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SUMMAV 
Some o the already known eects o small scale trblence on zooplankton poplatons mantaned n 

laboratory crocosms hgher deveopment rates changes n the demographc composton o poplatons 
hgher ammona concentraton seemed to be a conseqence o ncreased energy expendtre drven by 
behavora changes. Hgher reqency o escape rectons and ast swmmng n copepods cod be the man 
reasons or t althogh drect measrements o metabolc rates nder trblence were not avalable Here we 
dscss the eects o small scale trblence on two parameters drectly related to metabolc actvty heartbeat 
rate on pond cladocerans and NH-N and PP excreton rates on marne copepods 
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TROCTO 

Mecanica (exosomatic) energy as a 
significant infuence on pankton 
distribution (MACAS e .  1 984; TETT 
& EDWARDS,  984) and on te structura 
and functiona properties of peagic 
ecosystems Te externa suppy of 
turbuent energy not ony seems to 
moduate primay production, acting as 
auxiiary energy (MARGAEF, 1 94 
1 98 1 98; EGENDRE, 1 98  )  but aso 
can contribute to te seection of 
pytopankton ife-forms (MARGAEF, 
 98).  

In genera, tese efects are a 
consequence of te combination of 
turbuence pus advection, and cannot 
easiy be distinguised from tose caused 
by covariant factors suc as igt or 

nurients (MARRASÉ, 1 986; ESTRADA e 
.  1 98 a)  In e case of sma scae 
turbuence, wic can be considered to 
ave a nu transporting effect, its study in 
naura systems is indered by, among oter 
tings, te ack of repicabiity, te absence 
of wedefined boundaries and te 
impossibiity of isoating facors 
(ESTRADA e .   1 98 a, b; ACRAZ e 
  988 1 989) 

Tese probems can be partiay soved 
troug aboratory experiments in wic 
panktonic popuations are exposed to te 
desired conditions in encsures (HARTE e 
  1 980; PISON & NIXON,  980; 
PÉREZ e .   1 9 ; MARRASÉ, 1 986; 
ESTRADA e .  98 a, b   ACARAZ e 
.  1 988).  Experiments invoving time 
scaes from severa days to monts aow us 
to study te effects of different factors 
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(turbulence, light, nutrient aailability, 
presence of predators ,  etc  )  on state 
ariables (biomass,  population structure, 
etc) ,  wile their efect on rate processes 
(physiology), which respond faster, can be 
deduced either from their cumulati e 
effects on state ariables, or by direct 
measurement of instantaneous rates   

Most information on the influence of 
turbulence on planktonic populations refers 
to phytoplankton Data on zooplankton are 
scarce and less conc1usie, probably 
because of the dependence of herbiorous 
zooplankton on phytoplankton (itself 
affected by turbulence; EEDE  
DEMES, 1 984; KIOBE el a , 1 990) 

Microcosm experiments suggest that the 
consequences of small scale turbulence on 
state ariables of zooplanktonic populations 
(the higher concentration of amonia in 
microcosms in which zoo- and 
phytoplankton populations were exposed to 
turbulence, or the increased deelopment 
rates of copepod populations, ACAAZ 
el a ,  1 988) are a consequence of an 
acceleration of their metabolic actiity, 
similar to that induced by increasing 
temperatures   oweer, although 
circumstantial eidence such as increased 
encounter rates between predators and prey 
(OTHSCID  OSBO, 1 988;  
EV AS , 1 989) or changes in swimming 
behaiour and in the frequence of "fast 
swimming" and escape reactions of 
copepods exposed to turbulence 
(COSTEO el a, 1 990) suggests 
enhanced energy consumption 
(MAASÉ el a. ,  1 990), it is as yet no 
conc1usi e 

In thi s  paper we ealuate the effect of 
small scale turbulence on the heart-beat rate 
of pond c1adocerans (females of Daphnia 
puex, which hae differentiated hearts) and 
on excretion rates of calanoid marine 
copepods (Acarlia causi and A. margaef)   
eart -beat rates are considered to  be 
sensitie descriptors of metabolic actiity in 
c1adocerans (MAC ATU  BAIIE, 
1 99; IE el a, 1 937), marine 
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copepods (PA VOVA  MIKIA, 1 983) 
and decapod crustaceans SPAAGAE, 
1 977; SPAAAE  ACHITUV, 
1 977) eart-beat rates are also appropriate 
descriptors of metabolic rates because they 
show a rapid response to changes in 
temperature and other enironmental 
factors afecting metabolic actiity MAC 
ATHU  BAIIE, 1 99) Because the 
excretion rates require long incubations 
(from 1   to 4 h), they reflect the 
integrated efect of turbulence rather than 
instantaneous responses  The changes due 
to turbulence on these indicators of 
metabolic actiity and their relation with 
the mentioned efects on state ariables of 
zooplankton hae been discussed 

ATERIAL A ETHOS 

  

The heart-beat rates of D puex exposed 
to turbulent or calm conditions were 
quantified by direct obseration through an 
horizontally mounted dissecting microscope 
(Fig 1 )  Indiiduals (obtained from a long­
established culture) were kept in focus 
tethered to a thin hair (ACAAZ el a , 
1 98 1 ;  PAFFEFE el a. ,  1 98;  
MAASÉ el a  ,  1 990 COSTEO el 

FURE l   Diagrammat deription of te 
obervation amber or eart rate ematon   
Termotat ba.  Obervation aquarum. 3: Ligt 
oure (igt ibre. 4 Heater-ooler wit ermotat 
and omogenizer 5 Turbulene generaor 6   
Manipulator for potoning e organim 7 :  
Termometer 8   Tetered organim 9: Stereo 
miroope  0: Video amera. 
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a   990) Te obsevation cambe (Fig 
 )  consisted of a sma aquaium (  0x5x5 
cm) maintained in a temostatic bat at te 
seected tempeatue (8 to  8  ± 0  C) In 
ode to avoid any distubance by igt 
intensity, measuements wee made unde 
dim ed igt 

Tubuence was geneated by te 
vibation of a  5 x  5 cm neton gid (05 
cm mes-size) attaced to a speed-eguated 
vibation moto simia to tat descibed by 
MARRASÉ e a (  990) and COSTELLO 
e a (  990) We pefomed  0  to 20 
epicated measuements wit a stop watc 
of te time spent fo seies of 50 o  00 
eat beats at eac tempeatue and 
tubuence condition Te time ag between 
successive measuements was  min and 
wen canging fom tubuence to cam 
conditions te oganisms wee aowed to 
accimatize fo  5  min Despite te ig 
ate of eat-beat in Daphnia (INGLE e 
a  937) te counting eo was 
negigibe, and diffeences between 
independent counts by diffeent obseves 
wee not significant 

   

Expeimenta oganisms wee peagic 
copepods of te genus Acaria (A causi 
and A margaef) captued by sot (5 
min) oizonta net tows made in te 
abous of aceona and Masnou on te 
Cataan coast (Weste Mediteanean) 
Tey wee tanspoted to te aboatoy in 
pastic caboys fied wit in siu wate 
Adut femaes wee soted and paced in  0  
 caboys fied wit 60 m-feed in siu 
wate and aowed to accimatize in a 
tempeatue-contoed cambe unde dim 
igt (30 - 50 E m  sec  ) and  2   igt 
2  dak potopeiod A pytopankton 
suspension (/sochsis Thaassiosira) was 
added peiodicay to ensue abundant food 
suppy Excetion ates wee measued by 
te diffeences in concenations of 
ammonia and soube eactive pospous 
in conto and expementa fasks afte 24 
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 incubation in dakness Te fasks 
consisted of 25 o 50 m scew-cap pastic 
vias 3/4 fied wit ai-satuated fteed 
sea wate (GFF gass fibe fes)   Te 
concentation of oganisms in te 
expeimenta fasks was about  ind m   
Tubuence was ceated by pacing te 
fasks in a sake osciating at  00 stokes 
min   , wit an ampitude of 25 cm 
Non-tubuent fasks wee kept undistubed 
Tempeatue was te same fo te two 
expementa conditions (  7    0 C) 
Initia and fina ammonia concentations 
wee anaysed accoding to OROLEFF 
(  970), and pospous deteminations 
foowed te pocedue of GRASSHOFF 
(  976) Te esus wee exessed as g-at 
NH-N o g-at PP ind     Statistica 
tests wee made foowing SOAL & 
ROHLF (  969)   

RU 

Heat-beat aes coesponding to a 
singe femae of Daphnia puex (  8 mm 
engt witout temina spine) as a function 
of envionmenta tempeatue fo agitated 

      
 

  

 A  Q  

    

  

        
rr  

FG . Hea aes o a aphna pue eae ( 1 .8 

 engh whou spine) n A ubulen open dos 
and dashed lne) and Q non-ubuen, ul dos and 
connuous line) condions as ncon o epeaue 
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TLE  Hert rtes (bets mi  ) correspodig to diferet specimes of . plex uder Q (oturbulet) d 
 (turbulet) coditios Me stdrd devitio umber of mesuremets d percet irese of  versus Q 
oditios 

t  Q 
irese 

me sd  

97 1 369   1  1 0  
1 0  98 1 4 1 0  
15 7 865 07 1 0  
160 4 1 5 46 1 0  
1 90 1433 1 3 0 
* 1 1  1  1 536 1 5 1 0  
* 1 80  1 83 30 10 
* 1 8 5 575 50 10 

* mesuremets mde o the sme idividul 

(A) and cam (Q) conditions are represented 
in figure 2. Te estimaed vaue of Q 
according to te Beeradek equation for 
po oed (Q and A) data is Q = 2.34 Te 
regression equations reating temperature 
and eart rate for turbuent (A) and cam 
(Q) condiions (Fig 2) are respectivey 

H = 1 6 1 3  T - 4 1 .5 1 ,  r = 0948 (A) and 

 H  1 5 89 T  4664, r = 0.904 (Q), 

were H represents eartbeat rate in beats 
min  , and T environmenta temperature in 
o 

Heartbeat rates for Q and A conditions 
on diferent individuas of D. pux (  to 
20 measurements) are sown in Tabe    
Heartbeat rates were aways iger under 
turbuence. Te diferences are statisticay 
significant bot wen comparing individua 
organisms exposed to A and Q conditions 
(t-test, p < 005) and for te compete set of 
paired daa (Wi1coxon test, p < 005)   Te 
mean percent increase on eart rate due to 
turbuence is 99  3 4 % n  8)   

Simutaneous estimations of H (as 
g-at H ind    1 0) and P4P (as 
g-at P-P ind    1 0) excretion rates 
on copepods Aarta margaf femaes) 
for turbuent and cam conditions (Fig. 3 )  
were significanty correated (r=0.70 
n 1 4)   Te corresponding regression 

 % 

me sd  

1 547 63 1 0  1 3 0 
1 093 3 0 0 1 1 5 
963  1 1 0  1 1 9 

835 38 1 0  17 3 
1 6 1 9 0 0 1 9 
1 583  1 10 3 0 
300 5 1 0  5 5 
697 60 1 0  46 

equation was 

 = 2 1  1  P + 3 46 

were  represents gat H ind  

  1 0, and P  gat PP ind   1  06 

Te average increase in ammonia 
excretion due to turbuence was 32 %, 
wie posporus excretion increased 65 % 
(Tabe I). P excretion raios were iger 
under cam conditions, and in bot 
conditions were we aboe te teoretica 
ones (REDFED t a , 1 963)   

Te ammonia excretion rates for A 
aus are indicated in Tabe II In tis 
species, te increase in te excretion rates 

  fi  

  
  
  
x    

 

 0 

  

          
 3 muteous mesuemes o pospors 
(bcisse) d mmo (ordite) ereto rtes 
uder  (turbulet ope dots) d Q (o-turbulet 
full dos) oditios for Acartia margale 
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T BLE  Mean exeton rates oresponding to 
turbulent  and nontubulent Q onditions or 
adult emales o A. argae N  g-at. NN ind  
h  1  P  gat. P-P ind    1. N:P in atoms. 
e dierenes between Q and  ae statistally 
signiant ttest, p < 005  

N 

Mean 79 
s.d 5.7 
n 7 
 inrease % 

Q 

P NP 

1 7 4. 
05 1 1 3 
7 7 

N 

 

P NP 

1 0   7 3 . 3 1 .5 
1 3  8  03 8 
7 7 7 
3 5 

T BLE III. mmona exretion rates or A caui 
under nonturbulent and turbulent  onditions. 
N  gat. N-N h  10 

Q  

Mean 1 4.0 1 80.0 
s .d. 00 149 
 5 5 
 inease %  

due to turbuence is 26 %, sigty ower 
tan for A margaef 

SCSSON 

Canges in state variabes of copepod 
popuations maintained under turbuence in 
aboratory microcosms inude enanced 
deveopment rates, canges in te 
popuation dynamics and iger ammonia 
concentration (ALCARAZ el a 1 988, 
1 989)  Tese effects are attributabe to te 
increased metaboic activity and energy 
expenditure resuting from te iger 
frequency of escape reactions or "fast 
swimming" , wic require up to 400 times 
more energy consumption tan norma 
swimming (STRICLER, 1 975)   

Recent estimates of time budget of 
swimming and feeding beaviour of 
copepods support tis assumption, for tere 
is a significant increase in te frequency of 

under turbuence 
(COSTELLO el a.  1 990), and estimations 
obtained from tese data about te reative 
energy gains and osses of copepods under 
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cam and turbuent conditions on ig and 
ow food cncentrations (MARRASÉ el a.  
1 990) indicate energy advantages under 
turbuent and ow food concentration 
conditions Tese resuts, owever, 
correspond to te interacion of 
zoopankton wit food parties, and it is 
dificut to differentiate te effects of 
turbuence aone on metaboism (due to te 
iger frequency of escape reactions) from 
tose derived from canges in  feeding 
beaviour (probaby triggered by te iger 
encounter rates between copepods and teir 
food). Tus, te two parameters cosen to 
estimate te effects of turbuence on 
metaboism (eart rate and aonia and 
posporus excretion rates) ave been 
measured ere avoiding te interference of 
food parties. 

Despite te scarcity of data, it is evident 
tat eartbeat rates are igy temperature 
dependent. Te vaue of Q for D. puex is 
simiar to tat observed by MAC ARTHUR 
& BAILLIE ( 99) for D magna for a 
simiar temperature range Regarding te 
differences between A and Q conditions for 
te temperatures tested (Fig. 2), te 
enancement of eart rates due to 
turbuence seems to be constant and 
independent of temperature Te percent 
increase observed wen exposing te 
organisms to turbuence is terefore 
equivaent to a rise of 1 0  in te 
environmenta temperature In adocerans, 
environmenta temperature rises ead to 
acceerated deveopment rates and reduced 
ifespan, for ongevity and eart rates do 
vary inversey (MAC ARTHUR & 
BAILLIE, 1 929; SHAW & BERCAW, 
1 962) Tis is in agrement wit te 
enanced deveopment rates of copepods in 
aratory microcosms under turbuence 
(ALCARAZ el a  1 988), atoug no 
direct data on copepod eart-beat rate or 
ongevity are avaiabe 

Excretion rate for bot secies of 
Acarlia indicate turbuence-enanced 
amonia excretion rates. Tis coincides 
wit observations on oter caanoid species 
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fom natua systems (mixed and fonta 
zones in compaison to statified ones; 
HARRIS & MALEJ,  986), and coud 
expain te diffeences in aonia 
concentation between tubuence and 
nontubuence obseved in aboatoy 
micocosms (ALCARAZ l a. ,  988) Te 
esponse to tubuence appeas moe 
impotant in A maraf tan in A causi 
(32 % against 26 % incease), and pobaby 
ae te consequence of diffeences in te 
scae of tubuence pecei ved due to te 
diffeent size of bot species Specific 
excetion ates fo A causi ae simia to 
tose epoted by MAYZAUD ( 973, 
 976) and NI AL (  974) fo te same 
species and simia tempeatue conditions   

Pospous and ammonia excetion ates 
wee we coeated, atoug pospous 
appeaed to be moe affected by tubuence 
tan is amonia Despite tei ige 
eative incease (about twice tat of 
ammonia, absoute vaues of pospous 
excetion ates in A and Q conditions wee 
ow in compaison wit te N:P excetion 
atios obseved by ALCARAZ (  988) in 
mixed zoopankton 

Te esuts indicate tat tubuence 
acceeates metaboism Te oganisma 
esponse must be vey apid, fo eat ate 
esponds to canges fom cam to 
tubuence conditions and vice-vesa in  5  
min at most, te accimatation time 
between canges on tubuence conditions 
Simia apid esponses to successive 
switcing fom tubuence to cam 
conditions ave been obseved in te 
fequeny of fast -swimming events, a 
ig-enegy consuming beaviou, in 
Clropas (COSTELLO l a ,  990) 

Wateve te beavioua o 
pysioogica mecanism affected by 
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tubuence and esponsibe fo te 
metaboic enancement, te peceiving 
stuctues coud be e-type eceptos 
(ARRIENTOS,  980; PAFFENHFER & 
STEARNS,  988;  GILL & CRISP,  985), 
wic coespond to te scae ange at 
wic andom tubuent veocity 
fuctuations can ave ydodynamica 
impotance (LAZIER & MANN,  989) 
Apat fom difeences in te scae of 
tubuence geneated by te difeent 
stiing metods ( osciation of gids, 
sakes, vibation), te eative scacity of 
tis type of eceptos in Dapia coud be 
te eason fo t eative owe metaboic 
enancement in cadoceans as compaed to 
copepods 

Ou esuts point towads an acceeating 
efect of tubuence on metaboism 
compaabe to tat of inceased 
tempeatues   Effective measuements of 
tubuence and moe data egading its 
beavioua and pysioogica effects ae 
needed in ode to undestand bette te 
goba impotance of te pysica-bioogica 
inteactions in aquatic ecosystems 
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Te ideas and coments of Pof R 
Magaef ave been a constant souce of 
inspiation and encouagement Tis study 
is dedicated to im Te autos ae 
indebted to M Estada and C Duate fo 
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