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ABSTRACT: The chlorophycean Ulva lactuca L. was grown in the laboratory in unia lga l  culture to 
sufficient size so that  up to 70 discs, 24 mm in diameter,  could be  punched  out of a single plant.  
Using such discs, U. lactuca was then  tested wi th  various concentrat ions of Cd unde r  continuous- 
flow conditions. A concentrat ion of 4.5 ppm Cd was lethal  to U. lactuca within  6 days. Control discs 
in  unpol lu ted  water  increased in d iameter  at a rate of 8 to 13 % day -1 over a 6-day period. At 
suble thal  concentrat ions of Cd a sharp reduct ion in growth rate was observed at increas ing 
concentrat ions up to approximately 0.3 ppm Cd, whereas  from 0.3 ppm Cd to the le thal  concentra-  
t ion the reduct ion of the growth rate was significantly less. Reduction in photosynthet ic  perform- 
ance  corresponded closely to the reduct ion in growth rate. At ambien t  concentrat ions of 0.8 ppm Cd, 
the plants  concentra ted Cd by a factor of approximately 50 in 6 days. Much h igher  concentrat ion 
factors were a t ta ined in lower ambien t  concentrations.  After removal  from Cd-pol luted water  into 
f low-through culture in unpol lu ted  water, a subsequent  loss of Cd was indica ted  and  the plants  
recovered rapidly. Plants exposed up to 3 d to 0.7 ppm Cd recovered sufficiently to produce viable  
gametes  7 days after removal  from Cd. Because it has  a relatively short life span and apparent ly  
loses Cd subsequen t  to exposure to Cd-polluted water, Ulva lactuca is not r ecommended  as an  alga 
for moni tor ing in-situ envi ronmenta l  pollution. 

I N T R O D U C T I O N  

C a d m i u m  h a s  a t t r a c t e d  i n c r e a s i n g  a t t e n t i o n  i n  r e c e n t  y e a r s  as  a n  e n v i r o n m e n t a l  

p o l i u t a n t .  A l t h o u g h  i t  is  f o u n d  i n  o n l y  m i n u t e  t r a c e s  i n  u n p o l l u t e d  m a r i n e  e n v i r o n m e n t s ,  

c e r t a i n  c o a s t a l  a n d  i n s h o r e  w a t e r s  c a n  c o n t a i n  s e v e r a l  # g  C d  1-1. N u m e r o u s  s t u d i e s  of C d  

a c c u m u l a t i o n  h a v e  b e e n  c a r r i e d  out ,  a l t h o u g h  r e l a t i v e l y  f e w  of t h e s e  s t u d i e s  h a v e  

i n v o l v e d  m a r i n e  a l g a e .  It is  k n o w n  t h a t  m a r i n e  a l g a e ,  e s p e c i a l l y  b r o w n  a l g a e ,  c a n  

c o n c e n t r a t e  h e a v y  m e t a l s  to a v e r y  g r e a t  e x t e n t  ( G u t k n e c h t ,  1965; B r y a n  & H u m m e r -  

s t o n e ;  1973; M o r r i s  & Bale ,  1975; P a k  e t  al., 1977; S e e l i g e r  & E d w a r d s ,  1977). 

B u r r o w s  (1971) r e p o r t e d  o n  p o l l u t i o n  e f fec t s  o n  two  c o m m o n  a l g a e ,  t h e  a n n u a l  g r e e n  

a l g a  Ulva Iactuca a n d  t h e  p e r e n n i a l  b r o w n  a l g a  Laminaria saccharina. S h e  n o t e d  t h a t  U. 

lactuca g r e w  b e t t e r  i n ' t h e  p r e s e n c e  of o r g a n i c  p o l l u t i o n .  Z a v o d n i k  (1977) r e p o r t e d  t h a t  

Pb  i n  c o n c e n t r a t i o n s  u p  to 1 p p m  h a d  n o  m e a s u r a b l y  tox ic  e f fec t  o n  U. rigida o v e r  6 days ,  
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as de te rmined  by measurements  of oxygen production. On the other hand,  Hagerh611 
(1973) reported that U. lactuca was absent  from areas where  it had previously b e e n  
recorded, which had subsequent ly  become pol luted with heavy metals  inc lud ing  Cd. 
Burrows (1971) suggested that U. lactuca and  L. saccharina might  be  good indicator  
organisms for env i ronmenta l  pol lut ion because  they are sessile and  thus unab le  to move 
away from the pol lutant  and  they have rapid growth rates which are easy to measure.  For 
these reasons and  because  it is ub iqui tous  and  successful culture methods have b e e n  
devised for  it, we have previously tested the effects of Cd on Laminaria saccharina 

(Markham et al., 1980). For the same reasons and  to provide a comparison with 

Laminaria we have tested the effects of Cd on U. lactuca. 

MATERIAL AND METHODS 

P l a n t  m a t e r i a l  

Small pieces were cut out of un ia lga l  stock-culture plants  of Ulva lactuca L. and 
grown in  an  automatic  f low-through culture system as descr ibed previously (Markham et 
al., 1979). After approximately  40 days growth (pretreatment) in  enr iched sea water  
(Provasoli, 1968) at 12 ~ unde r  white  f luorescent l ight  (Osram 65 W/19; 2000 lux) each 
piece had grown to sufficient size so that up to 70 discs, 24 mm in diameter,  could be 
punched  out of a s ingle  plant.  In any one exper imenta l  series only discs cut out of the 
same plant  were used. Growth of the discs under  test condit ions was measured  as 
increase in diameter,  then  calculated as specific growth rate (SGR; ~ increase/day) 
us ing  the formula: 

SGR = 

where  D 1 = ini t ia l  d iameter  
D 2 = diameter  on day t. 

100 [log~ (D2/D1)]. 

C a d m i u m  t r e a t m e n t  

In the t reatment  the Ulva discs were tested in  a continuous-f low test system 
(Markham et al., 1979). In this system filtered sea water  conta in ing  the desired concen- 
tration of Cd (added as CdC12) was p u m p e d  cont inuously  from 20-1 glass bottles into test 
culture vessels (2-1 capacity; 22-cm diameter,  9 cm high) at a rate of 2 ml /min.  This flow 
rate had previously b e e n  demonst ra ted  as sufficient to ma in ta in  the Cd concentra t ion in  
the test vessels despite uptake  by the plants  (Markham et al., 1979). All test cultures 
were ma in t a ined  at 12 ~ 16:8 light:dark, white  f luorescent l ight at 5000 lux. The 
solution in  the test vessels was stirred cont inuously  by magnet ic  stirrer. Most experi- 
ments  were run  for a period of 6 days. One control and 5 test concentrat ions of Cd were 
used in  most experiments ,  with 10-12 discs per  test concentrat ion.  In ini t ia l  exper iments  
to de te rmine  the lethal  concentrat ion,  concentrat ions of 0.08 ppm Gd to 4.6 ppm Cd were 
employed.  Most subsequen t  exper iments  employed concentrat ions of 0.21, 0.29, 0.92, 
1.73, and  2.75 ppm Cd. For further details of exper imenta l  conditions, see Markham et aL 
(in press). 
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C a d m i u m  d e t e r m i n a t i o n  

Wate r  s amples  from each  tes t  vesse l  were  a n a l y z e d  for Cd content  by  a tomic  
absorp t ion  spec t ropho tomet ry  (AAS) as de sc r ibed  b y  Sper l ing  (1977). Plant  discs to be  
a n a l y z e d  for Cd  content  were  r emoved  from the test  vesse ls  at the end  of the  expe r imen t  
wi th  glass  forceps,  pa s sed  r ap id ly  (20 sec) th rough  a dehyd ra t i on  ser ies  from d is t i l l ed  
wa te r  to 100 % methanol ,  w e i g h e d  for we t  weight ,  d r i ed  at  85 ~ for 20-21 h, w e i g h e d  for 
dry weight ,  and  then  a n a l y z e d  by  f l ameless  AAS as de sc r ibed  by  Sper l ing  et  al. (1977). 
C d - u p t a k e  ra tes  were  d e t e r m i n e d  by  r emov ing  discs after  1, 2, 4 and  6 days  in 0.88 p p m  
Cd  for AAS analysis .  

In o rder  to test  recovery  from exposure  to Cd, p lan ts  were  grown in 0.72 p p m  Cd. 
After  1, 3, and  6 days  10 discs were  t ransfer red  into u n c o n t a m i n a t e d  sea  wa te r  in n e w  
vessels ,  w h e r e  they  were  a l l owed  to g row further  in f low- through condi t ions  unt i l  15 
days  after  the  b e g i n n i n g  of the  exper iment .  At  6 days  one disc from each  exposure  t ime 
was  m e a s u r e d  for growth  and  then  a n a l y z e d  for Cd content .  At  15 days  al l  the r e m a i n i n g  
p lan ts  were  m e a s u r e d  and s amp le s  from each  exposure  t ime were  a n a l y z e d  for Cd 
content .  

P h o t o s y n t h e t i c  14C a s s i m i l a t i o n  

To examine  poss ib le  effects of Cd on p r imary  metabol i sm,  Ulva discs which  h a d  
b e e n  cu l tu red  in Cd in cont inuous- f low condi t ions  as de sc r ibed  above  were  then  
a l l owed  to ass imi la te  t4C from a H14CO3-seawater  m e d i u m  for 30 rain in  the  l ight  (20,000 
lux). The  incuba t ion  m e d i u m  con ta ined  the same amount  of Cd as the cul ture  m e d i u m  
plus  10/zCi NaH14COa/10 ml. After  the  app rop r i a t e  incuba t ion  t ime,  the  samples  were  
harves ted ,  br ie f ly  r in sed  in t ap  water ,  r ap id ly  deep  frozen, and  subsequen t ly  
lyophi l i zed .  For  fur ther  de ta i l s  on the  incuba t ion  and  ana ly t ica l  procedures ,  see  Kremer  
(1978). 

RESULTS 

G r o w t h  

Ulva discs in  concent ra t ions  of a p p r o x i m a t e l y  4.5 p p m  were  k i l l ed  in the  s t anda rd  6- 
day  test. Control  discs i nc reased  at a rate  of a pp rox ima te ly  13 % / d a y  over  6 days.  The  
dec rease  in growth  ra te  wi th  inc reas ing  Cd  concent ra t ion  wi th in  the  sub le tha l  r ange  was  
very  s teep  to app rox ima te ly  0.3 p p m  Cd (Fig. 1). Above  this concent ra t ion  the  dec rease  
was  m a r k e d l y  less.  

In the  expe r imen t  to test  recovery  after  exposure  to Cd, l inear  r eg ress ion  analys is  of 
the  growth  m e a s u r e m e n t s  m a d e  after 6 days  (Fig. 2) ind ica tes  a s igni f icant  effect (r -- 
0.95; s igni f icant  to 0.05 level)  of i nc reased  exposure  t ime in r educ ing  growth.  W h e n  
m e a s u r e d  after  15 days,  however ,  i. e. af ter  14, 12, or 9 days  in u n c o n t a m i n a t e d  water ,  the  
ev iden t  reduc t ion  in growth  was  much  less (Fig. 2). 

In the  recovery  expe r imen t  a lmost  al l  the  discs exposed  1 day  to Cd b e c a m e  fert i le 7 
days  after b e i n g  r emoved  to u n c o n t a m i n a t e d  water .  Almost  al l  the  discs exposed  3 days  
to Cd  also b e c a m e  fert i le  7 days  after  r emova l  to c l ean  water .  Of the  discs exposed  6 days  
to Cd, one b e c a m e  fert i le  8 days  after  r emova l  to c l ean  water .  The  control  discs a l l  
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Fig. 1. U]va ]actuca. Percentage diameter in- 
crease per day of discs measured after 6 days in 
various Cd concentrations (ppm.) Vert ical bars 

indicate standard deviations 
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Fig. 2. Ulva lactuca. Percentage diameter in- 
crease per day of discs after various durations 
(days) of exposure to 0.7 ppm Cd, measured 
after 6 days (broken line) and 15 days (solid 
line). Lines: linear regressions, significant at the 
0.05 level. Only discs which had not released 
swarmers were measured. (N = 4 for 6 days, N 

= 21 for 15 days) 

became fertile 14 days after the start of the experiment .  All fertile discs re leased viable  
male  gametes.  In many  discs 100 % of the cells produced gametes  and  thus after gamete  
swarming  noth ing  r ema ined  for growth measurements .  This accounts for the fact that N 
is greater  for plants  exposed longer  to Cd for the 15-day measurements  in  Figure 2. 

U p t a k e  of c a d m i u m  

Cd uptake  as plotted agains t  t ime was very rapid at first, with over 30 ng  Cd/mg 
tissue accumula ted  after 1 day in  0.9 ppm Cd, bu t  slowed considerably after the first day 
(Fig. 3). After 6 days in the same concentrat ion only about  59 ng  Cd/mg tissue had b e e n  
accumulated.  Measurements  made  after 6 days in various Cd concentrat ions show that 
Cd accumula t ion  is proport ional  to the concentrat ion in  the water  (corr. coeff. -= r = 
0.973, s ignif icant  at 0.01 level  for N = 6), a l though relat ively more is t aken  up from 
lower ambien t  concentrat ions (Fig. 4). Calcula t ion of the concentrat ion factor (= Cd 
concentrat ion in  p lan t /Cd  concentrat ion in  water) i l lustrates this point  better, as this 
factor is much  larger in  lower ambien t  concentrat ions (Fig. 4). It also reveals that above 
ambien t  concentrat ions of about  1.0 ppm Cd the concentra t ion factor does not rise above 
50 X and  tends to remain  constant  with increas ing  ambien t  concentrat ion.  

When  plants  were exposed to Cd and  then  re turned to c lean water, there was an 
apparent  loss of Cd in  plants  which had  taken  up more than 200 #g Cd/p lan t  (= ca. 5 ng  
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Fig. 4. Ulva lactuca, Solid line: uptake of Cd 
from various solution concentrations, measured 
after 6 days; broken line: concentration factors 
(Cd concentration in tissue / Cd concentration 
in solution). One disc measured per concentra- 

tion 

Cd/mg tissue) (Fig. 5). The relative loss was greater  in  plants  which had accumula ted  
more Cd. 

C a r b o n  a s s i m i l a t i o n  

The photosynthet ic  ass imila t ion of 14C as measured  after 6 days in  various concen- 
trations of Cd was very sensi t ive to Cd (Fig. 6). The curve for the reduct ion of l ight- 
dependen t  carbon ass imila t ion with increas ing  Cd concentrat ion is very similar  to that 
for growth reduct ion (cf Fig. 1). There is the same sharp drop at low concentrat ions and  
relat ively less ass imilat ion-rate  reduct ion with increas ing  Cd concentrat ion.  Similar  
exper iments  (data not inc luded  in  Fig. 6). indicate  that this effect of Cd is t ime- 
dependen t  as well. No attempts have b e e n  made  to de termine  to what  extent  a recovery 
of the potent ia l  for photosynthet ic  carbon fixation might  be achieved. 

DISCUSSION AND CONCLUSIONS 

These exper iments  have shown that Ulva l a c t u c a  is sensit ive to Cd, as is shown by 
reduct ion in  growth, rate of photosynthet ic  carbon ass imilat ion and  considerable  delay 
in  sporulation. This sensit ivi ty is not a s t ra ight- l ine re la t ionship with ambien t  Cd 
concentrat ion.  A comparison of Figures 1, 4 and  6 indicates  a correlation be t w e e n  the 
photosynthet ic  and  growth responses and  the uptake  and  concentrat ion-factor curves. 
Growth, photosynthesis  and  concentra t ion factor fall s teeply with increas ing Cd con- 
centrat ion at lower ambien t  concentrat ions,  then  much  less rapidly as concentra t ion 
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Fig. 5. Ulva lactuca. Total Cd (/~g Cd/1 dissolved 
tissue) measured in discs after various durations 
(days) of exposure to Cd. Solid line: discs analy- 
zed 6 days from start of Cd exposure; broken 
line: discs analyzed 15 days from start of Cd 

exposure 
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Fig. 6. Ulva lactuca. Photosynthetic 14C assimi- 
lation by discs after 6 days exposure to various 

Cd concentrations 

increases. Cd uptake  rises sharply to ambien t  concentrat ions of about  0.3 ppm Cd, then  
rises more gradual ly  with increas ing  concentrat ion.  This is about  the same point  at 
which there is a b reak  in  the growth curve. Earlier work with the b rown alga Laminaria 
saccharina (Markham et al., 1980) showed that in  that alga the response of growth, 
photosynthesis,  up take  and  concentra t ion factor to increas ing  concentrat ion was essen- 
t ially a s traight- l ine relat ionship a n d  it was concluded that uptake  was an  uncontrol led  
process. Further, in  that alga, there was no evidence  of a loss of Cd after removal  from 
Cd-pol lu ted media,  nor was there any  subsequent  recovery from the Cd- inh ib i ted  
growth rate. For Ulva, the lack of a straight-l ine relat ionship with increas ing  Cd 
concentrat ions and  especial ly the constant  concentrat ion factors above approximately  
1.0 ppm Cd indicate  that there may be active control over the amount  of Cd t aken  up and  
retained.  This is further indica ted  by the relat ively greater  loss of Cd by plants  which 
had t aken  up more Cd (Fig. 5). Al though comparisons are difficult because  of the 
different concentrat ions employed,  it is of interest  that S iva l ingam (1978} subjected U. 
reticulata to extremely high concentrat ions of Cd (up to 500 ppm) and reported a Cd loss 
due to an  apparen t  "regulatory discharge mechanism".  

The improved growth rate after removal  from Cd indicates  recovery from the toxic 
effects of Cd and  provides indirect  evidence  of a loss of Cd. The fact that m a n y  of the 
plants  became fertile complicated the measurement s  of growth rate. The factors in- 
duc ing  and  control l ing sporulat ion in  Ulva are complex and not fully e luc idated  (see 

3.0 
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N o r d b y ,  1977) a n d  a r e  b e y o n d  t h e  s c o p e  of t h i s  p a p e r .  I m p o r t a n t  w i t h  r e g a r d  to C d  

p o l l u t i o n  is t h a t  t h e  s p o r u l a t i o n  of t h e  p l a n t s  a w e e k  a f t e r  r e m o v a l  f r o m  C d  i n d i c a t e s  

n e a r l y  c o m p l e t e  r e c o v e r y  f r o m  t h e  C d  effects .  

A l t h o u g h  Ulva is v e r y  s e n s i t i v e  to Cd,  a t  l e a s t  o v e r  a s h o r t  t ime ,  i t s  u p t a k e  of C d  is 

v e r y  low,  w h e n  c o m p a r e d  w i t h  t h a t  b y  o t h e r  g r e e n  a l g a e  (Pak  e t  al., 1977) or Laminaria 

( M a r k h a m  e t  al. ,  1980).  It a l so  t a k e s  u p  l e s s  C u  a n d  P b  t h a n  do  o t h e r  g r e e n  a l g a e  ( P a k  e t  

al,  1977) or  Laminaria ( M a r k h a m  e t  al., 1980).  It a l so  t a k e s  u p  l e s s  C u  a n d  P b  t h a n  do  t h e  

s i m i l a r  g r e e n  a l g a e  Enteromorpha a n d  Blidingia ( S e e l i g e r  & E d w a r d s ,  1977) a n d  m u c h  

l e s s  65Zn t h a n  d o e s  Fucus ( G u t k n e c h t ,  1965).  S e e l i g e r  & E d w a r d s  (1977) a l so  f o u n d  a 

p o o r e r  c o r r e l a t i o n  b e t w e e n  t i s s u e  c o n c e n t r a t i o n s  of C u  a n d  Pb  i n  Ulva a n d  d i s s o l v e d  C u  

a n d  P b  t h a n  w a s  t h e  c a s e  for  Blidingia, Enteromorpha or Fucus. 
B e c a u s e  of i t s  l o w  u p t a k e  a n d  s u b s e q u e n t  loss  of C d  a n d  b e c a u s e  it  s h o w s  l i t t l e  or  n o  

l o n g - t e r m  a f t e r e f f ec t s  f r o m  e x p o s u r e  to Cd,  a n d  a l so  b e c a u s e  it  h a s  a l i fe  s p a n  of l e s s  t h a n  

a yea r ,  Ulva w i l l  n o t  i n t e g r a t e  e n v i r o n m e n t a l  C d  c o n c e n t r a t i o n s  o v e r  a n y  p e r i o d  of t ime .  

S i n c e  it  is  a p p a r e n t l y  a b l e  to a v o i d  u p t a k e  of C d  a b o v e  a c e r t a i n  c o n c e n t r a t i o n ,  i t  w i l l  

g i v e  a d i s t o r t e d  p i c t u r e  of t h e  i n - s i t u  C d  c o n c e n t r a t i o n .  For  t h e s e  r e a s o n s ,  Ulva, i n  

c o n t r a s t  to a n  a l g a  s u c h  as  Laminaria, is  p r o b a b l y  no t  a g o o d  a l g a  to u s e  as  a n  i n - s i t u  

i n d i c a t o r  of e n v i r o n m e n t a l  p o l l u t i o n  b y  C d  or  o t h e r  h e a v y  m e t a l s .  
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