
HELGOLANDER MEERESUNTERSUCHUNGEN 
Helgol~nder Meeresunters .  40, 355-376 (1986) 

Effects of temperature and salinity on larval 
development of Elminius  m o d e s t u s  (Crustacea, 

Cirripedia) from Helgoland (North Sea) and New 
Zealand 

J. Harms 

TH-Darmstadt, Zoologisches Institut; Schnittspahnstr. I0, D-6100 Darmstadt, 
Federal Repubh'c of Germany 

and 
Biologische Anstalt Helgoland (Meeresstation) ; D-2192 Helgoland, 

Federal Repubh'c of Germany 

ABSTRACT: Larvae of Elminius modestus (Darwin) from four different populat ions (Portobello, 
Leigh, Doubtless Bay [New Zealand] and  Hetgoland [North Sea]) were reared at  different salinity 
and tempera ture  combinations.  The larvae of E. modestus from Helgoland developed successfully 
at a wide range  of tempera ture  (6 ° to 24 °C) and  salinity (20 to 50 %0 S). Mortality was h ighes t  at 10 %0 
S; only at 12 ° and  18 °C did a small pe rcen tage  develop to the cypris, The larvae from New Zealand  
were reared at a temperature  range  of 12°-24 °C at 20, 30 and  40 %0 S; mortality increased in all 
populations at all salinities with decreas ing tempera ture  and was extremely h igh at 12 °C and  40 %0 
S. The temperature  influence on larval durat ion could be  descr ibed in all cases by a power  function. 
No significant differences in t empera ture  influences on developmenta l  t imes be tween  the tested 
salinities were  found, except  for the  Portobello population at 20 %o S. Significant differences were  
found in the tempera ture  influence on larval development  be tween  the populations from Helgoland 
and the North Island of New Zealand (Leigh, Doubtless Bay). No differences were found be tween  
the Helgoland and  Portobello population. The pooled data for the tempera ture  influence on the 
larval development  of the three  tested New Zealand populations at 20, 30 and 40%o S and  the 
pooled Helgoland data at 20, 30 and  40 %~ S show highly significant differences. 

Larval size (stage VI) was inf luenced by experimental  conditions. The larvae grew bigger  at 
low tempera tures  and  a t ta ined their  maximum size at 30%0 S (Helgoland). There  was a strong 
reduction in larval size at t empera tures  from 18 ° to 24 °C. The .larvae of the New Zealand  
populations were smaller than those from Helgoland. The greatest  difference in size existed 
be tween  the larvae from Portobello and  Helgoland. 

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

Elminius modestus (Darwin )  is a v e r y  c o m m o n  s p e c i e s  t h r o u g h o u t  N e w  Z e a l a n d  

(N. Z.), w h e r e  i t  o c c u r s  o n  a w i d e  r a n g e  of s u b s t r a t e s  in  t h e  m i d -  a n d  s h a l l o w  s u b l i t t o r a l  

z o n e s  (Luckens ,  1976; Fos te r ,  1978; Moore ,  1944; M o r t o n  & Mil ler ,  1968). T h e  d i s t r i b u -  

t ion  of E. modestus i n  A u s t r a l i a  is r e s t r i c t e d  to s h i p p i n g  po r t s  a n d  it is p o s s i b l e  t h a t  sh ip -  

a i d e d  d i s p e r s a l  f r om N.Z. to A u s t r a l i a  h a s  o c c u r r e d  (Foster ,  1980, 1982). S imi la r ly ,  E. 

modestus h a s  a l so  s u p p o s e d l y  i n t r o d u c e d  i t se l f  to E u r o p e  b y  s e t t l i n g  o n  s h i p s  c o m i n g  

f rom N. Z. (Bishop,  1947; Cr isp ,  1958), a n d  w a s  f i rs t  r e c o r d e d  in  1945 in  C h i c h e s t e r  
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Ha rbou r  (England) by  Bishop (1947). Since 1945, E. modestus  has sp read  rapidly 
th roughou t  Europe  (Barnes & Barnes,  1960, 1961, 1965a, 1969; Barnes  & Powell, 1966; 
Barnes  & Stone, 1972; Barnes  et al., 1972; Bishop, I954; Boschma, 1948; Connell ,  1955; 
Crisp, 1959a, 1960; Crisp & Southward,  1959; Den Hartog,  1953, 1956; Fischer-Piet te  & 
Forest ,  1961; Hiscock et  al., 1978; Jones,  1961; Powell,  1960; Stubbings,  1950). 

E. modes tus  was first r ecorded  at He lgo l and  in 1955 (DenHartog,  1959; Ktihl, 1963), 
and  has  s ince become  a common species  in the  inter-  and  subt idal  zone around 
He lgo l and  (Anger,  1978; Harms  & Anger ,  1983; Janke ,  1986). 

Gene t i c  d ive rgence  of these  s e p a r a t e d  popula t ions  in N. Z. and  Europe,  which might  
b e  caused  by  the gene t ic  e q u i p m e n t  of the  invaders  and /o r  by  different  na tura l  selection 
in the  two habi ta t s  (Crow & Kimura,  1970), has  been  tes ted  (Flowerdew, 1984; Ritz & 
Foster,  1968) and  no indica t ion  of gene t ic  d ive rgence  was found (Flowerdew, 1984). 

The  p re sen t  s tudy  desc r ibes  and  compares  the inf luence  of wa te r  t empera tu re  and 
sal ini ty on larval  d e v e l o p m e n t  of th ree  popula t ions  of E. modes tus  from N. Z. (Portobello 
- Otago  harbour;  Leigh - S n e l l s  Beach; Doubt less  Bay) and  one from Europe (Helgoland) 
(Fig. 1). 

MATERIALS AND METHODS 

Elminius modes tus  deve lops  th rough  six naupl ius  stages.  The first larval  s tage is not 
cons ide red  here  because  it lasts only a few hours and  does not feed (Harms, 1984). 
Exper iments  were  t e rmina ted  w h e n  the la rvae  r e a c he d  the cypris  stage.  Larvae of 
E. modes tus  were  r ea r ed  ind iv idua l ly  in smal l  glass  bowls (4-5 ml) at different  salinities 
(10, 20, 30, 40, 50%o S) in cons t an t - t empera tu re  rooms (6 °C, LD 14:10 and 9 °, 12 °, 18 ° and  
24 °C, LD 17:7). The sal ini t ies  were  ob ta ined  by  mixing  concen t ra ted  seawate r  (acquired 
by  d e e p  f reez ing  seawater )  with dis t i l led water .  

Larvae  were  not  prev ious ly  a d a p t e d  to the  salinities.  The  wa te r  was  c ha nge d  every 
second  day  and  the la rvae  were  fed with Ske le tonema costaturn (105 cells per  ml). 
Ant ibiot ics  were  a d d e d  at a concent ra t ion  of 0.3 ml Crystamycin/1 seawate r  (300 mg 
Penici l l in G and  500 m g  St rep tomycin  in 4 mt des t i l led  water) .  Cul ture  bowls were  
c h e c k e d  dai ly  for exuviae ,  though  twice dai ly  at 24 °C. 75 la rvae  were  r ea red  for the 
H e l g o l a n d  popu la t ion  in each  expe r imen ta l  set at 6 °, 12 °, 18 ° and  24 °C, and  25 at 9 °C. 
Exper iments  were  t e rmina ted  when  the la rvae  r eached  the cypris  s tage.  For more detai ls  
see Harms (1984). 

For the  expe r imen t s  done  at the Mar ine  Inst i tutes of Portobello (University of Otago) 
and  Leigh (Universi ty of Auckland)  adul ts  of E. modestus  were  col lected from the field 
and  r ipe eggs  were  collected.  Only  la rvae  which ha tched  dur ing  the first hour were  used 
for exper iments .  The  expe r imen t s  in Portobel lo  (n = 55 at 12 °, 15 ° and  18 °C; n = 22 at 
16 ° and  24 °C LD 15:9) were  done  in " t empe ra tu r e  control led  wa te r -ba ths"  and in Leigh 
(n -- 36 at 12 °, 15 °, 18 ° and  24 °C LD 12:12) in " t empe ra tu r e  control led boxes"  at 20, 30 
and  40 %o S. The re la t ive ly  small  cul ture  bowls  (4-5 ml) had  to be c he c ke d  in both cases 
at room t e m p e r a t u r e  (18 °C), caus ing  t empe ra tu r e  changes  of the  culture medium. 
Because  such var ia t ions can have  a s trong inf luence  on deve lopmen ta l  t ime (Costlow & 
Bookout,  1971; Sastry, 1979), adul t  E. modes tus  from Portobello,  Leigh and Doubtless 
Bay were  t aken  to the  Mar ine  Stat ion He tgo land  (F. R. G., North Sea) to repeat  the 
expe r imen t s  u n d e r  condi t ions  ident ica l  to those for the  He lgo land  popula t ion  at 12 °, 18 ° 
and  24 °C and 20, 30 and 40 %o S. 
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Fig. 1. Map of New Zealand and the German Bight (Europe) with the locations of the tested 
populations of Elminius modestus 

The origin of the tested populations is shown in Figure 1. The natural range of water  
temperatures and salinity at Helgoland,  Portobello and Leigh is g iven  in Figure 2. 
Doubtless  Bay conditions re semble  those of Leigh. 

The adults from N.Z. were  kept  at the Marine Station Helgoland at constant 15 °C for 
about three months  in a f low-through-system before newly  hatched larvae were  taken 
for experiments .  24 larvae of the N.Z. populations were  reared at the Marine Station 
Helgoland at each combination.  

The growth rate of the larvae was  determined by measuring  the breadth of the 
carapace with an okular micrometer.  Carapace breadth is a good indicator because  of its 
relatively small  variation within single experimental  sets (Harms, 1982). 

RESULTS 

Helgoland population 

The t ime span for the d e v e l o p m e n t  of the naupliar s tages  II-VI at different combina-  
tions of salinity and temperature are shown in Figure 3, Deve lopmenta l  t ime of the 
naupliar s tages  increases  with decreas ing  water  temperatures,  and is shortest b e t w e e n  
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Fig. 2. Annual variation of water temperature and salinity at Helgoland (D, according to Hickel & 
Mangelsdorf, 1980), Portobello (x, according to Shnn, 1968} and Leigh (o, according to Ballentine, 

1983) 

20 and 40 %0 S. The temperature inf luence  at the different salinities can be described by 
a power  function. Table 1 shows the function constants b and m and correlation 
coefficient (r) for the deve lopmenta l  t ime of the s ingle  naupliar stages as wel l  as for the 
total deve lopment  from nauplius  II to the cypris stage. No differences in temperature 
inf luence  exist b e t w e e n  the tested salinities. The  Q10-values for the temperature influ- 
ence  b e t w e e n  6 °, 12 ° and 24 °C on the duration of total deve lopment  lie between  2.2 
und  3.4, depend ing  on the temperature range and salinity (Table 7). The regression line 
for the t ime of total deve lopment  from nauplius  II to the cypris is compared in Figure 11 
with the data of the N.Z. populations.  



10
 

20
 

30
 

z*
O

 
50

 
10

 
2

0
 

~0
 

kO
 

50
 

10
 

20
 

30
 

4
0

 
5

0
 

10
 

7
0

 
30

 
4

0
 

50
 

10
 

2
0

 
30

 
~,

0 
5

0
 

30
 

i 
i 

l 
l 

i 
b 

i 
i 

l 
J 

l 
i 

i 
l,

 
~ 

[ 
~ 

i 
l 

l 
i 

i 
l 

I 
A

 

2
5
 

2
0
 

1
5
 

3
0
 

II
 

Il
l 

I V
 

V 
V~

 

~6
°c

 
\ 

10
 

20
 

30
 

~0
 

50
 
%
°
 

10
 

20
 

30
 

1.
0 

50
 
%
°
 

10
 

20
 

30
 

4
0
 

5
0
 
%
°
 

10
 

20
 

30
 

4
0
 

50
 
%
°
 

10
 

20
 

30
 

40
 

5
0
 
%
°
 

Sa
li

ni
ty

 

° C
 

2
5
 

2O
 

o o 
1

5
 

~ o X
 

10
 

<
 

rl
) 

o 3 m
 

5 
-~

- 

£3
. 

t~
 

0 
~ 

Fi
g.

 3
. 

D
ev

el
op

m
en

ta
l 

ti
m

e 
of

 t
he

 n
au

pl
ia

r 
st

ag
es

 o
f 

E
lm

in
iu

s 
m

o
d

es
tu

s 
fr

om
 H

el
go

la
nd

 a
t 

di
ff

er
en

t 
co

m
bi

na
ti

on
s 

of
 t

em
pe

ra
tu

re
 a

nd
 s

al
in

it
y 

(d
ay

s,
 m

ea
n 

va
lu

es
) 

O
 

q~
 

c3
~ 



360 J. H a r m s  

Table 1. Values of power function (D = b t ~) for thermal influence (t) on larval development (D) of 
Elminius modes tus  from Helgoland for the temperature interval 6 ° to 24°C at 10, 20, 30, 40 and 

50 %o S. (b and m are constants, r = correlation coefficient, p = confidence interval) 

Salinity b m r p Salinity b m r p 
(%0) (%0) 

Nauplius stage II Nauplius stage III 

20 225 -1.63 -0 .99 <0.001 20 369 -1.87 -0.94 <0.001 
30 158 -1.51 -0 .99  <0.001 30 176 -1.65 -0.97 <0.001 
40 253 -1 .58 -0 .99 <0.001 40 155 -1.59 -0.97 <0.001 
50 68 -1 .05 -0 .97 <0.02 50 42 -1.05 -0 .90 <0.05 

Nauplius stage IV Nauplius stage V 

20 175 -1 .58 -0 .95 <0.001 20 119 -1.35 -0.94 <0.001 
30 147 -1.52 -0 .99 <0.001 30 235 -1.61 -0 .98 <0,001 
40 103 -1.37 -0 .96 <0.001 40 97 -1.24 -0.95 <0.001 
50 116 -1.36 -0 .88 <0.05 50 238 -1.52 -0 .95 <0.02 

Nauplius stage Vt Nauplius If to cypns 

20 382 -1.55 -0 .95 <0.001 20 1135 -1.58 -0 .98 <0.001 
30 433 -1.63 -0 .98 <0.001 30 1118 -1.58 -0.99 <0.001 
40 366 -1 .50 -0 .94 <0.001 40 933 -1.45 -0.97 <0.001 
50 404 -1 .44 -0 .99 <0.01 50 796 -1.34 -0 .99 <0.0t  

Mor t a l i t y  ( e x c e p t  at 6 °C) w a s  l o w e s t  at 20 %0 S (Fig. 4), At  10 %0 S, mos t  of the  l a rvae  

d i e d  a f t e r  a f e w  d a y s  (at 6 °, 9 ° a n d  24 °C), a n d  on ly  a smal l  p e r c e n t a g e  r e a c h e d  the  cypr is  

s t a g e  a t  12 ° a n d  18 °C (2 a n d  6 %, r e spec t ive ly ) .  Mor ta l i ty  at  2 0 - 4 0  %0 S w a s  l o w e s t  at  

24 °C a n d  i n c r e a s e d  w i t h  d e c r e a s i n g  w a t e r  t e m p e r a t u r e .  
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Fig. 4. Mortality of the naupliar stages of Elmmius  modes tus  from Helgoland in relation to water 
temperature and salinity 
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Table 2. Carapace size (breadth, gm) of the naupliar stages II to VI and carapace length (Brn) of the 
cypris stage at different combinations of water temperature and salinity for Elminius modestus from 

Helgoland (mean values ± 95 % confidence intervals) 

La~,a ls tage  II III IV V VI Cypris 

T (°C) Salinity (%°) 

6 20 176 ± 3 206 ± 5 251 ± 8 305 ± 20 380 
30 t75 ± 3 2 0 9 ± 4  252 ± 6 317 ± 12 403 ± 18 5 6 6 ±  32 
40 173 ± 2 205 ± 5 253 ± 8 314 ± 15 387 ± 27 552 ± 67 
50 176 211 

9 20 177 ± 4 204 ± 4 240 ± 7 304 ± 9 385 ± 12 556 ± 21 
30 176 ± 4 210 ± 3 247 ± 5 313 ± 8 393 ± 11 597 ± 36 
40 178 ± 2 200 ± 4 240 ± 5 304 ± 7 387 ± 36 550 
50 169 ± 5 186 ± 7 247 

12 10 173 ± 6 213 ± 9 243 ± 11 309 ± 8 366 586 
20 178 ± 4 215 ± 7 263 ± 4 317 ± 7 387 ± 9 570 ± 15 
30 175 ± 4 209 ± 5 264 ± 6 327 ± 7 392 ± 10 567 ± 14 
40 172 ± 4 203 ± 4 250 ± 6 312 ± 7 384 ± 8 569 ± 21 
50 174 ± 4 200 ± 6 249 ± 9 311 ± 12 389 ± 9 574 ± 19 

18 10 173 ± 4 209 ± 7 265 ± 9 306 ± 16 373 ± 35 484 ± 24 
20 175 ± 4 212 ± 5 293 ± 5 317 ± 8 385 ± 8 562 ± 26 
30 179 ± 4 204 ± 6 257 ± 9 314 ± 9 390 ± 9 583 ± 39 
40 172 ± 3 202 ± 5 251 ± 5 313 ± 5 380 ± 9 558 ± 12 
50 173 ± 4 186 ± 8 239 ± 10 306 ± 8 368 ± 22 537 ± 17 

24 20 174 ± 2 218 ± 3 266 ± 4 317 ± 6 365 ± 7 537 ± 11 
30 173 ± 4 210 ± 3 260 ± 5 311 ± 6 367 ± 7 542 ± 12 
40 169 ± 4 209 ± 3 251 ± 4 309 ± 6 356 ± 7 511 ± 14 
50 173 ± 5 201 ± 6 251 ± 6 307 ± 5 360 ± 9 520 ± 13 

C a r a p a c e  s ize  of t he  n a u p l i a r  s t a g e s  a n d  t h e  c a r a p a c e  l e n g t h  of t he  cypr i s  l a r v a e  at  

d i f f e r en t  c o m b i n a t i o n s  of w a t e r  t e m p e r a t u r e  a n d  sa l in i ty  a re  g i v e n  in  T a b l e  2~ T h e  e f f ec t  

of t e m p e r a t u r e  a n d  sa l in i ty  on  c a r a p a c e  s ize  w a s  m o s t  o b v i o u s  in  t h e  n a u p l i u s  s t a g e  VI. 

T h e r e  w a s  g e n e r a l l y  a g r a d u a l  d e c r e a s e  in s ize  f rom 6 ° to 18 °C a n d  a s t r o n g e r  r e d u c t i o n  

f rom 18 ° to 24 °C. T h e  l a r g e s t  e x u v i a e  for e a c h  t e m p e r a t u r e  w e r e  a l w a y s  f o u n d  at  30 %° S 

(Fig. 5). T o w a r d s  l o w e r  a n d  h i g h e r  sa l in i t ies  t h e r e  w a s  a c l ea r  r e d u c t i o n  in s ize.  

C a r a p a c e  s ize  v a r i e d  li t t le a t  24 °C, a l t h o u g h  t h e r e  w a s  a t r e n d  t o w a r d s  s m a l l e r  c a r a p a c e  

s ize at  h i g h e r  sa l ini tes .  

N e w  Z e a l a n d  p o p u l a t i o n s  

The  i n f l u e n c e  of w a t e r  t e m p e r a t u r e  a n d  sa l in i ty  in t he  e x p e r i m e n t s  c a r r i e d  ou t  at  

H e l g o l a n d  on  s ing le  n a u p l i a r  s t a g e s  I I -VI  of t he  t h r e e  N.Z. p o p u l a t i o n s  is s h o w n  in  

F i g u r e  6. D e v e l o p m e n t a l  t ime  a n d  t h e  sa l in i ty  i n f l u e n c e  t h e r e o n  i n c r e a s e d  w i t h  d e c r e a s -  

i ng  w a t e r  t e m p e r a t u r e .  T h e  t e m p e r a t u r e  i n f l u e n c e  on  tota l  la rva l  d e v e l o p m e n t  f rom 

n a u p l i u s  II to t he  cypr is  cou ld  b e  d e s c r i b e d  for all p o p u l a t i o n s  w i t h  a p o w e r  f u n c t i o n  

(Table  3A. Fig. 11). The  r e g r e s s i o n  l ines  for t h e  H e l g o l a n d  e x p e r i m e n t s  c o n c u r  we l l  w i t h  
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Fig. 5. Carapace size of the VI. nauplius stage of E]minius modes tus  from Helgoland at different 
combinations of temperature and salinity 

the  d e v e l o p m e n t a l  dura t ion  of the exper imen t s  at  the Mar ine  Inst i tutes in Portobello and 
Leigh at 18 °C (Figs 7 and  8). The shift in deve lopme n ta l  t ime towards  shorter  spans  at 
low wa te r  t empera tu re s  and  p ro longed  d e v e l o p m e n t  at h igh t empera tu re s  may  have 
b e e n  caused  by  t e m p e r a t u r e  changes  due  to hand l ing  of the cul ture bowls  (see Mater ia ls  
and  Methods) .  A compar i son  of the  t e m p e r a t u r e  inf luence  at  the three  tes ted salinities 
for the  Portobetlo,  Leigh, and  Doubt less  Bay popula t ion  gave  no signif icant  differences,  
excep t  for the Portobel lo popula t ion  b e t w e e n  20 %0 S and  30 %0 S or 40 %0 S (Table 4 A). 
There  were  no signif icant  d i f ferences  b e t w e e n  the two North  Is land popula t ions  (Table 
4 B), so that  these  da t a  could be  pooled  (regression constants  see  Table  3 B). The 
Portobel lo  popu la t ion  was  s ignif icant ly  different  from the Leigh and Doubt less  Bay 
popu la t ions  at  30 %0 S (Table 4 B). A compar i son  of the  Portobello da ta  with that of the 
North  Is land (pooled da ta  of Leigh and  Doubt less  Bay) showed  no signif icant  differences, 
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Fig. 6. Developmental time of the naupliar stages of Elminius modestus from New Zealand 
(experiments carried out at Helgoland) at different combinations of temperature and salinity (days, 

mean values) 

and all data of the three N.Z. populations were  pooled for comparison with the Helgo-  
land data (Table 3 C, Fig. 11). 

Mortality of the s ingle  naupliar s tages  of the N,Z. populat ions are g iven  in the 
Figures 9 (experiments  carried out in N,Z.) and 10 (experiments  carried out in Helgo-  
land). The extremely  high mortalities in the Portobello exper iments  at 12 °, 15 °, 18 ° and 
24 °C (Fig. 9) might  have  been  caused by contamination with formalin, which  had 
previously  been  used in the culture room. The deve lopmenta l  duration did not s e e m  to 
be affected by this (Fig. 7). The exper iments  at 16 °C, carried out in a constant-  
temperature room, showed  much  lower  mortality, although it was  still higher than in the 
control exper iments  in Helgolancl (Fig. 10). Normally,  mortality was  lowes t  at 24 °C and 
increased with decreas ing temperature.  In both experiments ,  mortality was  h ighest  
considering all temperatures at 40 %0 S, and it was  ex tremely  high at 12 °C. 
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T a b l e  3. V a l u e s  of t he  p o w e r  func t ion  (D = b t m) for t h e r m a l  i n f l u e n c e  (t) on the  du ra t ion  of larval  
d e v e l o p m e n t  (D) of Elminius modes tus  f rom t h r e e  N e w  Z e a l a n d  p o p u l a t i o n s  ( expe r imen t s  car r ied  
ou t  a t  H e l g o l a n d )  for t h e  t e m p e r a t u r e  in t e rva l  12 ° to 24°C  at  20, 30, a n d  40%o S (b a n d  m are  
cons t an t s ,  r = cor re la t ion  coeff icient ,  p = c o n f i d e n c e  interval) .  C o m p r e h e n s i o n  of the  da ta  for the  
N o r t h  I s l and  p o p u l a t i o n s  (Part B) is b a s e d  on c o m p a r i s o n  of the  r e g r e s s i o n  s lopes  (Table 4). Since 
t h e r e  w e r e  no  s ign i f i can t  d i f f e r ences  b e t w e e n  t h e  poo led  da t a  of the  Nor th  I s l and  popu la t i ons  a n d  

Por tobel lo  all d a t a  could  be  c o m p r e h e n d e d  (Part C) 

Sal ini ty  (%0) b m r P 

(A) Por tobel lo  
20 1910 - 1.79 - 0 . 9 9 9 9  < 0.001 
30 3381 - 1.99 - 0 . 9 9 9 8  < 0.02 
40 3587 - 1.97 - 0 . 9 9 9 9  < 0.001 

L e i g h  
20 4647 - 2 . 1 2  - 0 . 9 9 8 0  < 0 . 0 5  
30 12695 - 2.45 - 0.9997 < 0.02 
40 5580 - 2 . 1 2  - 0 . 9 9 9 1  < 0 . 0 5  

D o u b t l e s s  Bay 
20 4767 - 2 . 1 6  - 0 , 9 8 8 4  <0 .1  
30 7266 - 2 . 2 9  - 0 . 9 9 9 8  < 0.02 
40 10260 - 2 , 3 2  - 0 . 9 9 9 1  < 0 . 0 5  

C o m p r e h e n d e d  d a t a  for the  Nor th  I s l and  popu la t ions :  
20 4770 - 2 . 1 4  - 0 . 9 9 0 6  <0 .001  
30 9604 - 2 . 3 7  - 0 . 9 9 5 1  < 0.00] 
40 7570 - 2 . 2 2  - 0 . 9 9 7 9  <0 .001  

(B) 

(c) C o m p r e h e n d e d  da ta  for t h e  N e w  Z e a l a n d  popu la t ions :  
5203 - 2 . 1 3  - 0 . 9 8 2 1  <0 .001  

T a b l e  4, C o m p a r i s o n  of t h e  r e g r e s s i o n  s lope  (m) g i v e n  in Tab l e  3 for t he  t h e r m a l  i n f l uence  on larval  
d e v e l o p m e n t  for t h e  t h r e e  t e s t e d  p o p u l a t i o n s  of Elminius modes tus  f rom N e w  Z e a l a n d  ( expe r imen t s  
ca r r ied  out  at He lgo land) .  C o m p a r i s o n  of r e g r e s s i o n  coeff ic ients  af ter  Sachs  (1976). A: t he rma l  

i n f l u e n c e  at  t h e  t e s t ed  sal ini t ies,  B: b e t w e e n  popu l a t i ons  

A B 

Sal in i ty  (%0) 

Por tobel lo  
20 vs. 30 p < 0 . 0 5  
20 vs. 40 p < 0 . 0 5  
30 vs, 40 n.s .  

L e i g h  
20 vs. 30 n.s .  
20 vs. 40 n,s .  
30 vs. 40 n,s ,  

D o u b t l e s s  Bay 
20 vs. 30 n,s .  
20 vs. 40 n.s .  
30 vs. 40 n.s .  

Sal ini ty (%o) 

Portobel lo vs. Le igh  
20 n.s .  
30 p <0 .05  
40 n.s .  

Portobel lo vs, Doub t l e s s  Bay 
20 n.s .  
30 p <0 .05  
40 n.s .  

Le igh  vs. Doub t l e s s  Bay 
20 n.s .  
30 n.s .  
40 n.s .  
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Fig. 7. Comparison of the time span for total larval development in the Portobello experiments (x) 
and in the control experiments at Helgoland (o) (mean value ± standard deviations) 

The salinity inf luence on growth rate was  in general  similar to the Helgo land 
population (Harms, 1985), but because  of the smaller temperature  and salinity ranges  
these  trends were  less  obvious.  In all exper iments ,  the carapace s ize  decreased  with  
increasing temperature.  The larvae from the Portobello population were  a lways  much  
smaller than larvae from the North Island populations (Fig. 12). 

C o m p a r i s o n  of the  a n t i p o d e a n  popu la t i ons  

The regression constants for the Helgoland population (pooled data) are given, for 
better comparison, for the same  temperature  interval (12°-24 °C, Table 5) as for the N.Z. 
populations. The populations of Leigh and Doubtless  Bay s h o w e d  significant differences 
to the Helgoland population at 20 and 30 %o S (Table 6), which is the natural salinity 
range for larvae of Elminius modestus  in the field. Comparison of the pooled North 
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Island populations data, however, showed significant differences at all tested salinities. 
No differences were found between the Portobello and Helgoland population, which 
have similar natural temperature ranges. As the data for the Portobello population were 
not significantly different from the pooled North Island populations data, it was possible 
to compare the N.Z. populations as a whole with the Helgoland population (Table 6, 
Fig. 11). The antipodean populations showed highly significant differences in the 

Table 5. Values  of the power function (D = b t ~) for thermal influence (t) on the duration of larval 
deve lopment  (D) of Elminius  m o d e s t u s  from Helgoland for the thermal interval of 12 ° to  24 °C and 
20,  3 0  a n d  4 0  %o S. Comprehension of the data based on comparison of regression slopes, which 

showed no significant differences in temperature influence at the tested salinities 

Salinity (%0) b m r p 

Helgoland 1 2 - 2 4  °C 

2 0  6 2 0  - 1 . 3 6  - 0 . 9 7 3  < 0 . 0 1  
3 0  9 9 0  - 1 .54 - 0 , 9 6 2  < 0 . 0 1  
4 0  8 9 2  - 1 . 4 4  - 0 . 9 1 1  < 0 . 0 2  

Helgoland 1 2 - 2 4  °C (all data comprehended) 
1 2 2 5  - 1 .56  - 0 . 8 9 2  < 0 . 0 0 1  
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Fig. 10. Mortahty of the naupliar stages of Elminius modes tus  from New Zealand (experiments 
carried out at Helgoland) in relation to water temperature and salinity (for further explanations see 

Fig. 4) 

t e m p e r a t u r e  inf luence  on the dura t ion  of the larval  deve lopment .  Similarly, the Q10- 
va lues  (12~-24 °C) showed  a s t ronger  t e m p e r a t u r e  inf luence  in the  N.Z. popula t ion  than 
in the  He lgo l and  popula t ion  (Table 7). 

Ano the r  d i f ference was  found by  compar ing  the ca rapace  size of the naupl ia r  stages. 
The N.Z. popula t ions  were  much smal ler  in naupl ius  II (Fig. 12), which  is especia l ly  true 
for the  Portobel lo  larvae.  This d i f ference  in ca r apace  size was  found throughout  the 
larval  d e v e l o p m e n t  up to the  VI. naup l ius  s tage  (Harms, 1985). The  variat ion in size of 
the  VI, naup l ius  s t age  (Fig. 12) was  caused  by  the inf luence  of t empera tu re  and salinity. 
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Table 6. Comparison of the thermal influence on larval development of Elmmius modestus from 
New Zealand with those from Helgoland (after Sachs, 1976) 

Helgoland vs. Portobello Helgoland vs. Leigh 

20 %0 n.s. 20 %0 p <0.02 

30 %0 n.s. 30 %0 p <0.05 
40 %0 n.s. 40 %0 n.s. 

Helgoland vs. Doubtless Bay Helgoland vs. Leigh and Doubtless Bay 

20 %0 p <0.02 20 %0 p <0.01 
30 %0 p <0.05 30 %0 p <0.01 
40 %0 n.s. 40 %0 p <0.05 

Helgoland (all data comprehended) vs. Portobello 20 %0 n.s. 
Helgoland (all data comprehended) vs. Portobello 30 and 40 %0 n.s. 
Helgoland vs. Leigh (all data comprehended) p <0.05 
Helgoland vs. Doubtless Bay (all data comprehended) p <0.05 
Helgoland vs. Leigh and Doubtless Bay (all data comprehended) p <0.005 
Helgoland vs. New Zealand (all data comprehended) p <0.001 

Table 7. Qm-values for the influence of temperature on the duration of total larval development 
from nauplius II to the cypris stage of Elminius modestus 

Salinity (%0) 10 20 30 40 50 

Helgoland 6-24 °C 2.32 3.38 3.38 3.06 2.85 
Helgoland 12-24 °C 2.20 2.45 2.25 2.23 
Portobello 12-24 °C 2.81 3.16 3.11 
Leigh 12-24 °C 3.42 4.12 3.41 
Doubtless Bay 12-24 °C 3.41 3.75 3.85 

All four populat ions showed  similar growth rates during larval deve lopmen t  (Harms, 
1985). 

Observat ion of individual  larvae showed that occasionally an in te rmedia te  s tage 

be tween  nauplius VI and the cypris occurred [Helgoiand populat ion:  12 °C, 30 %o S (1 x); 

Portobello populat ion:  16 °C, 30 %0 S (lx)~ Leigh populat ion:  12 °C, 30 %o S(4x);  15 °C, 

40 %0 S (2x), 15 °C, 20 %0 S (1×); 24 °C, 30 %0 S ( lx)] .  This s tage had the l imbs of the 

nauplius and the thoracic a p p e n d a g e s  of the cypris. The carapace  was more or less 
cypris-like. Tighe-Ford (1977) descr ibed a similar in te rmedia te  s tage for the larval 

deve lopmen t  of E. m o d e s t u s  in the presence  of juveni le  hormones.  A similar s tage was 
also found in S e m i b a l a n u s  ba lano ides  (Harms, unpubl i shed  observation) at 12 °C and 
30 %0 S(1 x). This s tage was  mainly  inact ive with no further moult ing,  and larvae a lways 

died after a couple of days. 
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DISCUSSION 

The adul t s  of Elminius modestus,  a euryha l ine  species,  are  active be tw e e n  19 to 
40 %0 S (Barnes & Barnes,  1974; Davenpor t ,  1976). E. modes tus  la rvae  hatch only at 
sal ini t ies  above  21%0 S, but  a re  still mobi le  at 9 %0 S (Cawthorne  & Davenport ,  1980). 
Data  of the  sal ini ty r a n g e  in which  the la rvae  of E. modes tus  deve lop  successfully to 
cypr is  a re  missing.  Only  litt le is k n o w n  about  the  sal ini ty  to le rance  of the first nauplius 
s tage,  Bha tnaga r  & Crisp (1965) p r o p o s e d  a to le rance  l imit  of 12 to 15 %o S, Davenport  & 
Cawtho rne  (1978) r epor t ed  that  l a rvae  which  are a d a p t e d  to low salinities had a 
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to le rance  l imit  of 6.7 %0 S. Lance (1964) gave  10.3 %0 S as the lower  to lerance  limit of the 
VI. s t age  of E. modestus.  All these  expe r imen t s  were  carr ied out with freshly ha tched  
la rvae  or those from p lank ton  hauls,  da t a  for the  other  naupl ia r  s tages  are lacking.  These  
p re sen t  expe r imen t s  showed  that  the la rvae  of E. modestus  can be  rea red  to the cypris 
wi thout  any  adap ta t i on  in a sal ini ty  r ange  of 10 to 50 %0 S (12°-18 °C). The r educed  
sal ini ty  to le rance  at  ex t r eme  t empe ra tu r e s  (6 °, 9 ° and  24 °C), and low morta l i ty  of the 
naupl ius  s tages  b e t w e e n  20 to 40 %0 S cor respond  to the  sal ini ty ranges  of the adults  
(Barnes & Barnes,  1974; Davenport ,  1976). J u d g i n g  from the successful  cypris  metamor-  
phos is  to juven i les  in all expe r imen ta l  sets  (except  at 10 and  50 %o S), cypris  s eem to have 
s imilar  to le rance  l imits as adults .  The  rea r ing  of the  la rvae  showed that  deve lopmenta l  
t ime at sal ini t ies  which  are  normal ly  found in the na tura l  env i ronment  was slightly 
shor ter  than  at ex t reme  salini t ies (10, 40 and 50 %o S). 

At the  b e g i n n i n g  of the exper iments ,  naupl i i  (s tage II) showed  a t empora ry  lack  of 
act ivi ty  at the  ex t r eme  sal ini t ies  (10 and  50 %0 S), and  r ecove red  normal ly  after 10 to 30 
min. Some of the  la rvae  l ived for a long t ime (up to 25 days) without  any further 
deve lopment .  Low salini t ies in na tura l  env i ronments  can be  obse rved  near  water  
surfaces.  Because  of this inactivity,  the la rvae  in na ture  are  l ike ly  to sink from such low 
sal ini ty  condi t ions  to deeper ,  more  sal ine wa te r  layers.  Similar  behav iour  was observed  
in d e c a p o d s  (Anger,  1985; Roberts,  1971}. Larvae  of E. modestus  also tolerate high 
salinities,  which  may  occur th rough  evapora t ion  in in ter t idal  areas.  This is especia l ly  
impor tan t  for E. modestus  which  set t les  in the uppe r  par t  of the inter t idal  zone (Foster, 
1971 a, b). 

Larval  growth  ra te  is in f luenced  both by  t empe ra tu r e  and salinity. T ighe-Ford  at al. 
(1970) and  Crisp (1962) found similar  t empe ra tu r e  effects on larval  size in labora tory  
cul ture  and  field studies.  The la rges t  c a r apace  sizes were  a lways  found at 30 %o S, which 
is close to na tu ra l  sal ini ty  (Fig. 2). 

The di f ferences  in larval  size b e t w e e n  the N.Z. popula t ions  are surprising, because  
the smal les t  l a rvae  were  found in the re la t ive ly  cool a rea  of the South Island. These 
resul ts  contras t  with those of Barnes  & Barnes  (1965 b) and  Crisp (1962), who found 
inc reased  larval  size in cooler  geog raph i c  areas.  No differences  in the  ca rapace  size of 
the  naupl i i  occurred  b e t w e e n  the two North  Is land populat ions .  The He lgo land  larvae, 
which  are  subjec t  to occas ional ly  harsh  winters  (Crisp, 1964 a; D6rjes, 1980; Harms & 
Anger ,  1983; Ziege lmeier ,  1964) and  re la t ive ly  low summer  t empera tu re s  (Hickel & 
Mangelsdor f ,  1980), were  a lways  l a rge r  than  those from N.Z. 

Non-gene t i c  adap ta t ion  dur ing  ear ly  s tages  can have  a s trong inf luence on later 
acc l imat ion  (for defini t ion see  Crisp & Ritz, 1967; Kinne, 1964) and may  inf luence the 
d i f ferences  in naup l i a r  size and  d e v e l o p m e n t a l  t ime b e t w e e n  the an t ipodean  popula-  
tions. Accl imat ion  to var ious  p r e d o m i n a t e  t empera tu re s  might  also be  respons ib le  for the 
d i f ferences  b e t w e e n  the North  and South Is land popula t ions  of N.Z. (Table 4). The time 
span  of three  months  at 15 °C in a f low- th rough-sys tem at He lgo land  might  not have 
b e e n  enough  to reach  ident ica l  accl imat ion condi t ions for the N.Z. populations.  
A l though  more  than  half the  even tua l  level  of acc l imat ion in many  groups  is achieved in 
the  first w e e k  (Crisp & Ritz, 1967). 

Earl ier  exper iments ,  such as a compar i son  of cirral  act ivi ty (Ritz & Foster, 1968), and 
ge l -e lec t rophore t i c  examina t ions  (Flowerdew,  1984) fai led to find differences be tween 
popula t ions  of E. modestus  from N.Z. and  Europe.  These  results,  the differences in larval 
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d e v e l o p m e n t  a n d  l a r v a l  s ize  of t h e  a n t i p o d e a n  p o p u l a t i o n s  of E. m o d e s t u s ,  a re  i n d i c a -  

t ions  of a d i v e r s e  t e m p e r a t u r e  i n f l u e n c e .  T h e  first  e v i d e n c e  of a s e p a r a t i o n  of S e m i -  

b a l a n u s  b a l a n o i d e s  i n to  t w o  d i s t i nc t  r a c e s  in  E u r o p e  a n d  N o r t h  A m e r i c a  w e r e  b a s e d  o n  

d i f f e r e n c e s  in  e g g  s ize  (Crisp ,  1964 b),  t i m e  of e m b r y o n i c  d e v e l o p m e n t  ( B a r n e s  & B a r n e s ,  

1976; Cr isp ,  1959 b) a n d  on  d i f f e r e n t  c i r ra l  a c t i v i t i e s  ( S o u t h w a r d ,  1964).  O n l y  r e c e n t l y  

c o u l d  t h e s e  r e s u l t s  b e  c o n f i r m e d  g e n e t i c a l l y  b y  v a r i a t i o n s  in  a l l e l e  f r e q u e n c i e s  (F lower -  

d e w  & Cr isp ,  1975, 1976). 

E x t r e m e  w i n t e r s  m a y  ac t  as  a s t r o n g  f ac to r  in  t h e  n a t u r a l  s e l e c t i o n  t o w a r d s  l o w e r  

t e m p e r a t u r e  a d a p t a t i o n  in  t h e  H e l g o l a n d  p o p u l a t i o n .  T h e r e  h a v e  a l w a y s  b e e n  h e a v y  

r e d u c t i o n s  in  p o p u l a t i o n  s ize  of E. m o d e s t u s  d u r i n g  s u c h  w i n t e r s  in  t h e  i n t e r -  a n d  

s u b t i d a l  a r e a  a r o u n d  H e l g o l a n d  ( H a r m s  & A n g e r ,  1983; a n d  u n p u b l i s h e d  o b s e r v a t i o n s  

for 1981, 1985 a n d  1986). S u r v i v a l  of t h e  f i t t es t  s e e m s  to p l a y  a s i g n i f i c a n t  ro le  in  t h e  

d e v e l o p m e n t  of t e m p e r a t u r e  a d a p t a t i o n  in  t h e  H e l g o l a n d  p o p u l a t i o n  of E. m o d e s t u s .  
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