i n t n g  a h t g h  l a k e  

water l e v e l  t o  use as storage water has become more common a s ’ a g r t c u l t u r a l  and 

other  needs f o r  water down stream o f  t he  o u t f l o w  have increased. 

The p r o b l e m  o f  t n f t l t r a t t o n  o f  f r e s h  wa te r  t n t o  sewer l i n e s  has been a 

problem w i t h t n  t h e  Tahoe bastn. The reverse o f  t h t s  problem, e x f t l t r a t i o n  o f  

sewage i n t o  t h e  s o t l s  has a s t rong p o t e n t i a l  stnce the  pipes are g e n e r a l l y  above 

t h e  wa te r  t a b l e  l e v e l .  The r e s u l t  would be i nc reased  l e a c h i n g  o f  n t t rogen ,  

phosphorus and o t h e r  m a t e r l a l s  t n t o  t h e  groundwaters. O l d  s e p t t c  t a n k  l e a c h  

f t e l d s ,  used throughout t h e  basin u n t i l  1970, probably s t t l l  continue t o  leach 

n u t r t e n t s  i n t o  t h e  groundwaters as s tores o f  organtc ma te r ta l  continue t o  decay. 
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S e v e r a l  l a n d  sewage d t s p o s a l  areas, now d t s c o n t t n u e d  w t t h t n  t h e  bastn, a l s o  

c o n t t n u e  t o  l e a c h  n u t r l e n t s .  I n c r e a s e d  n t t r l f l c a t t o n  a s s o c t a t e d  w t t h  one o f  

t hese  areas has r e s u l t e d  I n  e l e v a t e d  n t t r a t e  concentrattons I n  spr ing waters 

dratntng t h e  area (1-2 mg'l t ter ' l )  (Perktns e t  al., 19751, concentrattons whtch 

s t l l  1 p e r s t s t  15 y e a r s  a f t e r  t h e  system was d t s c o n t t n u e d  (Loeb unpubl  l shed  

data). 

F i n a l l y ,  i r r i g a t i o n  o f  t h e  Tahoe s o t l s  enhances m t n e r a l  t z a t t o n  and 

mobtl t za t ton  o f  s o l u b l e  n u t r l e n t s  I n t o  the  groundwaters and p o s s l b l y  n u t r t e n t s  

and sedtments i n t o  sur face runoff.  Under n a t u r a l  condlt lons, T a k e  s o l l s  are 

dry from June u n t t l  September due t o  t h e  l a c k  o f  p rec tp t ta t ton .  Nu t r l en ts  are 

s t a b l l t z e d  i n  t h e  v e g e t a t t o n  and sotl b t o t a  d u r t n g  t h t s  summer per tod.  

I r r l g a t t o n  t e n d s  t o  I n c r e a s e  t h e  b a c t e r l a l  a c t l v t t y  r e s p o n s t b l e  f o r  

m i n e r a l i z a t i o n  durtng the  summer when s o t l  temperatures are a t  t h e l r  highest and 

t o  enhance b a c t e r t a l  n t t r t f t c a t i o n ,  a1 l o w t n g  n t t r a t e  t o  be l eached  I n t o  t h e  

groundwaters. Most i r r i g a t e d  s o t l s  are a l s o  most o f t e n  those s o t l s  whlch have 

been f e r t t l t z e d  whlch f u r t h e r  compounds t h e  p rob lem 

These a c t t v l t t e s  a s s o c l a t e d  w t t h  d l s t u r b e d  a reas  add t o  t h e  n u t r l e n t  

l o a d i n g  o f  Lake Tahoe. Stream and ground wa te rs  a r e  b e l t e v e d  t o  b e  t h e  

p r t n c t p a l  pathways through which these n u t r t e n t s  en te r  from the  l a k e  from the 

watershed. The p e r t p h y t o n  communtty, s t t u a t e d  a t  t h e  I n t e r f a c e  between t h e  

watershed and t h e  lake, acts  t o  i n t e r c e p t  these n u t r t e n t s  be fo re  they reach the 

open waters o f  t he  lake. Whether these n u t r l e n t s  are tmmoblllzed permanently I n  

t h e  benthos o r  o n l y  t e m p o r a r t l y  h e l d  b e f o r e  b e i n g  r e l e a s e d  t n  t h e  summer as 

these a lgae decompose f o l l o w t n g  t h e  sp r ing  bloom Is n o t  known. The perlphyton 

communtty p r o v i d e s  v t s t b l e  e v i d e n c e  o f  change wh lch  d i r e c t s  o u r  a t t e n t i o n  

towards a need t o  b e t t e r  understand t h e  re1  a t t  ve tmportance o f  those processes 

a f f e c t t n g  t h e  water q u a l l t y  o f  Lake Tahoe. 

11.4 CONCLUSIONS 

The growth of attached algae, pertphyton, along the  sho re l l ne  o f  Lake Tahoe 

shows p e r s l s t e n t  s p a t t a l  patterns. These pa t te rns  .were d t r e c t l y  associated w l t h  

land disturbance such t h a t  g rea te r  amounts o f  pertphyton btomass (Chl 1) were 

p r e s e n t  a d j a c e n t  t o  a reas  o f  t h e  watershed wh lch  have been d i s t u r b e d  (t.e., 

deve loped)  compared t o  l o c a t t o n s  a d j a c e n t  t o  u n d t s t u r b e d  areas. P e r t p h y t o n  

p r o d u c t t v l t y  showed s t l m u l a t t o n  as n u t r t e n t  a v a t l a b l l  t t y  was increased, 

s p e c t f l c a l l y ,  n l t rogen  a lone  o r  phosphorus and n i t rogen  I n  comblnatlon. Vartous 

t ypes  o f  a c t i v i t i e s  a s s o c t a t e d  w t t h  l a n d  d e v e l o p m e n t  a f f e c t  n u t r i e n t  

mobtl I z a t t o n  and subsequent loading t o  the  lake. F e r t t l  t z e r  usage, f o r  example, 

has increased load ing  o f  n i t rogen  by ove r  50% and o f  phosphorus by 700-800% t o  

the  watershed o f  Lake Tahoe. Other a c t i v t t t e s  a f f e c t t n g  n u t r i e n t  mob11 t za t ton  
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inc lude impervious surfaces, road cuts, so l  1 compaction, a r t i f i c i a l  l y  maintained 

h igh lake  water l e v e l s ,  e x f i l t r a t i o n  from sewer l ines,  o l d  s e p t i c  tank leach 

f i e l d s ,  abandoned sewage disposal s i tes,  and t h e  I r r i g a t i o n  o f  so i l s .  The two 

major pathways by whlch watershed der ived n u t r i e n t s  enter  the lake  are stream 

and ground waters. 

This paper o u t l i n e s  those processes which appear t o  have contr ibuted t o  the  

a l g a l  b l o f o u l i n g  o f  the shore l ine  o f  Lake Tahoe. The periphyton community has 

p r o v e n  I t s  u t i l f t y  as a s i t e  s p e c i f i c  b i o l o g i c a l  i n d i c a t o r  o f  t h e  inc reased 

n u t r i e n t  a v a i l a b i l  i t y .  The s e n s i t i v i t y  o f  t h e  watershed which surrounds t h e  

l a k e  must be  t h o r o u g h l y  understood i n  o r d e r  t o  reach a b a l a n c e  between 

u t i l i z a t i o n  and p r e s e r v a t i o n  o f  t h e  area and t o  s l o w  t h e  r a t e  o f  a l g a l  

b i o f o u l  ing  and eut rophicat ion o f  Lake Tahoe. 
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