
"A
ñ-^9

1",'
d BrB

Écr
(ou.n9

ULH.FC

¡r\kc'€fi€

tr(,+?-¿'l /t

directos e indirectos del cobre en

comunidad límnica experimental

Tesis

Entregada a la

Universidad de Chile

en cumplimiento parcial de los requisitos

para optar al grado de

Magíster en Ciencias Biológicas, con mencién en Ecología y Biología
Evolutiva

Facultad de Ciencias

Javier Eduardo González Barrientos

Diciembre,2011

Director de Tesis: Rodrigo Ramos Jiliberto

Co-director de Tesis: Carlos Valdovinos Jeldes

por



FACLILTAD DE CIENCIAS

TiNIVERSIDAD DE CIIILE

INF'ORME DE APROBACION

TESIS DE MAGISTER

Se informa a la Escuela de Postgrado de la Facultad de Ciencias que la Tesis de Magíster
presentad¿ por el candidato.

Javier Eduardo González Barrientos

Ha sido aprobada por la comisión de Evaluación de la tesis como requisito para optar a1 grado de
Magíster en Ciencias Biológicas, con Mención en Ecología y Biología Evolutiva, en e1 examen
de Defensa Privada de Tesis rendido el día 19 de Octubre de 201 L

Director de Tesis:

Rodrigo Ramos Jiliberto

Co-I)irector de Tesis

Cmlos Valdovinos Jeldes

Comisión de Evaluación de Ia Tesis

Ramko Bustamante

Vivian Montsoino

Zro De d)O
§.r=.===-^.2;v DrDLrr_r¡ ÉuA :-É oE{IF4L e



,(o DeNr

!sr1Eüur.-EqJ" _!t{Ir¿t á

Qu.n'l

A mi./otnilia



lp"ñ/..* '+\
q BlBLtotEcA '-:Í c¡r.¡rn¡r )*rc \.

\l)8 cB\,
Agradecimientos

En prinrer lLrgar quiero agrarlcco a Rodrigo Ramos por todo cl aporo qLre nte brindo. en todo
sentido. dur¿lrttc la planificacicin ¡ el desarrollo de esta tesis. Tarnbién qr:icro trgladecerlc la
oportirnidad de integrar el laboratr¡rio qrrc él dirige. ayLrdándomc dc csta fbrnra a mi desarrollg
corno cicntitrco. Por otro lado le do¡ Ias gracias a Carlos Valdorinos por. su disposición. por.

rccibirme temporalmente en su laboratorio. tarlbién por sus corrccciolr.,s \ (ontentitrio\

l.c do¡ las gracias a Ramiro Bus¡ar¡ante I Vivian Montecino por su buerra disposición. sus
conrentarios I correccior'¡cs.

Quiero ar:radecer cspeci¡lirrente a mis corlpañeros de lal¡or¡rti¡rio Ingcr Heine I Mauricio
Fcrn¿indez ¡ror su buen I lral hL¡n¡or. por sus arranques de locura. por su buena disposición r
so['][e todo por el apoyo en la realización de los erperinrcntos de esta tesis.

Agradezco el apo¡o I la buena onda de Claudio Reyes. L_eslic Garar'" Adriana Aránguiz.
Pasquinel Ulbani ¡ Fernanda Valclor inos. 'l-anlbién le dor las gracias a Patr.icia Silva r .losó Luis
Carvajal pol las conrersacioncs r el .jLrgo entrcgado.

I-c dor las slacias a rni thmilia que siernple ha apo¡ado incondicionalr¡cntc.

Agradczco a CENMA llor prestitr cl espacio. ccluipos e insurnos necesarios para realizar los
experimentos de esta tesis.

'fambien 
agradezco a FONDECYT por prcsrar tpovo flnanciero a trar,és del pro'ccto 1090132 a

cargo dc R. Ramos-.lilit¡crto.

lll



Indice de Materias



Lista de figuras

Figure 1. Graplr representing clI'ccts of pollutant X on thc colitllonel.rts of a uoclel

communit1 ........ ...........................2

Figurc 2. Net. direct and indilect ell'ects ol copper on population sro\\th ra¡e of Dupltnid

umhigua and (.et'ioclu¡tluriu ttubitt............... ..............16

Figure 3. Ne¡. direct and indirecL cll'ccts ol copper on bifih rate ol Dct¡tltttict antbíguo and

Ccriotlo¡thnia c1uhitt............... .........11

Figule .1. Nel. ciirect and indirecl ef-fccts ol coppct on dcath ratc of Duplutiu umbiguu antl

Ccriodophnio t1tthitt............... .........19

Figure r. Net. direct and inclirect el'lécts ol' copper oll populalir.)r grou'th ratc of

I'seutlt,kirclnerie lltr:ubcu¡tittltrl and Chk¡r¿llu r,¿/.qall.s... . ... ..... .............21

Figure 6. Inclirect elTects of copper on nricroalgae transmitted thror-rgh species rvitl¡in the

asserlblage ...........22



Abstract

Pollutants are able to aflect species u,ilhir.r a comt¡t¡titv not onlr dircctll. but also

through indircct paths. Indjrcct el'fects takc place uncler a Irrtltispecies context. \\hen

orsanisr.l.rs are aftcctecl thror-Lqli the ctfects that pollut:urls c\crt on other specics fhat are

ecologicalll, related to thc fbrmers. [Jsually. the net effccts of pollutanl are assessed

r.r ithoul considering thc contlibution ol'indirect effects. ul.ricl.r could enhance. diminish

or cancel out dircct cltects. T'he aim of this studl is to comparati\ el)- assess the direction

and magnitudc o1'direcl and indirect efiects of coppcr on the cornponents of an

experirnental plar.rktor.ric asscmblage. Specifically- rve elaluated tlre efl'ects of coppcr on

tlre population gro\\1h rate of thc hcrbivores Daphniu untbiguu antl ('criotlu¡úniu dubiu

and tlre nricroalgae Pseutlt¡kirchneriellct .subt'u¡titttu and ('hlorclla rulgu'i.s.

Additionall¡. rlc dccomposecl the ell-ects i¡n herbivr¡res into partial eflécts on their birth

ar.rd death ratcs. lndircct ct1ects on microalgae. on the rlher hand. uel'e decomposed into

parlial indircct cfI'ccts translnittcd b¡ cach component spccics of thc asscmblagc. 
-lhc

rcsults indicated that in gereral the contributions of indirect elfects to the net ef-fects

r.r,crc cqual or morc rele\,ant than direct el'l'ects. Our results also suggesteti that the

efl'ects exerted b¡.' copper on D. untbiguu may be explained nrainlr, bl changes in birth

rates ulrile n C. dubiu u,ere associated to changes in death ra1es. l)ecor.nposition of

indirect et-1ects on microalgae shoued that effccts r¡n P. .sttbcu¡:;itutu were transmitted

principall¡- b¡, D. umbiguLr. lr hereas in the case ol' C. rulg«ris the effécts werc driven b]'

botl.r herbivore species. Tl.ris sludv presents nerl' cr iclcncc about the responses lo

pollutants ol natural il.rhabilar.rts oi Clhilean f}eshrvater s!stelns. ancl also prolides an

VI



advance in the u¡clerstancling of the für.rctior.ring ol perturbed commuuities trighlighting

the crucial importancc of indircct cl-fects of stressors ill ecos)'stems.

Ke-vworrls: Cotnntunitt interactions. rretal. population gros'th rate. egg ratio"

zooplankton. ph)loplankton.
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Rcsumen

Los conlaminantcs So¡ capaces de af'cctar a las cspecies dentro dc ttna cotttttnidad no

sólo directamente. sitlo quc también a trar,és dc r'í¿rs intlirectas. Los electt¡s iudirectos

ocurren bajo uÍr contexto rnulliespecifico. cuando los orgauistlos son aféctados a tra\jés

de los efcctos qr.Le los contaminantes ejercen sobre otras especies que están

ecológicamcnte relacio¡rad¿rs con las primeras. l-lsua]urentc. los efeclos netos de los

contaminantes son evaluados sin consideral'las contribuciones cle los ef-ectos indirectos.

los cuales podrían aumentar. disminuir o anular los efectos directos. Ill objetivo de este

estudio es er,aluar comparatilamente la dirección l nragnitud cle los eléctos directos e

indirectos del cobre" sobre las cspecies componentes de un ensamblc planclónico

erpelimental. Especíticamente evaluarros los el'ectos del cobre sobre 1a tasa de

crecimiento poblacior.ral de los herbivoros Duphniu onbiguu 1 Ccrioduphníu dtúiu -t' \as

nricroafgas P.yeudr¡kirchn¿riallu subttt¡tituttr t' Chlorellu t'ulgorit. .A.ilicionalmente. se

clescor.r.rpusieron Ios cf'cctos sobrc los herbír'oros en efcctos parciaJes sobre sus tasas de

natalidad ¡ morlalidad. Los el'ectos indirectos sobre las microalgas. por otro lado. lircron

descon-rpuestos en efbctos indirectos parciales transmitidos por cada una de las especies

componentes del ensar.nble. En general. los resultados indicarr¡n c1r-re las contribuciones

de los cfcctos indircctos a los cf'cctos nctos. fucron tanto o lnás lelerantes clue las de los

eféctos clirectos. Nuestros rcsultados tarnbién sugieren que los el'ectos ejercidos por el

cobre sobre D. umhigttu podrían ser erplicaclos principalnrente por cantbios eu la tasa dc

natalidad. mientras que para (. dttbiu scrian asociados a cambios en la lasa cle

mortalidad. La descomposición de los e1-ectos ir,dilectos sobre las nricroalgas mostró quc

los cflctos sobre P. subcttpirutu f-ueron transmitidos principahrente por D. umhiguu.

vlll



n'rientras quc en el caso dc a. \'uli<ttt'is los electos tüeron conducidos por anlbas especies

dc herbívoros. Este estuclio presenta nueva evidcncia sobre las :"espttestas a los

col'rtaminantes de los habitar.rtes naturales de sistemas de agua dulce chilenos. 1- tambiérr

pro\,ee un a\ance cn cl entendirniento dcl f'uncionamieulo c1e las cot¡uniclades

perturbadas. dcstacando la importancia crucial de Ios ef'ectos indirectos de los estresores

en los ecosistemas.

Palabras clar,e: Intcracciones comunitarias" metal. tasa de crecimicrto poblacional. razóu

de huevo. zooplancton" fitoplancton.
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1. Introduction

Thc rclcase of polluLants to thc cnvironment represents one ofthc main current threats to

biodir.ersitl. aft-ecting both richness and abund¿rncc of species u'i1hin ecosystenrs

(Nlillenniurn Ecosl,stem Asscssment. 2005). I Iower,er lhe undcrstanding and assessment

o1'actual el'fects ol pollutanls on natural communities t.r.ra¡' be di1Íicr-rlt since the¡' do not

onlv alléct species directl¡. but tl.rev could also erert efl-ects tlrough indirect routes.

Direct efTects of pollutanls on a population arise $-hen the pollutant itsell afI-ects sorne

\i1al rates of the constitucnt organisms. Indirect cffccts. on the otlter hand. takc place

r.vhen the organisms arc afJ'ected b1, the efl-ects that the pollutant e\erts on olher -

intcrmediate- populations that are ecologicall¡- related u'ith the fomrer. thus appearing

onh under a multispecics sccnario ( Wootton. 1994). Furlhermore . indirect efl'ects of

pollutants could cmcrge eitlrer 1'rom changes in abund¿rnce of intertlediate specics

(''numerical indirect interaction": Janssen et al.. 1998: "densitt -urediated indirect

interactior.r": Werncr and Peacor. 2003) or through modillcations of traits ol'the

intermediate specics ("intcraction modiflcation'': Woolton. 199i: ''trait-mediated

indirect interaction": \\¡erner and Peacor'. 2003). These altelations of species'

abundanccs or trait valucs producc chains of elfects that could lead to posilive or

negative neL ell'ects of the pollutarrt on somc spccics. 
-[ 

hc sign ancl strength of indirect

cllccts riill dcpcnd on thc sign and strength of thc ccological iutcractions among the

species that colllpose the route slretched lrom the pollutant to the afl¡cted spccics. In

other rvords. the properties of indirect elfects ol a contaminanl n,ill depend on the

structurc olcornmunitics (Fig. 1: scc also Rolrr ct al." 2006: Clcmcnts and Rohr. 2009).
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Figure 1. Graph representing effects (black lines) of pollutant
X on the components (species 1-4) of a model community.
Bright lines represent ecological interactions among species.
Lines ending in arrowhead and circles represent positive and
negative effects respectively. Solid lines denote direct effects
and dashed lines denote indirect effects. Pollutant X exerts a
negative direct effect on species 2 only. The direction, sign
and magnitude of indirect effects generated on species 1, 3

and 4 are determined by species interactions.
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Although the occr:rrence ol ef]'ccts transn.litted b1 indirect paths had been rcponed 1br

renobiotics in terrestrial (e.g. Risch and Carroll. 19f12: Sheflield and l.ochnliller.2001:

Butler and Trur.nble. 2001J)as ricll as aquatic coll1t11ul1ities (see Prcston, 2002: Fleeger et

at.. 2003). it is not cas)' to determinc the direction arrd strength of inclircct effects irr

multispecies assemblages. fhis Iray lead to a r.vrong evaluatiol.r of tl.rc ellects that

pollutant rclease ma\ exert on uild species. especialll' uhen tlrose er ¡rluatiolts arc basecl

onll on direct efIects on isolated species. Standard ccotox icological bioassa"vs usuall,v

assess onll'direct ellects of pollutanl on species u,ithout addressing the contribution o1'

indirect ellects. uhich could enhance. diminish or even cancel out direct elfects (Yodzis.

1988). 'fhus. in order to understand if net ef]-ects o[r spccies arise fror.r.r pollutant toxicit)'

(direct etfects) or tiorn chains ol efl-ects that depends on the col.nmur.rit)' context (indirect

eflfects). it is in.rportant to e\aluate thc nagnitude and sign ot' both direct and indirect

ell'ects.

Ar.uoug tlre elernents that potentiall¡ aflect Chilean ccos\stclns. c.rpper is

especiallf important. Copper teprescnts tlic most important natural tesotttcc ol Clhile.

and its exploitation is intensivc along tlre countr\'. The prevalence o1'copper ir.rdustry ir.r

Chile and the intensil\ t¡ltheir extraction processes makes tl.ris mctal a threat to nlarine

(Correa et al.. 1996: Corrca ct al.. 1999: Lee and Cortea. 200,1; l\4edina et a1.. 2005).

temestrial (Neanran et al.. 2009) ancl lieshrlatel s¡stems (Vila and Pardo" 200J:

Villaviccncio et al.. 2005: Ntu'r,ácz ct al.. 2007r ron Gunten et al." 2009). Copper.

betw-een optimal concentratiorls. acts as a micronutrient patticipating in a u'ide range ol

biochenrical redor reactions involving intracellular enz¡ mes/ptotcins (Harris and Gitlin.

1996). thus bcing essential to processes such ccllular lespiratiot'r. protection iion¡ fiee-



radicals. and cclhtlar iron metabolism (Van Assche et al.. 1997: Hopkin. 1989; Bossutt

and.lanssen.2003). Horrever'. above optimum concelttrations. copper is highl.v toxic tilr

inclividuals t¡l many species. being able to producc oridative sh'ess (Barata et al.. 2005).

clc\,atcd o\ygen consuÍrlption (Cierhardt. 1995). lo§'cred fccding rate (lllockrvell et al..

i998). altered locornotion (Untcrsteiner et al.. 1003) and decreascd individual grouth

rate (Winrrcr. 1985). All ofthese etTects are associated to detoxillcatiol'r and reparation

mcchanisms that require large amourts ofenergl. thus lcavjng feu,resources lol gror.r'th

and reproduction (Sibll'. 1996: Kooijrnan et al.. 2009). The flnal consequences of

physiological copper ellects are transmitted to a populatiou lcvel as reductions iu

population gro\\,th rate of erposed species (e.g. Winner. 1976: ferrando et al.. 1993:

Wong. 1993: Flanklin et al.. 2002; Bossult and Janssen. 200,1: Gama-Flores et ¿r1.. 2007;

Gama-Flores et al.. 2009).

Lr this slud¡ our aim is to assess direct and inclircct cflccts ofcopper exposure on

species embedded in an erperimental aquatic contmunity'. Specificallv we eslimate

directior.r and strength of copper ellécts on an erperimental assemblagc conrposed b.v the

microalgae (lhloralla r guris tnd Pseutlokirchneriella subcu¡titcttct" and tl.re herbivore

microcrustaceans Dcrphnia umbigLrct and ('erioduphnia tfubiu. Selected microalgae and

branchiopod spccics are used as a model becausc the) are representatives of common

inhabitants of flesh u,ater s,vsterns of central Chile (Ara-va and Zútiiga. i985; Vila et al..

1987: Ramos-Jiliberto et al.. 1998; ILamos-Jilibefio et al.. 200.{: i\4ontecir.ro ct al.. 201 I ).

This erperimental asscnrblage *as considered as being the r.r.rir.rimal s-v-stem able to

reser.nble the diversit¡, o1'natr¡ral comr.nunities. u.ith more than one trophic level and

more than one species per lrophic ler.el. Ihis topological motil has been studied



theoreticalll' (Leon and Tumpsor.r. 1975; Kirlinger 1989) as u,ell as empiricall_v (Tilman

1981: Dethier and Duggins. 1984). In addition. ue decontposed indirect efl'ccrs ol

copper on population gro\\'th ratc of nricroalgae into the difl'ercnt paths bl. nhich the¡-

are transmitted. 'l-his allorvs thc idcntification of the spccics *'itlrin the communitv that

arc most important lor the tr'¿insmission of indirect cficcts torvards nricroalgae. Fintrlly.

lve also decomposed elfects ol copper on tlre population gror-th ratc ol herbivoles into

efl¡cts on the tu,o underll ir.rg demograpl.ric proccsscs: binh rate and deatli rate. This

study contributes to incrcasc our understanding about the mechanisms by' which

pollutar.rts effects are transmitlcd. shaping biodiversit¡' of naturai commur.rities.



2. Material and methods

2.1 Test species

2. 1 .1 Hcrhix» es

Tlre herbivore i¡cliyiduals utilized on this st¡d¡ belong to species Drrpltrla untbigtrcr

(Scourfleld. 19,17) and Cerildttphniu r/riála (Richard. 189,1). Thcl uere collected ll'om

lemperatc lakes of ccn¡-al Chile. Clones r.vcre establishcd liom a single parthenogenetic

lemale and maintained under standard laboratorl' conditions (pLI 7.5 + 0.1. temperature

20 + I "C. photoperiod 14:1 0. L:D). Prii¡r to cach experimental test. indivicluals werc fcd

vrith a mixture of P.seutlt¡kit t'hneriellu subctt¡t llala (Hindak. 1990) and ('hlotella

tttlguris (tleijerinck. 1890) in a 1:l ratio. reachit.tg a concentration of 106 ceils mL L.

2. 1 .2 ,\.,licroalgae

Strains ol' tigac l'seutlokirt hneriellu .ttlbcupittltú and ('hk»'t'llu t'ulguris u'ere obtained

f'rorn cultures urainlained at the Biodiversit¡' Laboratorl' of CI.-NN{A. Santiago. Cihile.

Plior to each test- cells lrom c¿rch alg:rl species rvere culturcd on UI)A lnediuur (USEPA.

1994) under standard conditions (pll 7.5 = 0.1. ternperature 2l'+ 1 C. 2000 tux)

fbllou,ing NCh 2706.

2.2 Singlc-species tests

With the aim ol asscssir.rg the tolerance to copper cxposurc o1- the test species. u'e

perlbrrned single-spccies bioassars. The inlormation gathered allorvcd us to dellne the



copper concentrations thal exert small lethal effects (<LC5¡) to perfbrrn the mr:ltispecics

trials. For conducting single-species bioassa¡'s we usecl a mocleratel¡ hard u'atcr medium

(ASfM. 1980). at a pll of 7,5 + 0.1 and 23.5" = I C. [n orller to uimic natural

cor.rditions. ulrtricnts and organic matter wcre added to thc mediulrl. Nutr¡ents \\'ere

added b¡ rnixing 1 r'olume ol N,lBl- n.rediun.r (Stenlberger. 1981¡ nith 9 r'olut.tles o1'

moderatcl.'- hard water mcdium. Organic n'iatter u'as supplied b¡' aclding 2.5 ml- L-1 of

nutritior.ral supplement (Ha¡'ashi et al.. 2008). composed of algal extract (I']h1'llum b.v

ANASACI. l-ampa. Chile). F'or estirnating spccies sensitivities to copper. rl'e used

standard bioassay- procedurcs lirr branchiopods (NCh 2083) ancl I.uicroalgae Cllch 2706).

Branchiopod bioassal s were perforrecl at the lbllou'ing nominal copper concentrations:

0" 30, 60 and 120 ¡rg Cu L-1. Or.r the other htrnd. microalgae trials i.vere made rrith 0. 25.

50, 75. 100 and 200 ¡g Cu Lr. The dillerent coppcl concentrations \\'crc prepared b1'

diluting a stock solution olCuSO+ 5H:O (78.6 mg I--r1.

2.3 Multispecies tests

Multispecies tests \\'ere pellon'tied usir.rg the same medium and environt.uental conditions

than the one used fbr single-species tcsts. lhe lighting conditiorls \\'clc a photoperiod ol

14:10 (L:D) and a light intensit¡' ol 2000 lux (NCh 2706). Once the scnsitivitt' ol each

single species to copper was asscssed. rve dellned the pollutant conccntration to be used

in the multispecies tests. rvhich ri'ere 0" 25. 50 ancl 75 ¡rg Cu L-r.



[i]écts of copper ovcr population grouth rate of the tcst species r'vere estimated

fi'onr tlre oulcomc of three multispccies bioassa.vs composed of: (A) -1'. .;ubco¡titcrf cr + C.

t'ttlgcu.i.s + D. ¿tntbiguu + copper. (B) P. subcopitt¡¿¡ + ('. t'trlgtrri.s - C. duhitt + copper.

and (C) 1'. uúct4liltrlu + C. t'ulguri.s 1 D. tonbigtrtr + ('. dul¡id I copper. Experiments A

and B u'cre made in 500 ntl iars ri ith 300 t.nl- of mediut.t.t. Experinlental trials r'vere

initiatccl u,ith a dcnsit¡ ol 5 105 cells ml-l of each algal species and. five mature

branchiopod fcmales (the spccies r,aried in each bioassal. see abovc). After initiatccl the

erperiment. the niedium rvas not reneued but the pH §as adiusted to 7.5 + 0.1 every 2:l

hours. At all times the mcdir-n¡ *.as gentll' homogenized in alt orbital shaker for cnsuring

algae lesuspension. Ilach 24 hor-rrs. a samplc of300 pL of r','as obtained fiom eachjar for

later counting of organisms. I)opulation density ol algac rvas cletermined on a

hemocltometer. For branclriopods. censuses ol eggs. .iuvcniles and adults u'ete made

er,ery l4 hours using a stcrcolnicroscope. Ilris procedute rl'as applied to each rcplicate

(16 lor each bioassa¡,). Erperimental trials rvere ended at l'14 hours fbr bioassa.v A and

at 96 hours lor bioassa¡ B. Thc same experit.ttental dcsign u'as used lbr bioassal'- C but

using 1000 mL iars rvitl.t 600 mL of medium. This bioassaJ- rvas stoppecl a1 144 hours.

2.4 Assessing effects ofcopper on herbivore populations

2.4.1 Population growÍh rate

Population grow'th rate (r) of branchiopods was estimated by fitting temporal population

trajectories of each replicate to an exponential curve. The strength of the indirect effect



ot copper on /' of each species was determincd assuming that net efGcts can be

clecomposed info the sum ol'direct and indirect eltccts (Daniani" 1005). Tlus. net

ellects enclose all eilects driven through direct and indirect rva¡, s. Then. indirect efl-ects

(IE,.) of the pollutant on r of each specics rvere calcttlatcd as:

IE,:NE.-DE, (1)

Net efIects (NE,.) ruere obtained b] contrasting po¡rulation grorvth rate of each

spccies rvith and u,ithout copper. u,hen all orher collponenls ol the assemblage \\ere

present. Tl.rus.

NE,=r*.r-l*.. (2)

uüere r¡1, ancl r'¡1. are the populaLion gro§th rates ol a given hcrbivore species itt

presence (P: polluted) and absence (Cl: control) ol'the pollutant respectivel)'. and sub

indcx N stands tbr "net efléct". On the other hand. direct elfects (DE) r.vere obtained b1'

contrasting population gro\ th rate of branchiopod species rvitl't and u'ithout copper. in

absence of inter-specilic compctitors. T}tus.

DE, =ri,.,,-6. (3)

rl'hcrc rn.l, and rD.. are populatiott gro\\th rates o1'a giYen branclrio¡rod species. in

presence ancl absencc of the pollutant tcspectivel.v. and sub inder D stands for "'clirect

elfcct".



2.1.2 Birth und tleulh rates

With thc aim o1' clecomposc nechanistically' the etlicts of cop¡ter on branchiopods'

gl'o\\ith rate .,vc calculalecl the eflects of copper on birlh anll dcath rates ol herbir. ores. I o

accomplish this. rve calculated bilth rate at eacll tilne instant ¡ by Ineans olthe modificd

egg ratio method (Paloheimo. 197:l):

b¡= (1)

u,lrere 1., is the total number oleggs at time /. ,\ is the population size at time ¡ . and D is

the egg developnlent fin'lc. D¿rilt' censuses rvere carried out to cstimale E, and N. lr'hilc

D was sct to 2 da1"s. according Lo the tentpcrature ol'the experiments (Lei and Armitag.

1980: Anderson and Benke. 199,1). For obtaining a single birth rale value ó lbr each

replicate. u'e calculated the rrean o1'ó,. Then. rvc calculated death rate (t/) through

d =b-r

rvhcre ñ and l are cstimates of birth late and population gror'rlh rate o1- each replicate.

respectivell'.

l'or the calculation ol net, direct and indircct cflects of coppcr orer birth and

death rates rve used the same plocedures done for calcr.rlating el'fects ovcr the populatiot.t

gro\\.th ratc (see ecluations I to 3). but replacing r b¡' á or rl as a rcsponse variable.

r,l!*r)

(5)
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2.5 Assessing elTects of copper on algal populations

2.5.I L,flbcts on polttrltttion growth rúÍc

Population growth rate (r) oi'nricroalgae was cstimatcd bl fitting temporal population

ü'ajectories to ¿rn e\ponenti¿ll curve. l'he strength of indirect elfects o1'copper over ¡' of

P. .tubcúpitutu and ('. r'urlgra i.r rvere determined in a sir.r.rilar ua¡ than fbr branchiopods

(equatiorrs 1 to 3). The onl¡, clifl'erence is that in this case rve considcrcd the data of

isolated microalgae bioassavs fbr estimatir.rg direct clfccts.

2.5.2 Conn'ibtt¡ion ú diflérant ¡tuth.r on the slrength of inclircct ef/éct.s trf copper on

olgue

With the purposc o1'assessing rvhich of the potential paths r'vere urost rclcvant lbr the

transmission c¡l indirect e1'f-ects on algac, rve decomposed ir,direct efTects on algae (1E,.)

into paths passir.rg through cach of the accompany ing species:

IE, : lE, ,,^ + l[,..,, + IE, n,.,

uüere lE,.r¡n and IIi,.11¡ are thc inclirect eff'ects ol'copper ol.t the grou'th rate 01'algae.

passirrg through D. umbiguu. and (1. dubia respectivcl)'. 1E.¡: is tlre indilect etiect of

copper oÍr the gro\\'th rate ol one species of algae. passing through the other tnicroalgal

specics. For thc assessment o1'these parameters rvc uscd thc rcsulls ol bioassa-vs rvhere

one of the herbivores was absent. In bioassal' A. the herbivore ('. dubia r,vas absent.

r.r'hilc in bioassal B. D. untbiguu r'r, as absent. Thr.rs r're dellned a net ell-ect ol copper in

(6)



absence crf ('. r/aála (NE,.,1) ancl a net cfl-ect of copper in abscnce ttl'D. umbiguu (NL,e).

Thesc parlial net effects on each microalgae specics \\ere calculated through thc

lbllorving equations:

nüere r'¡ p r and r'..r r. o are population gro$1h rates ola specics of rl.licloalgae in presence

of copper and in absence t¡l ('. tlubiu atld D. úmbigu.t respectivell'. On the other hand.

/'¡.¡.1 and /'N( B are population qro\\'th rates ola species of nricroalgae in absencc of

copper and one of the herbivores. Partial indirect ell'ects (I[,.{ and IF-,.n) generated in

absence of cach herbivore u,ere obtained through

NE..^ = /¡.r^ -,n.,-.^

NE, n = r¡,,* -r¡.,.,

IE,^ =NE,,\-DE,

IE, B 
: N[, B -DE,

IE,.., = IE, - IE, .

IE,.D. = IE, - IE, 
B

(7)

(8)

(e)

( 10)

(11)

( 12)

where DE, is the direct ef'fect of copper on population gro\\'th rate o1-a microalgal

specics. F'inal)1 . ue estimatcd indjrcct eflécts tr¿ursmitted to cach microalgal species

through each ol'the accon.rpar.r,r,ing species. This llas dor.re bl subtracting the partial

indirect etlécts (lll,. l and EI,.r:) from total indirect el1'ect (E.1,):

12



2.6 Statistics

l hc calculalion ol the r"alue of the

respectir e error ( óp ) r.vas rrade

ec¡uation:

E,.ve = IE, -IE,.cD - IE,'.DA ( 13)

indirect cfléct on population gro\\th rale (18,.) ancl its

cornbining equations I to 3 through the tbllouing

IE, t(d?) = (, =(éq", ) -r.,. r(dq,, 
) -6, . (óq,,0 ) 

+ 6. = (óq,,,. )
(11)

rvhere 1-are the mcan population gro$1h rates estimated from replicates §='1) for cach

particular treatnrent and dr7,,a|e tlreir respectiYe error. The value of the indirect effect

error ( áQ ) \\as calculated b."- "error propagation'' fbllou'ittg the rclation:

( 15)

Each erlor value (ó27,) u'as obtained fiom its rcspective 95?ó confidence

intervals. On the other hand. conhdence inten,als $'crc cstilnated b) bootstrap- using the

percenti)e method with a bootstrap samplc size ol- 1000. Similar procedures \\:ere

rcalized for the calculation of all net. direct and indirect el'1ects ar-rd their respecti\e

uncertainties. All calculations rvete macle on MA ILAB (The Matl.ru'orks. Inc.).
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3. Results

3,1 Single-species bioassays

The assessed 48-hour LCr value for C. dubia and D. ambigucr were 61.24 ¡rg Cu L-l and

114.38 ¡g Cu L-r respectively. Likewise, we found a 72-hov ECso value of 97.37 ¡rg Cu

L-r for P. subcapittrta and 177.83 pg Cu L-r for C. vulgari,s.

3.2 Multispecies tests: effects of copper on herbivores

3.2.1 Population growth rute

There were not significant net effects of copper on population growth rate of D.

ambigua, over thc tested gradient of copper concentrations (Fig. 2A left). Nevefheless.

at the highest copper level ol 75 ¡rg Cu L-r it was found a negative direct elfect and a

positive indirect eff'ect, which cancelled out generating a null net eflect on this species

(Fig. 2B-C left). On the other hand. it was observed that copper exerted a weak but

signilicant negative net effect on C. dubia growlh rate at low concentrations (Fig. 2.A

right). Direct effects on this species were negative at all copper levels. being most

pronounced at a concentration of 75 ¡rg Cu L-r (Fig. 28 right). Conversely" a significant

positive indirect ef'lect of copper on population growlh rate of C. dubía w'as found at a

conccnl.ration ol'75 ¡rg Cu L-' tFig. 2C rightt.

14



3.2.2 Birth rale

For D. ambigua, it was found a significant (positive) net elfect 01'copper on birth rate

(á) only at thc highest (75 ¡rg Cu L-r) tested concentration (Fig. 3A left). In contrast, the

direct effects on ó were significantly negative under the lon,and the high copper

concentrations (Fig. 38 lel't). On the other hand. indirect efl'ects were significantly

positive both af 25 and 75 pg Cu t-'r 6ig. 3C left). In the case of C. dubia, negative net

effects were found at all tested concentration although stronger at medium and high

concentrations (Fig. 3A right). Direct effects were significant only at high concentration

on this species, while indirect effects were negative at lower and middle copper

concentrations (Fig. B-C right).
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3.2.3 Dectth rute

we founcl ncgatir,e dircct eflects togethcr r.vith positir.e indirect cl-fects ol copper on

deatl.r rate (¿1) of,. trntbiguu at high concentration (75 ¡rg Cu l.-r). Nevertheless. these

clTects cancelled out to render null net ellccts at all copper cotrcerltLations (Fig. '1 lell).

For ('. tluhiu. dircct efl'ects on ¿1 u,ere positive ri,hile indirect cflécts §cre negativc. all

increasir.rgl¡, strongcr as copper concentrations *ere highcr. This lcsulted in thal llet

elI-ects on tl ol ('. thúia rvere null except at high conceutration rvhere the ef'fect rvas

negatir e (Fig. .1 right).
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3.3 Multispecies tests: efl'ects of copper on microalgae

3.3.I l'o¡nlolion grotf h t'ute

Copper cxerted a ncgatile nct ctléct on poputation gro\\{h rate rtl P' :uhc'ultitalt'

exccpting at 75 pg Cu I--r rvhere tlie ef'Íect was null (Fig 5A 1e1i). DirecL etl-ects *ere

sigt.riticant (positive) onl¡, at 75 ¡Lg Cu I--r. ancl negative indirect eft'ects welc clelected at

all tested conccntrations of copper (Fig 5B-C left). Net elTects ol copper on the

population gror.uth rate of C. t'tlgari,s ll'ere significantll negative at 75 ¡tg Cu L-r. rnd

also it r,r'as obsen'ccl a negatiYc direct cllect at the lo\\'est ctlpper leYcl (Fig. 5r\-B right).

Iriclirect efl'ects on gro\ttl] l ate of ('. t'ulguris r,ariecl ft'om positir e to negative as coppel'

concentration rose (Fig. 5C rightl.

3.3.2 ('ontribtttion ú tli.llbrcnt ¡tuths on the strength ol irtdircct e.ll¿L't.\ of coPPer on

microulgue

Tlie etl'ects of cop¡rer on grou lh ratc ol microalgae efTectir el¡ \\'ere transmittcd b)' the

other interacring spccies (Fig. 6). Specificall"v. D. tunbiguu transmitted a signilicant

negative eI'fect on l'. .strbtu¡tiluttt crposed to the lorvest copper concentration (Fig 6A

left). On thc other hancl. r.r, e lbund that brar.rchiopods mainll' transmitted thc e|l'ects of

coppcr on C. vulgtuís.ln particular. negative cfl'ects transfcrred b¡' D. ttnrbigtra were

significant at the highest copper conccntration (F-ig. 6A ri-eht). Finall¡" at 25 ancl 50 pg

Cu L-l C'. d¿¡ól¿r transntitted a positiVc indirect effcct o1'copper ou C. r'¿r1gar¡¡ (Fig. 68

right).
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4. Discussion

4.1 Hcrbivores

Our rcsults shorved th¿rt copper caused effects over population gro\üh l'ate. bith ratc and

tleath rate ol blancl.riopods. Although net ef'fects over populatiot.t gro$-th rate of both

species appeared to be alurost null. copper actualh ererted a negative e l'l'ect on (. clttbiu

at lo\rest concentration. This small efféct could be explained rnainl¡ b¡ the direcr efl-ects

of copper. tl.rat ir.r the case of ('. dubiu were pafiicularly more harmlil thau the direct

ell'ects erpressed by- D. unúigu¿¡. Ilorvevct. this explanation l'llav not be applied tbr the

l-righest concentration. u'here ir.rdircct ellécts countcracted the dircct eflects -vielding a

null net result.

Direct eil'ects over cach species rvcre consistent tvith the respollses obtained on

acute bioassals. uhere C'. ¿.1¿rál¿¿ exhibited higher sensitivi¡ to copper lban l). untbigutt.

Prcvious studies cvidencing diflerences on sonsitivities betr.recn these specics are not

conclusive due the high varietl' of erposure concentrations and er¡rosure times (LJSEPA.

2007). Hovnever. studies at the population lcvel har,e lbund negative elfects on r ol (l

tlubiu at'td D. tunbig,ucr at concentratiorls of 20 ¡tg Cu L-r and 60 ¡rg Cu L-1. respectivel,v

(Gama-Florcs et al.. 2007: \\'innei. 1976); r'alues which are consistent uith our tcsults.

Population ler.el etTccts are ofcourse species-spccific. and are consequeuce ola

balance bctu'een birth and death ratcs. Thus- the mcchanisms undcrlf ir,g the expression

ol'both direct and indirecl el'lécts ma--v illusLrate thc different ua¡s bl rll'tich each

species f'aces pollution in a rnultispecies contcxt. (Jur results shorved tl.rat fi¡r D.
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finbiguLt, negati\,e dircct e1-Gcts u,ere the result ol clecrcasing birth rate, u'hile for C'.

¿i¿ról¿r these e[IccLs are explained br an increasing in ilealh rate. C)n the other hand.

positive indirect etl¡cts on tlrese specics are the product o1'the inverse phcnontcnon.

suggestiirg that cflécts on D. unthiguu uere governed mainl¡' b¡ challges ir.r bil1h

(reproductive) rate and for ('. duhiu b¡ changes ir.r death rate. I'here are no clear

evidences of dircct el}écts ol copper on birth and death r¿rtes of lieshu'ater plankton. but

infbn,Tation about the sublethal and lethal efl'ccts could elucidate the basis ol these

responses. Chronic exposurc to copper on these branchiopods has sltotvn that D.

ambigtrrr is slightl¡- more sensitire than (. dubiu. u'hen the efTects on their fertilities are

colnpared (Harmon et al.. 2003). Moreover- similar copper concentratiolls exerlc.l

negativc e1l'ects on reproduclion of D. unbigutt and positir-e over-compensator-v el}'ects

on C'. thtbia (Winr.rcr. 1976: (lama-Flores et al.. 2007). On fhc üher hand comparative

sludies on micronutrients like zinc and copper have rcvealed tha¡ ('. dubitt pl'esents an

equivalent or higher acute lethality relative to I). umbiguu (Harmon et al.. 2003; Sharv et

al.. 2006).

Conr,ersel)'. indirect efl'ects havc not a simple erplanation since the¡ emerge

liom complex interactions betu,een copper and the cot.uponent species of the s)s1en1.

Nevcrtheless. r'rul results could guide us to h¡pothesize some iudircct lra1's of copper

action. Positive indirect cff'ccts orer birth ratc ofD. ambiguu could be thc result 01'the

translbnnation of resources into neu,born. supporting ir.r this u'a1 an explanation based

on a chain of efl'ects transmitted through microalgae species. In an unpolluted

conrnrur.ritl' context. D. untbigua is outcompeted by C. dtrbiu u'hen thev sharc Chlu'ella
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lul:4uri.\ as a tbod source (N{artinez and l\{ontecjno. 2000). Or,er this scenario copper

could act as a kclstone species (Rohr et al.. 2006). altering interaction bet\\een

branchiopods. thus relirring the competitive exclusion to finall¡ lnloring D. ctntbiguu.

Negatir,e clircct effccts of pollutants on large zoopl:inkton har.e generated similar-

positive indirect efl'ects on insect larvae (Foekema et al.. 1998). protozoan (Schar-rerte et

al.. 1982). some branchirrpods (Barry' and Logan. 1998) and rotif-ers (Papst and Bo¡'er.

1980: Dal et al.. 1987: Brock et al.. 1992: Hanazalo and Kasai. 19951 Webber et al..

l99f: Yasur.ro ct a1.. lc)93: r'an Donk ct al.. 1995:.lak ct a1.. 1996:.lak ct a1.. 1998; r'an

den Brink et al.. 1000: Sanderson et aI..2002). Houever. positile ir.rdirect elñcts on C'.

duhia coLrld not be easil1' explaincd based on our tindings since thel probably ma1'be a

result of othcr kinds ol intcractions (fbr example. phvsical andior chemical interactions)

nol e\perimentall-v'' assessed here.

Although all our explanations are based on projections fior.r.r rclativell- shoñ term

assa¡-s and therefbre d¡,nanrics evcntuall¡, ma1 drilt to a reestablishment ol nort.nal

interactions betrveen species (LeBlanc. l9tl5). tl.rc positive eflect of initial copper pulse

on abundance could ell'ectively aflcct ncgativel¡ other zooplankLon in naturc if thc

zooplanktivorous abundance is incl eased.

,1.2 Microalgae

Thc rcsults revealed eIl'ects over population gro\\th rate of P. .subcttpittttu and (-..

rulguris. Copper exefied a negative net efTect or,cr both species heir.rg morc in-iurious ibr
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P. subc'tqitutu at low concentrations and for (.1. r'¿r1éla¡'ls at higher concenlrations. These

patterns \\,ere lirrgell' a consequence f'ront indirect negative efl'ecls instead of direct

eflects since the latter shorved to be almost nul1.

Direct eflécts or,er both spccies of microaigae u,ere almost null. being P.

.subc'qtitutLr slightl¡' 1alored or,cr C. r,¿i1g¿a'ls under equal copper conccntralions. The

single species biotrssal's developed also demonstrated that both species had a rclativcl)

lovn- sensitivit¡ to copper (highel EC5¡ than branchiopods) at least undcl thc pafiicular

experimental conclitions imposed.

Ciopper indirect cflccts rvere the n'lost important sort of perturbation over

nricroalgae population grorlth \\'ithin our erperimental comtnuuitv. l'he nature ol these

cfl'ccts could be erplained bv r ¡ri¡.tions in grazirrg nressute olherbivores on microalgae.

'I lrerelbre. rregative indirect eticcts ot't P. suhcupitLtt¿r r,rould be a result of an increase on

loraging performcd b1 branchiopods clue to copper e\poslire. 'Ihe subsecluent anal¡-sis

ol indirect effects indicatcd lhal D. umbigu¿r. rather lhan ('. dul¡ict. u,as the main

rcsponsible o1'lhese cl]anges at least at lou copper concentrations. On tlie other hand.

dccomposition o1- indilect efl-ects on C. vulgcu'i.v indicated that the¡' lbllor.ved different

routes dcpcnding on the copper concentration. At lorv levels of coppcr. positive indirect

eff'ects are transrnitted thror:gh ('. tlubia. w'hich uoulcl be negatively all-ected b¡' the

mctal thus reducing its grazing pressurc on its resource. Conrersel¡. negative indirect

eflect generated b."- high metal col'rcentrations rvere transrnitted b1 D. ranórgrrrr. rvhich

u,ould hare taken advantagc of thc rcsourcc rcleasecl b¡ the copper-aflbcted (.. ¿1¿iála.

thus increasing its grazing on ('. t'trlguris.
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,{}though our data arc insumcient to estimatc lirnclional rcsponscs ol each

herbir,ore species under a copper-enrichecl enlironmelt. there are sorne prer-ions

evidences that could support our explanations. X,lartincz and Montecino (2000). rvorhing

on a copper-fiec s-"'sten.r. fbund that C. dubio outcompeted D. ontbiguu lr,'hetl Oo¿!lrl.i

and Chlu'cllu u'ere the fbod resourccs. The smaller sizc ol ('. ¿/¡rál¿¡ *.ould allou' it to

berref,rt prclcrabl¡' f-rom C'iir»'cllu t.rrlgcu'i,t. u'hile the largcr D. urnbigutr could prolit

lrom both r.nicroalgae species (N4ar1inez. 2000: Brito et al.. 2006). On the other hand. the

comparable size ratio betr.veen microalgae (Ooclsti.s , ( l orellu :: l.'1 and

P seutlokirchncriellu Chlorellu = 1.6) could lead to similar sclectivities when thc.v are

grazed, thus making our sysler.tt analogotts to tlle previousl¡' reported.

.1.3 Final remarks

In summar'.v. copper ereúcd direct and indircct efl'ects on thc poplllation gror'rlh rates of

the herbir ores and microalgae species o1' the asscmblage. Direct eff'ccts <tt er C. clubitt

u'ere the initiators of a chain of clTccts n itl.rir.r tl.re s) stenl. pl esumabl¡ because

population gro\\th rate o1'this species was more allected b)' copper comparcd to D.

ambiguLt. as prn'iousll' found b1' Gama-l'lores et al. (2007) and Winner ( 1 976)

Houever. indircct elfects ol copper played a printar¡ role. af1ccting pafiicularl)' the

d¡-nar.r.rics of lnicr-oalgae and the intetaction betu'een thc herbivores- rvhich finalll

shaped the comr.nunitl' ouLcourc. Ihe contribution of indirect etlects to tiie net effects

exerted b¡ copper on herbir.oles $as at least as impofiant as the contribulion of dircct
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effects. IVloreover. the magnitude i¡f indirect eil'ccts of copper on rnicroalgae far

excccded direct eI'f'ects. thus demonstrating the rnain importance of inclirect paths $ücn

pollutant elJicts are tr¿rnsmittcd.

Interestingl¡. thc results obtained fiom standard acute individual species

bioassals perlbrmed on herbivores (sec seclion .3.1 ) rendered a higher sensitiviq' to

copper as cornpared to the sensiiivit)' ol tlie same spccics cmbcddetl in the experimental

communit¡. Conversel)'. microalgac spccics shorvcd to be nrore tolerallt to pollution

ufien thel' u,ere isolated than rvhen the¡ rverc ilnmersed within the communit)'. Current

environmental policl and regulatior.rs uscd in Chile and man¡- other countries rest on the

use of single species bioassa¡.s as the priman tool lor evaluating the efléct of pollutants

on ecological s) stems. Our str.rd1, highlights that i1'\\e onll' consider the results ol single

specics bioassa¡s lbr assessing copper effects on biota. u'e rvould overestintate tlte

efl'ccts on herbivores and underestimate the etl-ects or.r r.nicroalgae. lhis illustrates the

importance of understanding anci considering indirect el'fects of pollutants lor

environmenial protection actior.rs.

,,\lthough the methodologl' utilized ir.r this rvork allo$ed us to assess direct and

indirect efl'ects of pollutants uithin an erperimental assemblage. n'e have to point out

sonre limitalions. l he small nurnber ol component spccics selected 1t¡r our trials could

Iimits the extrapolations olour results to natural cornnrunities. Ner,ertheless. increasing

the number of species imposes serious limits to experimcntal nranipulations. On thc

other l'rand. tlre use ol- nominal coppcr conccntrations unable us to knori rvhich u'ere the

actllal amounts of bioavailablc coppcr that ererted the observed effects. uüich dilficult
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the quantitatir,'c comparison ol'our rcsults lvith prcrious nork. DcspiLc ol this. nominal

concentrations are acceptable fi'on.r a clualitative poinl o1'vieu. as used here.

Finallr,. this studl- pror ides an alternative uav fbr assessiug tlie magnitude and

sign of thc cff'ccts of strcssors on thc componcnt spccics in an aquatic con'mrunit¡ . Oncc

rccogr.rizcd the imporlance ol'indirect efl'ects olthe focal stressor. u'e idcntificd the main

palhs b)'rvhich indirect efTects are transmilted. and deconrposed population level elftcts

into eflects on thc underl¡'ing clemographic processes. This represer.rts our main

contributjc¡n touards understanding and predicting tl.re tunctior.rir.rg of natural

con¡nrunities subjected to current biodiversit¡' threats.
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