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ABSTRACT 

The o b j e c t i v e  o f  t h i s  study was t o  develop an automated computer-assisted 
m u l t i p l e  species biosensing u n i t  f o r  stream-side water q u a l i t y  monitoring. 
Groups o f  representat ive freshwater animals from several t r o p h i c  l e v e l s  were 
se lected as t e s t  subjects  f o r  t he  automated biomonitor, i nc lud ing  f i s h ,  
immature insects, and mussels. 
development, data management, and on i n i t i a l  observations o f  spec ies-speci f ic  
responses t h a t  could be used as c r i t e r i a  f o r  judging water q u a l i t y  f i t ness .  
Spec ia l l y  designed d i f f e r e n t i a l  a m p l i f i e r s  f o r  de tec t i ng  selected b i o e l e c t r i c  
responses from unrest ra ined subjects  were i n te r faced  t o  a 16-b i t  instrumen- 
t a t i o n  minicomputer. Analogue response s igna ls  generated by f i s h  g i l l  
v e n t i l a t o r y  movements, mayfly nymph g i l l  beats, and the mussel Quadrula, 
card iac events were d i g i t i z e d  and s to red  on d i s k  f i l e s  as events per u n i t  time. 
Results from t h i s  study revealed t h a t  a m u l t i p l e  species b iomoni tor  designed 
t o  detect  se lected b i o l o g i c a l  responses generated by i n d i v i d u a l s  from d i f f e r e n t  
freshwater t r o p i c  groups can be measured simultaneously and data bases managed 
f o r  rea l - t ime acqu is i t i on .  Changes i n  response ra tes  may then be viewed i n  
l i g h t  o f  f l u c t u a t i n g  environmental cond i t i ons  and both b i o l o g i c a l  and chemical/ 
phys ica l  water q u a l i t y  data f i l e s  may be access ib le  through var ious communi- 
c a t i o n  systems. 

Emphasis was placed on system design, hardware 

1.  INTRODUCTION 

Automated b i o l o g i c a l  moni tor ing systems designed t o  detect  t ox i can t -  
induced s t ress  responses i n  aqua t i c  animals have t y p i c a l l y  r e l i e d  upon a 
s i n g l e  ve r teb ra te  animal, the f i s h ,  for sensing water q u a l i t y  changes [ I ] .  
From these systems, s t ress  de tec t i on  has been measured as a change i n  g i l l  
v e n t i l a t o r y  frequency and cough a c t i v i t y ,  ca rd iac  funct ion,  and selected 
behavor ia l  and phys io log i ca l  responses. Though e f f e c t i v e  i n  many a p p l i -  
cat ions,  i t  appears u n l i k e l y  t h a t  f i s h  alone w i l l  be responsive t o  the  
complex m a t r i x  o f  p o t e n t i a l  t ox i can ts  occu r r i ng  i n  a mul t ip le-use water 
resource. Therefore, i n  attempts t o  reduce the  inherent  b ias  o f  depending 
on a single-species o r  animal group f o r  j udg ing  community t o x i c i t y  and t o  
b e t t e r  complement aqua t l c  eco log i ca l  q u a l l t y  c o n t r o l  programs, we propose 
a computer-assisted biosensing u n i t  designed t o  generate rea l - t ime b i o l o g i c a l  
response data from groups o f  d i f f e r e n t  types of representat ive freshwater 
animals. By viewing b i o l o g i c a l  response In format ion from m u l t i p l e  species 
i n  1 i g h t  o f  simultaneously der lved physlcal/chemical water qua1 I t y  data, and 
comparing t h i s  rea l - t ime in format ion base t o  h i s t o r i c a l  and p ro jec ted  trends, 
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increased l e v e l s  o f  confidence may be r e a l i z e d  i n  a p r e d i c t i v e / r e a c t i v e  
program f o r  mainta in ing aquat ic  eco log i ca l  i n t e g r i t y  [ 2 ] .  

2. RESEARCH OBJECTIVES 

Our s p e c i f i c  o b j e c t i v e  i n  t h i s  study was t o  design an automated computer- 
ass is ted m u l t i p l e  species biosensing u n i t  f o r  stream-side water q u a l i t y  
moni tor ing employing freshwater ver tebrates and inver tebrates represent ing 
several t roph ic  leve ls ,  i nc lud ing  the b l u e g i l l  sun f i sh  (Lepomis macrochirus), 
the immature i nsec t  nymph (Hexagenia spp.), and the washboard mussel 
(Quadrula quadrula). I n  meeting t h i s  ob jec t i ve ,  emphasis was placed on system 
design, hardware development, and sof tware managements programs. 
se lec t i on  o f  t e s t  organisms f o r  t h i s  development study was based p r i m a r i l y  
upon a v a i l a b i l i t y  s ince our i n i t i a l  research reveals tha t  numerous members 
o f  these groups as w e l l  as se lected types from var ious o the r  groups work 
equal ly  w e l l  as t e s t  subjects. 

The 

3. EXPERIMENTAL PROCEDURES 

I n i t i a l  research and development work was c a r r i e d  ou t  i n  a mobile 
research laboratory  operated by the U. S. Tennessee Va l l ey  Au tho r i t y  (TVA) 
near the Tennessee River, Muscle Shoals, AL. Sand f i l t e r e d  r i v e r  water was 
used i n  these tests .  During t h i s  phase o f  t he  study, techniques and proce- 
dures f o r  moni tor ing b i o e l e c t r i c  s igna ls  produced by var ious phys io log i ca l  
funct ions from the mussel and mayfly nymph subjects  were developed, incorpor- 
a t i n g  modi f ied methods p rev ious l y  tested i n  automated f i s h  b iomoni tor ing 
[ 3 ,  4 ,  51. 

Once moni tor ing techniques had been ref ined,  design requirements f o r  
response s ignal  amp l i f i ca t i on ,  i n t e r f a c e  e lec t ron i cs ,  computer hardware, and 
data management systems were i d e n t i f i e d .  Important t o  these requirements 
was the observat ion t h a t  each animal type induced rhythmic analog e l e c t r o -  
magnetic frequencies associated w i t h  s p e c i f i c  phys io log i ca l  functions tha t  
could be selected for ,  i.e., hea r t  rates, breath ing pat terns.  

3.1. B i o l o g i c a l  Considerations 

F ish t e s t  chambers were mod i f i ca t i ons  o f  those used i n  previous s tud ies 
[ 4 ,  51. Employing a tube chamber design which housed a s i n g l e  f r e e  swimming 
f i sh ,  a p a i r  o f  probe-type antennae were arranged on the  tube i n  s p e c i f i c  
conf igurat ions f o r  rece iv ing  the  e lect romagnet ic  frequencies generated by each 
g i l l  v e n t i l a t o r y  response (breath). 

Mayfly nymph chambers were designed along a s i m i l a r  plan, s ince the  
nymphs se lected d i sp lay  a unique behavior o f  "burrowing" i n t o  acceptable 
subst rate -- thus forming a tube-type tunnel w i t h i n  which they l i v e .  
estab l ished t h i s  aqua t i c  i nsec t  sets  up a rhythmic p e r i s t o l f c  o s c i l l a t i o n  o f  
i t s  many pa i red  abdominal g i l l s .  
ing a burrow no t  be present, t h e  nymph w i l l  t y p i c a l l y  seek an a l t e r n a t e  tube 
chamber o r  s i m i l a r  shel ter ;  i n  ou r  case an a r t i f i c i a l  tube chamber. Our 
a r t i f i c i a l  tube chambers consis ted o f  var ious s izes o f  tygon o r  p l a s t i c  tub ing 
which had been equipped w i t h  micro-probe antennae. Wi th in  these tube chambers, 
the apparent electromagnetic frequencies produced dur ing g i l l  o s c i l l a t i o n s  
could r e a d i l y  be measured by r o u t i n e  e lect rophys io logy methods. 

Once 

Should an acceptable subst rate f o r  develop- 
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The washboard mussel card iac a c t l v i t y  was monitored by a t t a c k i n g  micro- 
probe antennae t o  the valves and n e q r - t h e  ca rd iac  reg ion o f  the anlmal. One 
technlque requ i red  the  placement o f  antennae through 1-2 mn diameter openings 
d r i l l e d  i n  the  umbo ( ra l sed  area on each va l ve  adjacent t o  the hlnge) o f  t he  
shel l .  
surface o f  the va l ve  ( s h e l l )  and the animal (mantle). 
i n t o  the t lssue.  
t i e s  generated dur ing p e r i s t o l i c  con t rac t i ons  o f  t he  hear t .  

These antennae were arranged so t h a t  they rested between the i nne r  
They were no t  i nse r ted  

This arrangement prov ided access t o  the  b i o e l e c t r i c  a c t l v i -  

I n  the  moni tor ing con f igu ra t i on ,  one o f  each species was placed i n  a 
modi f ied 38 L rectangular  glass aquar ia  w i t h  s l a t e  bottom. These aquaria were 
adapted w i t h  stand-pipes f o r  t he  removal o f  water from the bottom and received 
continuous once-through f lows o f  r i v e r  water. B l w e g i l l s  housed i n  tube 
chambers and mollusk were placed on the s l a t e  bottoms w h i l e  an a r t i f i c i a l  tube 
chamber 
a t  the sur face o f  t he  aquaria. 
f lows and were equipped w i t h  stand-pipes. 
aquaria thus equipped were used. 

con ta in ing  mayfly nymph was placed i n  a subcompartment and f l o a t e d  

For systems tes t i ng ,  f ou r  modi f ied 
Mayf ly  subcompartments a l s o  received continuous 

3.2. Computer-Assisted Moni tor  

Spec ia l l y  designed d i f f e r e n t i a l  d.c. powered a m p l i f i e r s  were constructed 
w i t h  v a r i a b l e  ga in  and d.c. o f f - se t .  One a m p l i f i e r  was used f o r  each animal 
and the gain and f i l t e r  se t  t o  read the  s p e c i f i c  analog frequency desired. 
Undesirable h igh  frequency noise was f i l t e r e d  a t  t he  i n i t i a l  stages o f  
amp l i f i ca t i on .  A m p l i f i e r s  were i n te r faced  t o  a 16-b i t  Texas Instrument 
inst rumentat ion minicomputer w i t h  CRT terminals, p r i n t e r ,  duel sided h igh  
densi ty  f l o p p i e s  (1.2 Hb i te )  and modem. 
times, d i g i t i z e d ,  and s tored i n  r e g i s t e r s  u n t i l  inputed t o  the computer 
f o r  f i l i n g  on d i s k  as designated i n  the ROM program. The complete automated 
computer-assisted b iomoni tor ing system (ACABS) was an updated vers ion o f  the 
automated f i s h  r e s p i r a t i o n  moni tor ing system (AFIRHS) repor ted recen t l y  [S], 
which was f a b r i c a t e d  by the Data Services Branch, TVA. 

Responses were a m p l i f i e d  up t o  10 

4. RESULTS AND D I S C U S S I O N  

An important task i n  meeting the ob jec t i ves  o f  t h i s  study was f i r s t  t o  
con f i rm  t h a t  v i s u a l l y  observed b i o l o g i c a l  responses, such as hear t  r a t e  and 
g i l l  beats, were those represented by the  analog frequencies seen a f t e r  
amp l i f i ca t i on .  U l t ima te l y ,  these responses then had t o  be v e r i f i e d  w i t h  
t h e i r  d i g i t a l  equiva lents  seen i n  the computer out-put. Comparing v i s u a l  
counts o f  f i s h  g i l l  beats t o  e l e c t r o n i c a l l y  produced analog frequencies and 
d i g i t a l  equiva lents  was r e a d i l y  obta inable and i s  genera l l y  accepted [l]. 
Mayfly nymph g i l l  o s c i l l a t i o n s  were e a s i l y  v e r i f i e d  i n  a s i m i l a r  manner by 
d i r e c t l y  observing the number o f  g i l l  events produced per  u n i t  t ime and 
comparing t h i s  r a t e  t o  the simultaneously recorded number counted on a s t r i p -  
cha r t  graph and computer out-put. 

V e r i f i c a t i o n  o f  mollusk card iac events a c t u a l l y  observed t o  events 
simultaneously recorded e l e c t r o n i c a l l y  du r ing  the  same t ime i n t e r v a l  was not 
accomplished w i thou t  modi fy ing the mussel she l l .  This was done by c u t t i n g  a 
"window'@ i n  one va l ve  and sea l i ng  t h a t  opening w i t h  a glass p la te.  I n  doing 
so, the animal cou ld  mainta in  normal homeostasis and hydrodynamic pressures 
wh i l e  observing ca rd iac  responses. The t e s t  mussel was a l s o  equipped w i t h  a 
micro-probe antennae con f igu ra t i on  v i a  the umbo i n s e r t i o n  method. Thus, 
d i r e c t  observat ion o f  card iac p e r i s t o l  i c  ra tes could be co r re la ted  t o  
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physiographic s t r i p  cha r t  and computer p r i n t o u t  data. 

Employing several sets  o f  observation/verification t e s t s  w i t h  mussels and 
mayfly nymphs, we provided con f i rma t ion  t h a t  the phys io log i ca l  responses 
observed were indeed represented by the  a m p l i f i e r  output. These responses were 
then seen as d i g i t a l  equiva lents  i n  the computer p r i n t o u t .  I n s i g h t  gained from 
these t e s t s  helped d i r e c t  the f i n a l  a m p l i f i e r  design, the s p e c i f i c  computer 
hardware con f igu ra t i on  and program management system f o r  data f i l e s  and 
r e t r i e v a l  . 

The data management program was w r i t t e n  and placed i n  ROM (read on ly  
memory) w i t h  a v a r i a b l e  format f o r  data i npu t  and d isp lay.  This al lowed 
continuous data a c q u i s i t i o n  from 1 t o  59 min and was s p e c i f i e d  as "co l l ec t i ng "  
i n  the readout. A w a i t  i n t e r v a l  when no data would be taken had s i m i l a r  
l i m i t s .  Data f i l e d  on d i s k  would be l i s t e d  by year, month, day, hour, and 
minute as t o t a l  events per i n d i v i d u a l  t e s t  subject ,  c o l l e c t i o n  i n t e r v a l  i n  
minutes, and the number o f  events per minute. The window d isp layed by the 
terminal  included these l i s t i n g s  f o r  groups o f  e i g h t  i n d i v i d u a l  t e s t  subjects 
a t  a t i m e  w i t h  an update each minute. 

St rateg ies f o r  e a r l y  warning detect ions o f  water q u a l i t y  changes and 
increas ing p o l l u t i o n  have been discussed i n  d e t a i l  [l, 6 ,  7, 8, 91. Typ ica l l y ,  
by recording b i o l o g i c a l  responses o f  t e s t  subjects  w h i l e  maintained under 
ambient o r  reference condi t ions,  one develops a data base upon which t o  
compare responses displayed du r ing  s t r e s s f u l 1  periods. This approach w i t h  
groups o f  d i f f e r e n t  types o f  aqua t i c  animals could improve the  de tec t i on  
l i m i t s  and confidence leve l  o f  a rea l - t ime e a r l y  warning b iomoni tor ing 
system. Combining the ACABS as a m u l t i p l e  species sensing device w i t h  
simultaneously der ived water q u a l i t y  data could p rov ide  p o s i t i v e  reinforcement 
t o  dec is ions concerning developing t o x i c i t y .  Arguments f o r  i nco rpo ra t i ng  more 
than a s i n g l e  species i n  an automated b iomoni tor ing system, c l o s e l y  f o l l o w  
s i m i l a r  arguments against  the use o f  a s i n g l e  species t o x i c i t y  t e s t  f o r  
i n f o r c i n g  a t o x i c s  reduct ion p lan  intended f o r  the p r o t e c t i o n  o f  t he  
rece iv ing  stream and i t s  eco log i ca l  q u a l i t y  [lo]. 

5. CONCLUSIONS 

The design and operat ion o f  the automated computer-assisted b iomoni tor ing 
system f o r  m u l t i p l e  species moni tor ing was shown t o  be f e a s i b l e  i n  t h i s  study. 
Though we were able t o  operate the system us ing groups o f  three d i f f e r e n t  
types o f  aquat ic  animals i n  a stream-side f a c i l i t y  under ambient water q u a l i t y  
condi t ions,  a d d i t i o n a l  t e s t i n g  needs t o  be done w i t h  t o x i c  treatments and 
vary ing water q u a l i t y  regimes. I n  t h i s  study we se lected t o  use a represen- 
t a t i v e  f i s h ,  immature aquat ic  i nsec t  and mollusk; however, p re l im ina ry  work 
shows t h a t  a m u l t i t u d e  o f  o the r  i nve r teb ra te  species w i t h i n  these and o the r  
groups may be employed as biosensors. 
stream-side laboratory  condit ions, b l u e g i l l  can be maintained i n  the t e s t  
chambers f o r  up t o  2 y r s  w h i l e  the burrowing mayfly nymph has been monitored 
continuously f o r  several months i n  an a r t i f i c i a l  burrow under s i m i l a r  
condit ions. 
and t h e i r  card iac and o the r  funct ions recorded i n t e r m i t t e n t l y  f o r  per iods 
approaching 1 yr. We f e e l  t h a t  f u t u r e  problems w i l l  n o t  r e s t  e n t i r e l y  w i t h  
the e l e c t r o n i c s  as i t  has i n  the past, b u t  w i l l  p r i m a r i l y  be encountered i n  
the b i o l o g i c a l  aspects o f  the moni tor ing system. 
use o f  m u l t i p l e  species i n  automated b iomoni tor ing systems can prov ide a 
reasonable complement t o  eco log i ca l  q u a l i t y  c o n t r o l  programs and t o x i c s  
reduct ion monitoring. 

A d d i t i o n a l l y ,  we have found t h a t  under 

To date, mussels have been maintained i n  the  automated system 

F i n a l l y ,  we be l l eve  the  
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