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A bstract Tem perature-dependent growth is an im portant 
factor in the population model o f Corophium voluta tor  that 
was developed to translate responses in a 10-day acute 
bioassay to ecological consequences for the population. 
T he grow th rate, however, was estim ated from  old data, 
based  on a Sw edish population. Therefore, new  growth 
rates are estim ated herein from tw o experim ents using 
Corophium  volutator. To save time, a tool w as developed 
to use im age analysis to m easure Corophium volutator. The 
experim ents show  that Corophium volutator  has a low 
grow th rate  a t low  tem peratures (5-10°C). A t h igher tem 
peratures no difference in growth rate betw een 15°C and 
25 °C was found. The growth rate from these experim ents is 
com parable to data found in literature. A  new relationship 
betw een tem perature and individual growth was estim ated, 
and incorporated into the Corophium  population m odel. As 
th e  m odel also uses the same tem perature relationship for
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reproduction, the m odelled population grow th rate at dif
ferent tem peratures changes as a result o f  the new data. The 
new grow th rate and the updated  tem perature relationship 
result in  reduced tolerance to  external stressors, as previ
ously predicted by the m odel.

Introduction

The tube-dwelling amphipod Corophium volutator  (Pallas, 
1766) is an ecologically im portant representative o f  the 
infauna o f m arine sedim ents and is w idely distributed 
along the northeastern A m erican and w estern European 
coasts. It is an im portant p rey  for several migratory 
shorebirds (e.g. Gratto et al. 1984; W ilson 1989; H am ilton 
e t al. 2003), demersal fish (P ihl 1985; H awkins 1985) and a 
num ber o f invertebrates (Pihl 1985; Sandberg 1994). 
Corophium volutator is w idely used as bioassay tool for the 
assessm ent o f contam inated sedim ents in countries like the 
N etherlands (Lourens et al. 1995), the U nited K ingdom 
(Thain e t al. 2000), G erm any (Peters et al. 2002) and 
B elgium  (Heijerick et al. 2000). These are all 10-day acute 
tests tha t determ ine mortality. A lthough these acute bio
assays have proven to be a useful tool in the assessm ent of 
sedim ent contam ination, the ecological consequences for 
populations are not readily predicted from  the bioassay 
response. One way o f  obtaining a better idea o f  ecological 
consequences o f contam inated sediments is the use of 
chronic bioassays w ith reproduction endpoints (Peters and 
A hlf 2005; Van den Heuvel et al. 2007; Scarlett e t al. 
2007). A nother approach is to  m odel the Corophium  vol
utator  population and to evaluate responses from acute 
tests using this m odel. Such a  m odel, w hich gives m ore 
ecological m eaning to acute b ioassay tests results and helps
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reduce their uncertainty, was developed by Smit et al. 
(2006). One o f the im portant factors in this m odel is the 
tem perature-dependent growth rate o f individual Corophi
um. T he age and length o f  Corophium volutator are related 
by  a grow th curve describing the change o f the length o f  an 
individual over tim e, based on an initial length, m axim um  
length, food availability , and the grow th rate. In the m odel 
o f Sm it et al. (2006), growth is described according to 
K ooijm an (1993) by  the Von B ertalanffy growth curve 
(Bertalanffy 1938):

T 0 )= A n ax x { l -  exp[ -  y  X f]}, 

where
L(t) = length o f  the individual at age t  (mm),
Lmax =  m axim um  length o f the individual (mm), 
y = grow th param eter (m onth-1 ), 
t  =  tim e (d).
The V on B ertalanffy  growth curve is often used in 

fisheries research (e.g. Chen e t al. 1992; Lorenzen 1996; 
H e and Stew art 2002), bu t also to study, for instance, the 
post-larval grow th o f  the golden-striped salam ander (L im a 
et al. 2000). Less often, the Von B ertalanffy grow th m odel 
is used to describe the grow th o f evertebrata: M unch-Pet- 
ersen and K ristensen (2001) used the Von B ertalanffy 
grow th equitation to  estim ate the growth param eters for 
m ussels in the D anish W adden Sea, and H em andez-L lam as 
and Ratkow sky (2004) used the V on B ertalanffy grow th 
curve to estim ate th e  grow th of several crustaceans and 
molluscs.

T he Corophium vo lu ta tor m odel by Sm it et al. (2006) was 
calibrated using literature data in order to describe a Cor
ophium  volutator population  in Dutch coastal w aters. The 
grow th param eter is based on a study by M öller and 
R osenberg (1982). T hey  reported a length increase o f 2  m m  
per month, w hich corresponds to an individual growth 
param eter, y, o f 0.33 m onth-1 at 20°C. This grow th param 
eter is incorporated into the model, bu t it is based on old data 
and the population w as Swedish, living under different cli
m atic circum stances com pared to Dutch populations.

T he objective o f this paper is to study the growth rate  o f 
Corophium  volutator, originating from a D utch population, 
at several tem peratures. From  this study the tem perature- 
dependent grow th param eter, y, is estim ated and com pared 
to the grow th param eter presently used in the m odel.

To perform  this study a large am ount o f  Corophium  vo l
utator  individuals need to be m easured. M easuring 
Corophium  voluta tor b y  hand, as C iarelli et al. (1994) did, is 
a tim e-consum ing exercise. The tim e needed to m easure 
individuals can be reduced by using im age analysis. T here 
are several exam ples o f  the use o f im age analysis in  eco
logical studies. Johnson et al. (2001) used im age analysis in 
the oyster em bryo-la rval test. Instead o f counting m al
form ed D -larvae by hand, they tried to autom ate the counting

by using im age analysis. G onzález and  W atling (2002) used 
im age analysis to m easure d ifferent specim ens o f  H yallela  to 
describe new  species. A s  a last exam ple, Chen and Folt 
(2002) used im age an a ly s is  to m easure body lengths of 
Zooplankton. The second ob jective o f  this study is to develop 
a tool to m easure C orophium  vo lu ta tor  using im age analysis.

M aterials and M ethods

Corophium  volutator

All am phipods used in  th is study w ere collected in the 
O esterput. The O esterput is  an in tertidal area in the Eastern 
Scheldt (The N etherlands). A nim als w ere collected by 
sieving sedim ent from th e  in tertidal zone w ith seaw ater 
over a 500-pm  mesh. T h e  rem aining sedim ent fraction, 
containing the anim als, w as transported to the laboratory.

L ength M easurem ent U sin g  Im age A nalysis

In M ay, June and July  2000 Corophium  volutator were 
collected in  the O esterput. In the laboratory a total o f  492 
Corophium  volutator  w ere  preserved using 4% form alin 
solution. Form alin does no t affect the length o f the 
organisms.

For im age analysis purposes, preserved Corophium  
volutator  w ere taken o u t o f  the form alin solution, dried on 
a tissue and laid dow n on a b lank sheet o f paper. T he 
anim als w ere photographed  using a digital camera. This 
resulted in pictures w ith a resolution o f 1216x912  pixels. 
For calibration purposes a ruler w as photographed together 
w ith the C orophium volutator. A fter photography, all 
Corophium  volutator w ere  m easured individually (body 
length w ithout antennae) under a binocular m icroscope.

T he digital photographs were analysed using the soft
w are Im age Pro P lus 5 (M edia Cybernetics). Since 
Corophium  volutator lie  bent rather than straight w ithout 
m anipulation, straightforw ard m easurem ent o f length does 
not lead  to  the desired result. Tw o different options w ere 
used to obtain the best result: m easuring the ‘skeleton’ after 
using a filter option, and m easuring the surface area o f the 
Corophium  volutator.

A  linear regression analysis (y = ax + b) betw een the 
length m easured under a m icroscope and both the length o f 
the ‘skeleton’ and the surface area resulted in an estim ate 
o f the param eters for a  and b, and in  a regression coeffi
cient R 2.

In N ovem ber 2003, the relationship betw een length 
m easured under a m icroscope and length derived w ith 
im age analysis was validated. N inety-three C orophium  
volutator  w ere collected  in  the field (O esterput) and
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m easured both by m icroscopy (m easured length) and 
im age analysis (calculated length).

The relationship betw een m easured and calculated 
length was plotted, a trend line calculated and compared 
with the line y  =  x.

Corophium volutator  for the Experim ents

Parental stock am phipods used in  this study were collected 
at the Oesterput, and kept in large aquaria a t the standard 
tem perature o f  15°C. The w ater was refreshed every w eek 
by rem oving three-quarters o f the overlying w ater and 
gently adding new seaw ater at 15°C. T he overlying w ater 
was aerated continuously. Corophium volutator  were fed 
w ith flake food fo r aquarium  fish (Yadi).

The first new born anim als appeared after a period of 
three to four weeks when the sedim ent was carefully sieved 
over a 250-pm  sieve.

Tem perature Experim ent

Four hundred and eighty one-m onth-old Corophium volu
tator (average length 3.1 m m ) w ere random ly divided into 
24 one-litre glass beakers, each containing 200 ml of 
sieved O esterput sedim ent (250 pm ) and 800 ml o f filtered 
sea water. Subsequently these 24 glass beakers were ran
dom ly assigned to one o f  four tem peratures: 5°C, 10°C, 
15°C and 25°C. A ll glass beakers were placed in tem per
ature-controlled room s with a fight regim e o f  24 hours of 
fight. The Corophium  were no t fed; food was taken from 
the sediment. Tw ice a w eek, 400 m l o f overlying w ater was 
refreshed. The experim ent took place in  M ay and June 
2001. The confounding factors o f  salinity, oxygen satura
tion, pH  and tem perature w ere m easured tw ice a week and 
checked using the criteria o f  Postm a e t al. (2002).

A fter tw o weeks, tw o glass beakers w ere random ly 
selected from each tem perature experim ent and the content 
was sieved through a 500-pm  sieve. A ll living Corophium  
volutator w ere m easured using im age analysis. This was 
repeated after four and six weeks.

Tim e-dependent lengths w ere tested w ithin each tem 
perature using a K ruskall-W alfis test. D ifferences between 
the lengths in w eek six at the tw o highest tem peratures 
were tested using a M ann-W hitney  U  test. D ifferences 
w ere deem ed significant w hen p  <  0.05.

Full Growth Experim ent

E ight hundred tw o-w eek-old anim als w ere random ly divi
ded into 40 one-litre glass beakers, each filled w ith 200 ml

sieved O esterput sed im en t (250 pm ) and 800 m l filtered 
sea w ater, so each glass b eak e r contained 20 Corophium. 
T he experim ent was conducted  at a tem perature o f 15°C. 
Three tim es a w eek, an im als were fed w ith suspended flake 
food fo r aquarium  fish (Y adi) at a dosage o f 30 m g for each 
beaker glass, added to the overlying water. This am ount of 
food is enough to  feed th e  Corophium, w ithout the risk of 
decaying m aterials on the sedim ent. Twice a week, 400 ml 
o f overlying w ater w as refreshed. The confounding factors 
o f salinity, oxygen saturation, pH  and tem perature were 
m easured tw ice a w eek and  checked using the criteria o f 
Postm a e t al. (2002).

F or a period o f three to eight weeks after the start o f the 
experim ent, every four or five days, four random ly selected 
beaker glasses w ere sieved and the surviving Corophium  
volutator  w ere m easured by  im age analysis. This experi
m ent was conducted betw een Septem ber and N ovem ber 
2003.

U pdated Tem perature D ependence o f  the Growth 
Param eter y

B ased on the data collected  in  the tem perature experiment, 
and the procedures as described by Sm it e t al. (2006), a 
new  A rrhenius tem perature relationship was defined. From 
the results o f  the full grow th experim ent, a  growth 
param eter, y, was estim ated using the software program m e 
SY STA T version 8.0, including the standard error on this 
estim ate and the 95%  confidence interval.

M odel C alculation

To evaluate the effects o f th e  updated tem perature rela
tionship and the new individual growth param eter on the 
results o f the population m odel, calculations o f  the popu
lation grow th rate w ere perform ed after the new  figures 
w ere incorporated into the Corophium  volutator model 
developed by Sm it e t al. (2006). Calculations w ere per
form ed using the tem perature regim e betw een M ay 1994 
and A pril 1995 to calculate a  new  yearly population growth 
rate fo r this year. A lso, the m axim um  m ortality measured 
in  a bioassay was calculated to  reduce this yearly popula
tion growth rate to one.

Results

Im age Analysis

In total, 452 C orophium  volutator w ere sam pled in  the 
O esterput (M ay: 75, June: 239, July: 138) for im age
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Table 1 Results of the regression analysis (y = ax+b)

a Standard 
error of a

b Standard 
error of b

R2

‘Skeleton’ 0.57 0.016 1.8 0.080 0.74
Surface area 0.35 0.0062 2.6 0.039 0.88

analysis purposes. B oth the regression analysis betw een 
m easured length and ‘skeleton’ length, and betw een m ea
sured length and surface area, resulted in  a significant 
regression. Table 1 shows the results. B ecause o f the 
h igher R 2, the surface area was used to  estim ate lengths in 
the experim ents.

In N ovem ber 2003, the derived m odel w as validated 
using 93 Corophium volutator. The m easured and calcu
lated lengths are p lo tted  in  Fig. 1, together w ith the x  = y  
line. This line show s the optim al situation, m easured and 
calculated lengths are equal. N ext to the x  = y  line, the 
trend line is added (y = 0 .8645* +  0.604; R 2 = 0.7807). The 
figure shows an overall good estim ate o f  the lengths. Only 
the lengths o f the sm aller (<  3 m m ) C orophium  volutator 
are underestim ated when Im age Pro p lus is used. For the 
other length classes, calculated lengths are approxim ately 
equal to the m easured lengths.

Tem perature Experim ent

In this experim ent Corophium voluta tor  w ere kept at sev
eral tem peratures. A ll confounding factors m et the criteria 
stated by Postm a e t al. (2002). F igure 2 show s the average 
length and standard error o f C orophium  volutator in this

7
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a ato
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Fig. 1 Relation between measured length and calculated length of 
Corophium volutator, including the line x = y  and trend line
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Fig. 2 Average lengths, including standard error, of Corophium 
volutator after two, four and six weeks at several temperatures

experim ent. A t a tem pera tu re  o f  5°C  the Corophium  vol
utator grew  from  3.14 to  3 .34 mm (average). A lthough this 
was no large increase, th e  K ruskall-W allis test showed that 
there w ere at least two m om ents in tim e w here the lengths 
differed significantly (p =  0.005). T he average growth rate 
at this tem perature w as 0.0048 m m /d. A t a tem perature of 
10°C, the lengths also d iffered  significantly (p <  0.001) at 
at least two tim e points. T h e  average grow th rate was 0.019 
m m /d. Corophium  vo lu ta to r  kept at a tem perature o f 15°C 
also show  a significant grow th  (p <  0.001) betw een at least 
tw o tim e points, but a  h ig h e r rate com pared w ith 10°C. A t a 
tem perature o f  15°C an average grow th rate  o f  0.069 mm /d 
was achieved. A t 25°C , finally, grow th w as also significant 
(p  <  0.001) betw een a  m inim um  of tw o tim e points. The 
rate was com parable to the  rate at 15°C, nam ely  0.067 m m / 
d. A  M ann-W hitney  U  test shows tha t there is no signifi
cant difference in leng th  at w eek six betw een Corophium  
volutator  at 15°C and 25°C  (p = 0 .692). Based on the 
results, an updated  A rrhenius tem perature relationship was 
constructed. A s the new  data only refers to  tem peratures 
betw een 5°C and 25°C , the param eters describing the 
higher tem perature ranges (>25°C) w ere not changed. 
F igure 3 show s the best-fit (m inim um  log likelihood) 
tem perature relationship  based on the new  data. The 
param eters that w ere changed are the low er tolerance 
tem perature level TL, th e  Arrhenius tem perature constant 
(T'a ) ,  the A rrhenius tem perature constant for the lower 
tolerance tem perature (T a l) . See Smit et al. (2006) for a 
description o f  the d ifferen t param eters. T he updated values 
fo r 7 l ,  Ta  and T a l  are 283, 10 and 50,000 K, respectively.

Full Growth E xperim ent (15°C)

T he tem perature experim ent showed an optim um  growth 
rate at 15°C. T herefore, the full growth experim ent was
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F ig . 3  Previous and updated Arrhenius temperature relationship 
between growth rate (mm/day) and temperature as a result of the 
new available data from this study. (Pearson R2 = 0.93)

Table 2 Estimated parameters of the Von Bertalanffy growth curve.

Parameter Value

Growth parameter y (month-1 ) 0.359
Standard error 0.00643
Confidence interval (95%) 0.347-0.372
N 469

changed. F igure 5 presen ts the new tem perature depen
dency o f the population grow th  rate.

Based on the tem perature profile betw een M ay 1994 and 
A pril 1995, the m odel pred icts an average population 
growth rate o f a C. vo lu ta tor  population o f  1.015 m onth-1 . 
W ith the m odel, it  is p red ic ted  tha t b ioassay m ortality  of 
10.9% will reduce this v a lu e  to 1 m onth-1 .

conducted at a tem perature o f 15°C. A ll confounding fac
tors m easured during this experim ent m et the criteria stated 
by  Postm a et al. (2002). In this experim ent Corophium  
volutator  grew from  an average length o f  3.1 to 5.7 m m  in 
31 days, yielding a  daily growth rate o f 0.084 m m /d. F ig
u re  4 shows the average length, including the standard 
error, at each age.

T he relationship betw een age and length  was fitted using 
th e  V on B ertalanffy growth curve, using 469 data points in 
to tal and the value o f the grow th rate  param eter y esti
m ated. Table 2 show s an overview  o f  the results.

T he value o f 0.359 for y at a tem perature o f 15°C was 
incorporated into the Corophium volutator  m odel devel
oped by Sm it et al. (2006).

M odel C alculations

A s a  result o f the updated grow th rate and tem perature 
relationship, the resulting tem perature relationship w ith the 
population grow th rate, as derived w ith  the m odel, also

Ö 4 L

i— j-------- l _ i
I

age (weeks)

F ig . 4  Average length of Corophium volutator, including standard 
error, at each age

Discussion

The Oesterput, w here the am phipods used fo r this study 
were collected, is situated in a tem perate clim ate zone. 
From  D ecem ber to M arch the average w ater tem perature is 
approxim ately 5°C. In A pril, O ctober and N ovem ber, the 
average tem perature is approxim ately 10°C. M ay, June and 
Septem ber have an average tem perature around 15°C, and 
in July and A ugust the average tem perature is around 20°C 
(ww w .w aterbase.nl).

Tem peratures (or tem perature-dependent resources) are 
known to determ ine the life  history o f Corophium volutator 
(W ilson and Parker 1996). Peer e t al. (1986) show ed that 
the growth rate o f  Corophium  volutator  slowed consider
ably after the end of Septem ber and rem ained low  until 
April. Cunha et al. (2000) show ed low er grow th rates of 
Corophium m ultisetosum  in the period D ecem ber to April 
com pared to the period Septem ber to November.

T he tem perature experim ent shows that at 5°C the 
Corophium volutator in the laboratory show a small 
am ount o f grow th, which is in agreem ent w ith the m onths 
in w hich this tem perature occurs in the field and w ith the 
growth rates according to Peer et al. (1986) and W ilson and 
Parker (1996). In this study Corophium  volutator  starts to 
grow slightly a t an experim ental tem perature o f 10°C. 
Looking at the months in w hich this tem perature occurs, 
the growth rates are low er according to the results o f the 
study o f Peer e t al. (1986), bu t for O ctober and N ovem ber 
there is disagreem ent with the results o f Cunha e t al. 
(2000). This difference could be caused by the difference 
in subspecies, as this study was perform ed with Corophium  
volutator, not w ith Corophium m ultisetosum.

In the tem perature experim ent Corophium volutator 
showed high grow th rates at tem peratures o f 15°C and
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1 .3
 updated temperatute relationship

(this study)
 previous temperature relationship

(Smit et al., 2006)1 . 2 -

£  0 .9

5 100 15 20 2 5 30 3 5

T e m p era tu re  (°C)

Fig. 5 Temperature dependency of the population growth rate for a 
Corophium volutator population derived from the Leslie matrix 
model described by Smit et al. (2006)

20°C , w ith no significant difference betw een these tem 
peratures. This is in agreem ent with the m onths in  which 
both  Peer e t al. (1986) and Cunha et al. (2000) found high 
grow th rates. Looking at the tem peratures o f the sea w ater 
during the period betw een M ay and Septem ber, w hich is 
the grow th season, it is not surprising that no significant 
difference betw een 15°C and 25°C  was found. Peters and 
A hlf (2005) showed that even higher tem peratures can 
have a negative effect: the breeding success of Corophium  
voluta tor  w as significantly better at 15°C than a t 23°C.

C onsidering the am ount o f sedim ent (200 ml), the 
num ber o f anim als (20), the perm anent light availability for 
algal grow th and the duration o f the experim ent (six 
w eeks), it was no t likely that food becam e lim ited  during 
the tem perature experim ent.

In the full grow th experim ent a growth rate o f  0.084 
m m /d w as found, which is com parable to data found in 
literature for young Corophium  volutator. V an den H euvel 
e t al. (2007) found a m ean growth rate o f 0 .08 -0 .10  m m /d, 
using C orophium  volutator from the sam e population as 
this study. Peters and A hlf (2005) found an average growth 
o f  0.07 m m /d in laboratory experim ents, and C onradi and 
D epledge (1998) observed a growth rate  o f  around 0.06 
m m /d over the first seven weeks.

Peer e t al. (1986) plotted the relation betw een total body 
leng th  and daily length specific grow th rate, and show ed a 
linear relationship betw een both param eters. This m eans 
tha t older anim als have low er grow th rates. This is con
firm ed by the study o f Brow n e t al. (1999), who reported 
grow th rates o f  around 0 .03-0 .04  m m /d based on length 
m easurem ents up to 100 days, and the results o f Peer et al. 
(1986) w ho estim ated a grow th rate o f 0 .019-0 .029  m m /d 
for the w hole population.

In the full grow th experim ent there is no possibility of 
food lim itation, because the sedim ents w ere saturated w ith 
food due to feeding w ith fish food.

T he results o f the d ev e lopm en t o f  a  tool to autom ate 
m easuring the length o f  C oroph ium  volutator  seem to be 
successful. A  significant re la tionsh ip  w as found betw een 
the surface area calcu lated  by  the im age analysis software 
and the m easured leng ths. This validation  several years 
la ter shows that this m o d e l rem ained  valid . W ith  the p re
sented recalculation m o d e l there w ill alw ays be an error 
around the measured len g th s, especially  for the sm aller and 
larger animals. This study , and also a study by G onzález 
and W atling (2002), sh o w s tha t it  is possib le to develop 
such tools for m easuring leng ths o f  am phipods.

F rom  the full growth experim en t the grow th param eter y 
was estim ated to be 0.395 m onth - 1 . T his value is com pa
rable to the growth param ete r estim ated from  the Von 
B ertalanffy m odel for th e  b lue shrim p Litopenaeus styli
rostris (0.41) (H em andez-L lam as and R atkow sky 2004), 
C atarina scallop A rgopec ten  ventricosus (0.37) (H em an
dez-L lam as and R atkow sky  2004) and the blue m ussel 
M ytilus edulis (0.20) (M unch-Petersen  and Kristensen 
2001). O n the other hand, it  d iffers som ew hat from that of 
the rainbow  m other-of-pearl m ollusc P teria sterna  (1.71) 
(H em andez-Llam as and R atkow sky 2004).

A lthough the grow th param eter estim ated from  this 
study is slightly higher com pared  to the grow th rate (y) o f 
0.33 original used in th e  m odel (Sm it et al. 2006), the 
resulting  average popu lation  grow th rate calculate by the 
m odel is lower. This is a  re su lt o f the updated  tem perature 
relationship based on th e  grow th results from  this study. 
T his tem perature re la tionsh ip  is also applied to describe the 
tem perature dependency o f  reproduction (Sm it et al. 2006). 
As the average population  grow th ra te  under a realistic 
tem perature regim e, as obtained in this study (1.015 
m onth-1 ), is low er than the original calculated average 
population growth rate (1 .055  m onth-1 ), the population is 
predicted  to be less to leran t to  additional stress (predation, 
food lim itation or toxic stress).

A lthough an increased population is predicted by the 
m odel (1.015 m onth-1 ), a  declining population density 
over the period M ay 1994 and April 1995 is observed in the 
O esterput. W hen a com bination  o f food lim itation and 
predation is included in th e  m odel a population growth rate 
o f  0.909 is calculated fo r this period (Sm it e t al. 2006).

I t  is recom m ended to  calculate m axim um  bioassay 
m ortality , reducing the in trinsic  population grow th rate to 
one, for m ore than ju s t one  year. Based on a representative 
yearly  tem perature regim e, the average bioassay m ortality 
tha t is required to reduce the average population growth 
rate  to  one can be  predicted.
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