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SUMMAV 
Some o the already known eects o small scale trblence on zooplankton poplatons mantaned n 

laboratory crocosms hgher deveopment rates changes n the demographc composton o poplatons 
hgher ammona concentraton seemed to be a conseqence o ncreased energy expendtre drven by 
behavora changes. Hgher reqency o escape rectons and ast swmmng n copepods cod be the man 
reasons or t althogh drect measrements o metabolc rates nder trblence were not avalable Here we 
dscss the eects o small scale trblence on two parameters drectly related to metabolc actvty heartbeat 
rate on pond cladocerans and NH-N and PP excreton rates on marne copepods 
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TROCTO 

Mecanica (exosomatic) energy as a 
significant infuence on pankton 
distribution (MACAS e .  1 984; TETT 
& EDWARDS,  984) and on te structura 
and functiona properties of peagic 
ecosystems Te externa suppy of 
turbuent energy not ony seems to 
moduate primay production, acting as 
auxiiary energy (MARGAEF, 1 94 
1 98 1 98; EGENDRE, 1 98  )  but aso 
can contribute to te seection of 
pytopankton ife-forms (MARGAEF, 
 98).  

In genera, tese efects are a 
consequence of te combination of 
turbuence pus advection, and cannot 
easiy be distinguised from tose caused 
by covariant factors suc as igt or 

nurients (MARRASÉ, 1 986; ESTRADA e 
.  1 98 a)  In e case of sma scae 
turbuence, wic can be considered to 
ave a nu transporting effect, its study in 
naura systems is indered by, among oter 
tings, te ack of repicabiity, te absence 
of wedefined boundaries and te 
impossibiity of isoating facors 
(ESTRADA e .   1 98 a, b; ACRAZ e 
  988 1 989) 

Tese probems can be partiay soved 
troug aboratory experiments in wic 
panktonic popuations are exposed to te 
desired conditions in encsures (HARTE e 
  1 980; PISON & NIXON,  980; 
PÉREZ e .   1 9 ; MARRASÉ, 1 986; 
ESTRADA e .  98 a, b   ACARAZ e 
.  1 988).  Experiments invoving time 
scaes from severa days to monts aow us 
to study te effects of different factors 
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(turbulence, light, nutrient aailability, 
presence of predators ,  etc  )  on state 
ariables (biomass,  population structure, 
etc) ,  wile their efect 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 conc1usie, probably 
because of the dependence of herbiorous 
zooplankton on phytoplankton (itself 
affected by turbulence; EEDE  
DEMES, 1 984; KIOBE el a , 1 990) 

Microcosm experiments suggest that the 
consequences of small scale turbulence on 
state ariables of zooplanktonic populations 
(the higher concentration of amonia in 
microcosms in which zoo- and 
phytoplankton populations were exposed to 
turbulence, or the increased deelopment 
rates of copepod populations, ACAAZ 
el a ,  1 988) are a consequence of an 
acceleration of their metabolic actiity, 
similar to that induced by increasing 
temperatures   oweer, although 
circumstantial eidence such as increased 
encounter rates between predators and prey 
(OTHSCID  OSBO, 1 988;  
EV AS , 1 989) or changes in swimming 
behaiour and in the frequence of "fast 
swimming" and escape reactions of 
copepods exposed to turbulence 
(COSTEO el a, 1 990) suggests 
enhanced energy consumption 
(MAASÉ el a. ,  1 990), it is as yet no 
conc1usi e 

In thi s  paper we ealuate the effect of 
small scale turbulence on the heart-beat rate 
of pond c1adocerans (females of Daphnia 
puex, which hae differentiated hearts) and 
on excretion rates of calanoid marine 
copepods (Acarlia causi and A. margaef)   
eart -beat rates are considered to  be 
sensitie descriptors of metabolic actiity in 
c1adocerans (MAC ATU  BAIIE, 
1 99; IE el a, 1 937), marine 
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copepods (PA VOVA  MIKIA, 1 983) 
and decapod crustaceans SPAAGAE, 
1 977; SPAAAE  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 enironmental 
factors afecting metabolic actiity MAC 
ATHU  BAIIE, 1 99) Because the 
excretion rates require long incubations 
(from 1   to 4 h), they reflect the 
integrated efect of turbulence rather than 
instantaneous responses  The changes due 
to turbulence on these indicators of 
metabolic actiity and their relation with 
the mentioned efects on state ariables of 
zooplankton hae been discussed 

ATERIAL A ETHOS 

  

The heart-beat rates of D puex exposed 
to turbulent or calm conditions were 
quantified by direct obseration through an 
horizontally mounted dissecting microscope 
(Fig 1 )  Indiiduals (obtained from a long
established culture) were kept in focus 
tethered to a thin hair (ACAAZ el a , 
1 98 1 ;  PAFFEFE el a. ,  1 98;  
MAASÉ el a  ,  1 990 COSTEO el 

FURE l   Diagrammat deription of te 
obervation amber or eart rate ematon   
Termotat ba.  Obervation aquarum. 3: Ligt 
oure (igt ibre. 4 Heater-ooler wit ermotat 
and omogenizer 5 Turbulene generaor 6   
Manipulator for potoning e organim 7 :  
Termometer 8   Tetered organim 9: Stereo 
miroope  0: Video amera. 



EXTER EERGY  PKT 

a   990) Te obsevation cambe (Fig 
 )  consisted of a sma aquaium (  0x5x5 
cm) maintained in a temostatic bat at te 
seected tempeatue (8 to  8  ± 0  C) In 
ode to avoid any distubance by igt 
intensity, measuements wee made unde 
dim ed igt 

Tubuence was geneated by te 
vibation of a  5 x  5 cm neton gid (05 
cm mes-size) attaced to a speed-eguated 
vibation moto simia to tat descibed by 
MARRASÉ e a (  990) and COSTELLO 
e a (  990) We pefomed  0  to 20 
epicated measuements wit a stop watc 
of te time spent fo seies of 50 o  00 
eat beats at eac tempeatue and 
tubuence condition Te time ag between 
successive measuements was  min and 
wen canging fom tubuence to cam 
conditions te oganisms wee aowed to 
accimatize fo  5  min Despite te ig 
ate of eat-beat in Daphnia (INGLE e 
a  937) te counting eo was 
negigibe, and diffeences between 
independent counts by diffeent obseves 
wee not significant 

   

Expeimenta oganisms wee peagic 
copepods of te genus Acaria (A causi 
and A margaef) captued by sot (5 
min) oizonta net tows made in te 
abous of aceona and Masnou on te 
Cataan coast (Weste Mediteanean) 
Tey wee tanspoted to te aboatoy in 
pastic caboys fied wit in siu wate 
Adut femaes wee soted and paced in  0  
 caboys fied wit 60 m-feed in siu 
wate and aowed to accimatize in a 
tempeatue-contoed cambe unde dim 
igt (30 - 50 E m  sec  ) and  2   igt 
2  dak potopeiod A pytopankton 
suspension (/sochsis Thaassiosira) was 
added peiodicay to ensue abundant food 
suppy Excetion ates wee measued by 
te diffeences in concenations of 
ammonia and soube eactive pospous 
in conto and expementa fasks afte 24 
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 incubation in dakness Te fasks 
consisted of 25 o 50 m scew-cap pastic 
vias 3/4 fied wit ai-satuated fteed 
sea wate (GFF gass fibe fes)   Te 
concentation of oganisms in te 
expeimenta fasks was about  ind m   
Tubuence was ceated by pacing te 
fasks in a sake osciating at  00 stokes 
min   , wit an ampitude of 25 cm 
Non-tubuent fasks wee kept undistubed 
Tempeatue was te same fo te two 
expementa conditions (  7    0 C) 
Initia and fina ammonia concentations 
wee anaysed accoding to OROLEFF 
(  970), and pospous deteminations 
foowed te pocedue of GRASSHOFF 
(  976) Te esus wee exessed as g-at 
NH-N o g-at PP ind     Statistica 
tests wee made foowing SOAL & 
ROHLF (  969)   

RU 

Heat-beat aes coesponding to a 
singe femae of Daphnia puex (  8 mm 
engt witout temina spine) as a function 
of envionmenta tempeatue fo agitated 

      
 

  

 A  Q  

    

  

        
rr  

FG . Hea aes o a aphna pue eae ( 1 .8 

 engh whou spine) n A ubulen open dos 
and dashed lne) and Q non-ubuen, ul dos and 
connuous line) condions as ncon o epeaue 
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TLE  Hert rtes (bets mi  ) correspodig to diferet specimes of . plex uder Q (oturbulet) d 
 (turbulet) coditios Me stdrd devitio umber of mesuremets d percet irese of  versus Q 
oditios 

t  Q 
irese 

me sd  

97 1 369   1  1 0  
1 0  98 1 4 1 0  
15 7 865 07 1 0  
160 4 1 5 46 1 0  
1 90 1433 1 3 0 
* 1 1  1  1 536 1 5 1 0  
* 1 80  1 83 30 10 
* 1 8 5 575 50 10 

* mesuremets mde o the sme idividul 

(A) and cam (Q) conditions are represented 
in figure 2. Te estimaed vaue of Q 
according to te Beeradek equation for 
po oed (Q and A) data is Q = 2.34 Te 
regression equations reating temperature 
and eart rate for turbuent (A) and cam 
(Q) condiions (Fig 2) are respectivey 

H = 1 6 1 3  T - 4 1 .5 1 ,  r = 0948 (A) and 

 H  1 5 89 T  4664, r = 0.904 (Q), 

were H represents eartbeat rate in beats 
min  , and T environmenta temperature in 
o 

Heartbeat rates for Q and A conditions 
on diferent individuas of D. pux (  to 
20 measurements) are sown in Tabe    
Heartbeat rates were aways iger under 
turbuence. Te diferences are statisticay 
significant bot wen comparing individua 
organisms exposed to A and Q conditions 
(t-test, p < 005) and for te compete set of 
paired daa (Wi1coxon test, p < 005)   Te 
mean percent increase on eart rate due to 
turbuence is 99  3 4 % n  8)   

Simutaneous estimations of H (as 
g-at H ind    1 0) and P4P (as 
g-at P-P ind    1 0) excretion rates 
on copepods Aarta margaf femaes) 
for turbuent and cam conditions (Fig. 3 )  
were significanty correated (r=0.70 
n 1 4)   Te corresponding regression 

 % 

me sd  

1 547 63 1 0  1 3 0 
1 093 3 0 0 1 1 5 
963  1 1 0  1 1 9 

835 38 1 0  17 3 
1 6 1 9 0 0 1 9 
1 583  1 10 3 0 
300 5 1 0  5 5 
697 60 1 0  46 

equation was 

 = 2 1  1  P + 3 46 

were  represents gat H ind  

  1 0, and P  gat PP ind   1  06 

Te average increase in ammonia 
excretion due to turbuence was 32 %, 
wie posporus excretion increased 65 % 
(Tabe I). P excretion raios were iger 
under cam conditions, and in bot 
conditions were we aboe te teoretica 
ones (REDFED t a , 1 963)   

Te ammonia excretion rates for A 
aus are indicated in Tabe II In tis 
species, te increase in te excretion rates 

  fi  

  
  
  
x    

 

 0 

  

          
 3 muteous mesuemes o pospors 
(bcisse) d mmo (ordite) ereto rtes 
uder  (turbulet ope dots) d Q (o-turbulet 
full dos) oditios for Acartia margale 
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T BLE  Mean exeton rates oresponding to 
turbulent  and nontubulent Q onditions or 
adult emales o A. argae N  g-at. NN ind  
h  1  P  gat. P-P ind    1. N:P in atoms. 
e dierenes between Q and  ae statistally 
signiant ttest, p < 005  

N 

Mean 79 
s.d 5.7 
n 7 
 inrease % 

Q 

P NP 

1 7 4. 
05 1 1 3 
7 7 

N 

 

P NP 

1 0   7 3 . 3 1 .5 
1 3  8  03 8 
7 7 7 
3 5 

T BLE III. mmona exretion rates or A caui 
under nonturbulent and turbulent  onditions. 
N  gat. N-N h  10 

Q  

Mean 1 4.0 1 80.0 
s .d. 00 149 
 5 5 
 inease %  

due to turbuence is 26 %, sigty ower 
tan for A margaef 

SCSSON 

Canges in state variabes of copepod 
popuations maintained under turbuence in 
aboratory microcosms inude enanced 
deveopment rates, canges in te 
popuation dynamics and iger ammonia 
concentration (ALCARAZ el a 1 988, 
1 989)  Tese effects are attributabe to te 
increased metaboic activity and energy 
expenditure resuting from te iger 
frequency of escape reactions or "fast 
swimming" , wic require up to 400 times 
more energy consumption tan norma 
swimming (STRICLER, 1 975)   

Recent estimates of time budget of 
swimming and feeding beaviour of 
copepods support tis assumption, for tere 
is a significant increase in te frequency of 

under turbuence 
(COSTELLO el a.  1 990), and estimations 
obtained from tese data about te reative 
energy gains and osses of copepods under 
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cam and turbuent conditions on ig and 
ow food cncentrations (MARRASÉ el a.  
1 990) indicate energy advantages under 
turbuent and ow food concentration 
conditions Tese resuts, owever, 
correspond to te interacion of 
zoopankton wit food parties, and it is 
dificut to differentiate te effects of 
turbuence aone on metaboism (due to te 
iger frequency of escape reactions) from 
tose derived from canges in  feeding 
beaviour (probaby triggered by te iger 
encounter rates between copepods and teir 
food). Tus, te two parameters cosen to 
estimate te effects of turbuence on 
metaboism (eart rate and aonia and 
posporus excretion rates) ave been 
measured ere avoiding te interference of 
food parties. 

Despite te scarcity of data, it is evident 
tat eartbeat rates are igy temperature 
dependent. Te vaue of Q for D. puex is 
simiar to tat observed by MAC ARTHUR 
& BAILLIE ( 99) for D magna for a 
simiar temperature range Regarding te 
differences between A and Q conditions for 
te temperatures tested (Fig. 2), te 
enancement of eart rates due to 
turbuence seems to be constant and 
independent of temperature Te percent 
increase observed wen exposing te 
organisms to turbuence is terefore 
equivaent to a rise of 1 0  in te 
environmenta temperature In adocerans, 
environmenta temperature rises ead to 
acceerated deveopment rates and reduced 
ifespan, for ongevity and eart rates do 
vary inversey (MAC ARTHUR & 
BAILLIE, 1 929; SHAW & BERCAW, 
1 962) Tis is in agrement wit te 
enanced deveopment rates of copepods in 
aratory microcosms under turbuence 
(ALCARAZ el a  1 988), atoug no 
direct data on copepod eart-beat rate or 
ongevity are avaiabe 

Excretion rate for bot secies of 
Acarlia indicate turbuence-enanced 
amonia excretion rates. Tis coincides 
wit observations on oter caanoid species 
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fom natua systems (mixed and fonta 
zones in compaison to statified ones; 
HARRIS & MALEJ,  986), and coud 
expain te diffeences in aonia 
concentation between tubuence and 
nontubuence obseved in aboatoy 
micocosms (ALCARAZ l a. ,  988) Te 
esponse to tubuence appeas moe 
impotant in A maraf tan in A causi 
(32 % against 26 % incease), and pobaby 
ae te consequence of diffeences in te 
scae of tubuence pecei ved due to te 
diffeent size of bot species Specific 
excetion ates fo A causi ae simia to 
tose epoted by MAYZAUD ( 973, 
 976) and NI AL (  974) fo te same 
species and simia tempeatue conditions   

Pospous and ammonia excetion ates 
wee we coeated, atoug pospous 
appeaed to be moe affected by tubuence 
tan is amonia Despite tei ige 
eative incease (about twice tat of 
ammonia, absoute vaues of pospous 
excetion ates in A and Q conditions wee 
ow in compaison wit te N:P excetion 
atios obseved by ALCARAZ (  988) in 
mixed zoopankton 

Te esuts indicate tat tubuence 
acceeates metaboism Te oganisma 
esponse must be vey apid, fo eat ate 
esponds to canges fom cam to 
tubuence conditions and vice-vesa in  5  
min at most, te accimatation time 
between canges on tubuence conditions 
Simia apid esponses to successive 
switcing fom tubuence to cam 
conditions ave been obseved in te 
fequeny of fast -swimming events, a 
ig-enegy consuming beaviou, in 
Clropas (COSTELLO l a ,  990) 

Wateve te beavioua o 
pysioogica mecanism affected by 
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