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RÉSUMÉ
 

L'objectif prmcipal de cette étude était d'examiner comment la biodiversité du 
zooplancton est affectée par le phosphore total et les changements de l'hétérogénéité des 
ressources et de l'abondance relative du phytoplancton. Les études empiriques montrent assez 
clairement que la diversité des espèces de zooplancton est plus importante Ion d'un niveau 
intermédiaire de production par le phytoplancton. Les études théoriques ont généré un certain 
nombre d'hypothèses pouvant expliquer le fait que cette relation existe. La présente étude a 
pour but de tester deux de ces hypothèses: soit les hypothèses « resource ratio» et « spatial 
resource hetcrogcneity ». Un objectif additionnel de cerre étude était d'observer comment les 
patrons de richesse spécifique et de diversité fonctionnelle répondent à des gradients 
environnementaux. 

Dans le chapitre 1, j'ai effectué une revue de littéra ture des 50 dernières années sur le 
zooplancton d'Amérique du Nord et j'ai exam.iné la possibilité J'utiliser la diversit~ fonctionnelle 
dans les études Je zooplancton. Un dendrogramme des communautés régionales d'espèces 
communes de zooplancton du nord-est de l'Amérique du Nord a été généré pour montrer le 
contraste emre les regroupements taxonomiques des espèces et ceux effectués en utilisant des 
Lraits fonctic:,nds. Bien que èans la litté~::tu~e, les dop.!1ées f0nctionndles nf' soienf ras 
complètes, une combinaison des traits fonctionnels de la Littérature et de ceux pouvant être 
mesurés sur le terrain a été utilisée pour décrire les niches fonctionnelles des espèces de 
zooplancton. 

Dans le chapitre 2, les traits mesurés au laboratoire, ainsi que ceux obtenus de la revue de 
littérature effectuée au chapitre 1, ont été utilisés pour mesurer la diversité fonctionnelle de 18 
lacs de l'Estrie. Une relation curvilinéaire a été uouvée entre la diversité fonctionnelle et la 
distribution spatiale des algues bleues-vertes, permettant ainsi de supporter l'hypothèse « spatial 
resource heterogeneity ». Bien qu'une relation curvilinéaire entre la diversité fonctionnelle du 
zooplancton et le ratio des algues brunes sur les algues bleues-vertes ait été observée, une plus 
petite proportion de la variation dam la diversiré fonctionnelle du zooplancton était expliquée 
comparativement à celle expliquée par la distribution spatiale des algues bleues-vertes. De façon 
générale, les rne,ures de diversit.é fonctionnelle étaient plus fortement reliées à les variables 
indépendantes environnementales qu'à la richesse spécifique. 

À travers les résultats obtenus, il est possible de conclure que l'abondance et la 
distribution des ressources jouent un rôle important dans la structure des communautés de 
zooplancton, et que les mesures de diversité fonctionnelle seront bénéfiques à la recherche 
écologique portant sur la biodiversité des lacs. 



ABSTRACT 

The main objective of this study was to investigate how 200planktan biodiversity is 
affected by total phosphorus concentration and the associated differences in phytoplankton 
resource heterogeneity and relative abundance. Empirical studies show overwhelrningly that 
zooplankton species diversity is highest at an intermediate rate of phytoplankton production. 
Theoretical studies have generated a number of hypotheses to explain "\vhy this general 
relationship exists. Of these, the current study tested two hypotheses: the spatial resource 
heterogeneity and the resource ratio hypothesis. An addition al objective in this stlldy was to 
observe how patterns of species rlchness and funccioml diversity responà to gradients of 
productivity, resource ratios, and resource heterogeneity. 

In Chapter l, l reviewed the literature of North American 200plankton From the past 50 
years and examined the feasibility of llSing functional diversity measures in zoaplankton studies. 
\\,11ile data \Vas lacking for cyclopoids, dat3 for cladoceran species \Vas more abundant. A 
regional community dendrogTam for common northeastcrn North A.merican 200plankton 
species was generated to demonstrate the contrast between taxonomie species groupings and 
those made using functional traits. While functional data l!1 the literature is not complete, a 
combination of functio:1al traits From t!::te uterature and those that Cl!1 be me2s!.ned in the field 
could be used to gencrate functional niches of zooplankton species. 

In Chapter II, traits measured in the !ab and obtained From the review in Chapter l were 
used to measure the functional diversity of 18 lakes in the Eastern Townships of Quebec. l 
found a cun-ilinear relationship betwecn functional diversity and blue-green algal spatial 
distribution, supporting the spatial resource heterogeneity hypothesis. While a curvilinear 
rclationship between 200plankton functional diversity and the ratio of brown ta blue-green algae 
was observed, a smaUer proportion of the variation in 200plankton functional diversity \Vas 
explained than that explained bl' blue-green algal spatial distribution. In general functional 
diversity measures \vcre more strongly related to their environmental explanatory variables (IP, 
phytoplankton heterogeneity, and relative abllndance) than to species richness. 

On the basis of these results, l conclude that resource abundance and distribution play an 
important role in structuring 200plankton communities, and that functionaJ diversity measures 
will be beneficial to ecological research on biodiversity in lakes. 



INTRODUCTION 

Les activités humaines ont conduit à des changements considérables dans les dynarnigues 

communautaires des écosystèmes entraînant des pertes ou des invasions d'espèces, avec des 

effets subséquents sur la façon dont les écosystèmes fonctionnent (Hooper el al., 2005). Ces 

changements dans la fonctionnalité des écosystèmes (Symstad & Tilman, 2001) comprennent la 

rétention des nutriments et du carbone, la productivité, et la respiration communautaire (Naeem 

& Wright, 2003) ainsi que la capacité il conserver ces fonctions lors de perturbations de 

modifications dans les conditions environnementales (résilience) (\'</alker, Kinzig, & Langridge, 

1999). Afin de chercher il malntenir certaines fonctionnal.ités d'un écosystème, il est important 

de comprendre les facteurs augmentant ou diminuant biodiversité. La présente étude vise à 

expliquer la biodiversité du woplancton dans les lacs en utilisant des variables 

environnemen tales locales. 

Cette étude se concentre, en particulier, sur les effets de la variabilité ct des abondances 

relatives des ressources (soit le long du pro El de profondeur d'un lac) sur la diversiré du 

zooplancton. Il a été démontré que la structure verticale des lacs et le régime de mélange, gui y 

est associé, som des facteurs imponants influençant la structure communautaire du biute, 

particulièrement le plailcton (Harris, 1999). Bien gue nous sachions que les lacs se stratifient 

fortement en été (c'est-à-dire gu'il existe une formation de gradients de rempératures), peu est 

connu sur l'influence des cLifférentes formes de cette stratification (par exemple la force, la durée, 

la forme) sur le développement des communaurés. Les activités humaines altèrenr les régimes de 

mélange directement avec les changements cl.imatigues (Lehman, 2002) mais aussi indirectement 

il rravers des changements dans la pénétration de la lumière due à l'eutrophisation (Interlandi & 

Kilham, 2001; Fairchild, Anderson, & Velinsky, 2005) ou bien il travers des changements dans 

les baSSi1îS-Ver~a!j,ts (Nor~hcGtc et a/~ 2005). COllUT'IoC lo:.-s de d~forest2.tio:: ou d)altér2.cions des 

zones hunudes. }WèC ces ch.angemenrs c!;ms le rnéhnge des lacs, des n1ooificat:!o!1s dans la 

compûsiî:ion et la d.istribütioil ou pbytopLmcton sont prb'isibles (Reynolds, WiseiT.\:1n, & Clarke, 

1984). Ainsi, il est à envisager que les propriétés physico-ch.im.iques des lacs, qui influencent les 

régimes de mélange et la structure de la thermocline, devraient en retour affecter la structure 

communautaire du z.ooplancton. Plus préClsément, cette étude examinera commen t la 
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biodiversité du zooplancton es t affectée par le phosphore total et a1llS1 l'hétérogénéi té et 

l'abondance relative du phytoplancton. 

La principale question posée par cette étude est donc la suivante: comment les 

changements dans l'abondance et la distribution des ressources de phytoplancton affectent-ils la 

diversité des espèces de zooplancton? 

Diversité dans les lacs 

Une approche courante pour expliquer la diversité dans les lacs est celle basée sur la 

théorie de l'équiLibre biogéographique des îles de MacArthur & \'(/jlson (1 %7). Lorsque les lacs 

sont considérés comme des iles, les plus grands lacs devraient posséder des taux d'extinction plus 

bas, des taux d'immigration plus élevés, une plus grande hétérogénéité dans les habitats, ou une 

probabiliIé plus impurtame Je Lruuver un plus grand nombre J'ôpèces Jû à un effet 

d'échantillonnage. Un des tests les plus communs de cette théorie est la courbe « specjes-area », 

telle que proposée pour le zooplancton de 13 lacs de New York par Browne (1981). D'autres 

études supportent aussi l'idée que les plus grands lacs sont plus diversifiés (Fryer, 1985; Dodson, 

1991; Dodson, 1992; O'Brien et al, 2004). Dodson (1992) a cependant poussé davantage cette 

idée en montrant une relation significative entre la diversité du zooplancton, la superficie du lac, 

le nombre de lacs dans les 20 kilomètres aux alentours er Je taux moyen de photosynthèse (une 

estimation de la productivité). Ces trois variables expliquaient 75% de la vanatlon de ia richesse 

spéciflyue (en log). Les deux variables les plus importantes pour l'expliCi<tion de cette relation 

étaient la superficie du lac (linéaire) et sa productivité (parabolique), et il a été supposé que 

l'hétérogénéité de l'habitat (verticale, à travers la stratification, et horizontale, ?t travers les 

habitats littoraux) étaient les facteurs prédominants de cette relation. 

L'étude de Dodson (1992) a fourni un support pour la courbe « species-area», ainsi que 

pour la courbe « speCles-proclucti,-it)'», ct un a?pul additionnel pour une relation unimodale 

entre la diversité du zooplancwD et ia produccivité primaire a été i..ruuvé (Leibold, 1999; \X/aide el 

al, 1999; Dodson, Amott, and Cottinghamn, 2000). Cependan t, iorsque les lacs sont séparés 

selon les catégories développées et Don-développés 0'aire des developement et agriculture a cote 

de le lac), la courbe « species-area » ne fut retrouvée que pour les lacs développés (Hoffman & 

Dodson, 2005). La relatlon « srecies-productivity» était significativement positive pour les lacs 

non-développés mais significativement négative, avec un faible puissance pour les lacs 
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développés. f\insi, lorsque la courbe « species-area » et les courbes « species-productivity » sont 

prises en compte, la force relative de ces relations peut être affectée par d'autres facteurs tel que 

le degré d'influence anthropogénique. 

Bien que ces études fournissent un aperçu de l'explication de la biodiversité de façon à 

émettre des hypothèses futures, elles ne sont pas explicatives de façon mécanistique. Une courbe 

« species-area » suggère la possibilité d'une plus grande hétérogénéité dans l'habitat, ou peut-être 

un effet de l'échantillonnage, mais n'indique pas directement quels facteurs, locaux ou régionaux, 

sont les facteurs prépondérants de diversité. Cependant, la relation « productivity-diversity » 

possède 4 hypothèses explicatives pour cette relation unimodale: « paradox of emichment», 

« resource heterogt:neity», « resource ratio », et « keystone ptedator» (Lcibold, 1999). 

Ainsi, bien que des études empiriques aient démontré à la fois l'hypothèse « productivity

diversity» et l'hypothèse « d.iversity-area», les mécanismes à l'ongine de ces relations sont encore 

inconnus. La présente étude se concentre sur deux des hypothèses mentionnées précédemment: 

soit les hypothèses « resource ratio» et « resource heterogeneity » qui seront donc cliscutées plus 

en détail dans les pages suivantes. 

Hypothèse « Resource Ratio» 

Selon l'hypothèse « resource ratio », la diversité est affectée par les abondances relatives 

des ressources primaires et secondaires (Huisman & Weissing, 1995). En assumant que les 

espèces diffèrent pour des concentrations seuils d'une ressource donnée, le nombre d'espèces 

pouvant être supporté augmentera avec l'augmentation de la concentration de cette ressource 

(Schoener, 19ï6). Cependant, si certaines espèces ne dépendent pas uniquement de cette 

ressource prunalte, mais dépendent aussi d'une ressource secondaIre, alors la diversité sera 

maximisée lors d'un ratio tntermédiaire de ressources primaire er secondaire (Huisman & 

WI"!,i.,'g, 1905) Bien qll'il soit connu que l'abondance reiative des algues bleues-venes aUi-,'lnenre 

avec j';wgmentation de la productiviré (Smirh, 1983; \'(/alson, IvicCauley, & Dovming, 1997), 

nous ne savons pas SI ces changemenrs de J'abondance relatlve des ressources affectent la 

diversité du zooplancton. De plus, bien que certaines études aient expérimentalement démontré 

les préférences alimentaires du zooplancton en utilisant des cultures de phytoplancton et de 

bacréries (Bogdan & Gilbert, 1982; Richman & Dodson, 1983), peu est connu sur ia façon dont 
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les concentrations de large~ groupes de phytoplancton dans les lacs pourront affecter la 

composition et l'abondance des espèces de zooplancton. 

Hypothèse « Spatial Resource Heterogeneity» 

L'hypothèse « spatial resource heterogeneity » souligne comment les ressOLlrce~ fluctuent 

dans le temps et l'espace. L'hétérogénéité de l'habitat dans l'espace et le temps a été une ~olution 

d'Hutchinson (1961) au « paradoxe du plancton». L'explication de cette hypothèse est basée sur 

la supposition d'une exclusion compétitive selon laquelle il est à prévoir qu'une espèce devrait 

surpasser toutes les autres jusqu'à ce qu'une monoculture soit atteinte (Hardin, 1960). 

L'hypothèse « intermediate di~turbance» (IDH) constitue la base de l'bypothè~e « ~patial 

resource heterogeneity». En se référant à l'IDH, Connell (1978) suggéra que la richesse 

spécifique ~erait plus importante il un niveau intermédiaire d'hétérogénéité ou de perturbations. 

L1DH est basée sur la süPPOSitiOll que teS espèces sûbuünt ùes ~ubslituLi()n~ en r~ponse ;, 

l'abondance et le type de ressources disponibles; certaines espèces seront compéticivement 

supérieures lors d'un certain en~emble de conditions environnementales alors que d'autres 

espèces seront compétitivement supérieures lorsqu'un autre ensemble de conditions 

environnementales sera présent (Abrams, 1984). Les fluctuations de ces conditions 

environnementales créeront donc des niches spatio-temporelles et a1l1S1 rédU1ront les effets de 

J'exclusion compétitive dans les communaurés (Tilman, î 994). A travers cette étude, je me 

concentrera! sur l'hypothèse « spatial resource heterogeneity » le long d'un gradient vercical de 

distribution du phytoplancton dans les lacs. Bien que l'IDH ,-.it été confirmée dans des 

communautés de pâturages (Walker et al., 1999), dans des communautés expérimentales de 

phytoplancton (Floder & Burns, 2005) et dans des études sur des clones génétiques de Daphnia 

(\'{'eider, 1992), l'IDH n'a pas encore été testée en référence avec l'hétérogénéité spatiale des 

ressources de communautés de zooplancton. 

Qu'est-ce que la diversité? 

Les patrons de wversité du zooplancton ont été tradiLionneUemellt expliqués par Jes 

études comparatives de lacs utilisant la richesse spécifique comme variable de réponse à 

l'environnement (Dodson, 1992; Dodson et al., 2000; Jeppesen el al., 2000). Cependant, en 

considérant comment les espèces répondront à des gradients environnementaux, on pourrait 

s'attendre à une mesure de la diversité prenant en considération la façon dont les espèces 
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diffèrent écologiquement ou fonctionnellement afin de fournir plus d'informations. Des études 

utilisant des végétaux et portant sur la relation entre la diversité et la fonction d'un écosystème 

ont toutes abouti à une conclusion similaire, soit l'observation que les mesures fonctionnelles de 

la diversité expliquent un pourcentage plus important de la variation dans la fonctionnalité d'un 

écosystème (e.g. la productivité primaire, la retention des nutriments) que les mesures 

taxonomiques traditionnelles (\'\Ialker, 1991; Hooper & Vitousek, 1997; Tilman et al., 1997; 

Walker et al., 1999). De plus, l'utilisation de mesures de diversité fonctionnelle a été suggérée 

pour tester l'IDH, les hypothèses d'assurance et les renversements alternatifs d'état stable dans 

les lacs (\'\Ieithoff, 2003). La présente étude fera appel à une nouvelle approche en observant 

comment IfS patrons de richesse spécifique et de diversité fonctionnelle répondent à des 

gradients de productivité, des ratios de ressources, et l'hétérogénéité des ressources. 

Hypothèses & n;e d'ensemble 

Chapitre l 

Dans le chapitre l, une revue de la Iittérarure des 50 dernières années sera effectuée afin cle 

déterminer l'étendue des connaissances actuelles permettan t une classification des niches 

fonctionnelles du zooplancton. La faisabilité d'appliquer des mesures de diversité fonctionnelle à 

des communautés de zooplancton ùe lacs sera examinée grâce à une recherche de littérature 

approfondie afin de résumer l'état actuel des connaissances sur les rôles fonctionnels du 

zooplancton. Les études fournissant des informations concernant le mode et le type 

d'alimentation, la croissance, la préférence d'habitat et les stratégies pour éviter la prédation sont 

discutées et résumées dans des tableaux. Ceux-ci pourront être utilisés pour l'élaboration de 

niches fonctionnelles d'espèces de zooplancton, en utilisant des méthodes telles que la diversité 

fonctionnelle (petche)' & Gaston, 2002) et la variance des traits (Norberg, 2004). 

Hypothèse: Les différences taxonomiques entre les espèces ne refléteront pas les différences 

fonctionnejjes entre les espècçs. Certaines espèces de zoopiancton qui cievraient être hamcmenr 

différei1tcs bnsÉcs sur leur t:l~~ono:r..ie serC::lt fc~ctionnelle!:Dent sUY'jJ2ires selcn leurs tr?its 

fonctionnels étudiés. Inversemen t, certaines espèces seront plus dissemblables 

fonctlOnneliement que lorsque seule la taxonomie est utilisée. 

Chapitre II 
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Dans le chapitre II, les données obtenues au Chapitre r ainsi que des données obtenues 

sur le terrain seront utilisées pour évaluer la diversité fonctionnelle des communautés de 

zooplancton retrouvées dans les lacs de l'Estrie. Cette mesure de la diversité fonctionnelle est 

comparée avec la richesse spécifique dans sa relation avec la productivité environnementale, les 

ratios de ressources lim..itantes et l'hétérogénéité spatiale des ressources. 

1) L'hypothèse « Resource Ratio» : Les changements dans la productivité affectent la diversité 

des espèces en altérant les ratios relatifs des ressources primaires et secondaires. En se basant 

sur cette hypothèse, nous nous attendons à ce que la diversité du zooplancton soit plus 

importante lors d'un ratio intermédiaire d'une ressource pnma11:<: de ph)"toplancton sur une 

ressource secondaire. 

2) T 'b.ypcthèse «Resource Heterogeneity»: La prillcipale hrpathèse à être esplorr-e e<r que 

l'augmentation de l'hétérogénéité verticale à travers un coefficient de variation (CV) plus 

important de chlorophylle totale, d'algues vertes, d'algues blcues-vertes, de diatomées et 

chrysophytes, ou de cryptophytes permettra à un nombre plus important d'espèces de 

zooplancton de co-exister. iunsi, il est à pré\'oir qu'une augmentation du CV de l'abondance de 

phytoplancton résultera en une augmentation de la wversitê du zooplancton. En se b",sant sur 

l'IDH, nous nous attendons à cc que la diversité du zooplancton soit maxirrùsée lorsqu'un niveau 

intermédiaire d'hétérogénéité de phytoplancton est présent. 

3) Supposition de réponses divergentes des espèces: Puisque ces hypothèses sont basées sur la 

supposition que les espèces vont différer dans leurs réponses fonctionnelles il l'abonda nce d'une 

ressource, nous nous attendons à ce que l'abondance des espèces soit affectée différemment par 

la concentration ou le type de ressource. Par exemple, alors que certaines espèces seront plus 

abondantes dans les lacs contenant une importante abondance d'algues bleues-vertes, d'autres 

especes seront pius abondantes dans jes lacs contenant une Caible abondance d'algues bleues

vertes. 

4) L'hypothèse « Functional Species »: Finalement si la Jiversitt fonctionnelle est une mesure 

reflétant plus les rôles écologiques des espèces, alors nous nous attendrions à ce que la diversité 

fonctJonnelle du zoopla:Kton soit reliée plus fortement à des influences environnementales. 
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Abstract 

\'(,'hile studies of terres trial plant communities have increasingly emphasized the use of functiona! 
traits in ecological research, few studies have applied this approach to aquatic communities. 
This sludy reviews the literature on zooplankton and provides a series of functional trait tables 
for freshwater North American zooplankton species, collected from a large number of 
laboratory and observational studies on feeding and life history characteristics. The qualitative 
and quantitative trait tables can be used to identify areas of paucity of data and provide insight 
in to which types of studies will be most beneficial to filling in knowledge gaps of zooplankton 
niche utilization. Data \vas most complete for the cladocera across most traits, while feeding 
information for cyclopoids was most sparse. Qualitative data that distinguishes between species 
within a genus was lacking for mos t groups. A table of regressions used to predict important 
zooplankton functions such as feeding, growth and excretion rates was also compiJed. 
A regional community dendrogram for common northeastern North j\merican zooplankton 
speeies was generaled and shows that taxonomie differences bet\veen species do not ncccssarily 
imply functional differences based on the traits used in this study. The data collected here, 
combined with readiJy measurable species attributes, can be used to generate a mu!tivariate 
measure of the functional niche of each species found in a community. Armed with this 
information, relationships that are useful for ecological studies of lake ecosystems can be more 
easily determined. 
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1.1 Introduction 

The human proclivity towards classification of nature has led us to the definition and 

cataloguing of species in communities based traditionaUy on morphological, and more recently, 

on genetic descriptors. \\Ihile this classifica tion scheme has proved useful for studies of nature, 

it mal' not be the most appropria te scheme for aU ecological applications. For example, many 

studies on the relationship between biodiversity and ecosystem function have concluded that it is 

the ecological roles of those species present that are important, and not necessarily simply the 

number of taxonomic species (Hooper & Vitousek, 1997; Symstad, Siemann & Haarstad, 2000; 

Tilman et aL, 1997; Walker, Kinzig & Langridge, 1999; Walker, 1991). Thus, there have been 

calls recently for the use of fur.ctional diversity measures - descriptors of communities based on 

a new type of classification scheme inspired by previous strategIes (e.g. Grime, 1977; Reynolds, 

1980) that is applicable to many ecological questions (1vIason el al., 2005; Mouillot el al, 2005; 

Norberg, 2004; Petchey & Gaston, 2002). 

Earlier attempts by Reynolds (1980) to functionaUy classify phytoplankton stemmed from 

the desire to classify phytoplankton communities in a manner that would reflect the 

environmcntal conditions of the lake, and the sensitivity of that community to enùronmental 

change. Phytoplankton species that were found to co-exist and that were corre1ated in 

abundance \Vere piaced into 14 functionai groupings. Reynolds et al. (2002) built upon the 

previous study by showing that species placed into functional groupings had sim.ilar 

morphological characteristics. AdditionaUy, the importance of the functional traits of species 

became recognized in studies lin king biodiversity to ecosystem function (e.g. Walker et al 1999; 

Tilman et al., 1997; Hooper & Vitousek, 1997). Furtl1ermore, more guantitative measures tlut 

use functional traits to dcvelop indices of functional diversity have been developed. These 

functional diversity indices measure the diversity of characterestics of organisms that serve to 

Functionai dintsity is a biodiverslt)' measure bascd Dn functional traiLs uf the 5l)èClCS 

present ill a community. Functional tnits are rhose that define species in terms of tl1eJ.r 

ecological roles - how they interact with theu' environments and w1th other speCles (Diaz & 

Cabido, 2001). These traits may include toierances to environmental conditions, rates of 

biomass production, and consumption (Reynolds el aL, 2002), as \-veU as nutr1ent milization arid 
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uptake (\'(/alker & Langridge, 2002). Functional traits pertain to the traits that species have that 

will either affect certain characteristics of an ecosystem they are found in (effect traits), or that 

will be affected by environmental changes (response traits). ln order to take a functional 

approach and to use these new measures however, descriptors of the functional groups present 

in a community must exist. 

ln order lO obtaill a measure of the functional diversity of a communie)', ie is necessary 

to detine the traits of species present. Traits can been c1assitied as "hard" or "soft" (Walker & 

Langridge, 2002). Hard traits are attributes of an organism that directly determine the role of a 

species in a community such as fIltering or phosphOlUS excretion rates 1i1 zooplankton. Soft 

traits are morphological traits that are known to be correlated with hard traits (e.g. body size 

affects manv physiological functions in a precl.ictable way based on allometry theory (Peters, 

1983). Since hard traits arc sometirnes difficult ta obtain as they ma)' requirc detailed 

experimental study, soft traits that are more readily measurable (e.g. body size, filtering apparatus 

mesh size for zooplankton) can be used as surrogates (\'(:Talker & Langridge, 2002). 

The' r.ffects of environmental changes on ecosystem properties are thought to be largely 

determined from the bOttOli up by the biological processes carried out by the suite of species 

present in the community (Reynolds, 2002). Studies that focus on whether bioc!iversity affects 

the functioning of an ecosystem (e.g. productivity, total biomass) have yieldecl results that 

suggest a link between the functional roles of species within a community and the total 

community responses to environ mental changes. For examrle, Tilman et ai. (1997) found tbat 

functional cl.iversity measures were more strongly relateu to ecosystem response variables (e.g. 

productilTity, soil NGô, soil NH4) than were traditional species diversity measures in a plan t 

community. In another studv, Walker et al (1999) obsen'ed that rninor, functionaUy redundant 

species ln ungrazed grassl;mds Incrcased ln abundance ln he8viJy grazcd COmmllf1ltics, proyiding 

SUrpOIt [or lhe lilsurallCé hypothtSiS (McNaugbtoil, 1977; Yachi & Lorta\.!, 1999), whertby 

seemingly redundant species conu'ibute to ecosystem resilience when environmental conditions 

change. Functional traits of species describe how they responcl to the envltonment, ancl if we 

know what functional traits are present in a community, then we should be able to better predict 

how communities will sillft as environmental conditions change and thereby more fuUy 

understand the l'ole of biocU"ersity (Norberg, 2004). 
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A functional classification of species should greatly enhance our ability to predict how 

the pulsed and graduaI changes of environmental conditions will affect communities. for 

terres trial plant species, a classification strategy has recently been proposed to predict changes in 

vegetation in response to environmental change (Lavorel el aL, 1997). A s.i.milar strategy has also 

been proposed for phytoplankton to be applied to ecological questions such as the intermediate 

disturbance hypothesis, insurance hypothesis, and alternative stable state shifts in lakes 

(\\leithoff,2003). for example, the intermediate disturbance hypothesis predicts the highest 

diversity of species at intermediate magnitude or frequency of disturbance by permitting species 

with different strategies and competitive advantages to coexist (Conn eU, 1978). Weithoff (2003) 

<t,serts tl1al' chis bypothesls reUes on the assumptioll that species <ire functionalJy dissimilar i.n 

responses to disturbance. For a greater understanding of the catastrophic shift from a vegetation 

dominated clear state to an algae dominated turbid one with eutrophication, a functional 

approach can be used to determine the graduaI changes in attributes of the algal community in 

response to nutrient addition leading up to a shift to an alternative state (\X/eithoff, 2003). 

FinaUy, the use of functional diversity for tesring the insurance hypothesis provides insight into 

the potential raIes of seerningly minor or redundant species in lake communities (\Veithoff, 

2003) as weU as in terres trial ones (Walker et al. 1999). Therefore, the use of functional diversity 

enhances our understanding of these importan t ecological phenomena. 

In aquatlc environments, crustacean 200plankton play an important role in structuring 

pbytoplankton commur,jrie~ (McCauley & Briand, 1979; Sterner, 1989), 2.nd in media ring energy 

flow to higher trophic lcvels in pelagie habitats (Gliwicz & Pijanowska, 1989). Until now, no 

thorough examination of the potential for functional classification of zooplankton has been 

attempted. We explore the possibility of determining functional grouping strategies for 

Züoplankton using a review of the extant literature. We develop here, a functional classification 

tree fer conl.1TIon l'~Grth l\~uerican zaaplarJ.;.:rci1 ai~d sho'v\' tbat taxononuc rclauol1ships l~re o[lcn 

l.nsufficlent surrogates for qUt'stlons uf hO\\1 CIL1staceflD zCGplnnktol1 cornrnunlneE: ftlllctJon (i.e. 

community grazing It1te, biomass production for planktlVorous fish, algal 0100111 suppression, ilS 

weU as functional respomes to environ mental influences such as phytoplankton abundance and 

distribution). The data revicwed and collected herc will be usefLll both to expand our 

understanding of response (i.e. traits of response to environmental gradients, changes, or 

perwrbatlom) and t'ffcct (traits that eEfeet ecos)'stem functiOI1S like total zooplanktol1 bio!118SS 
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production) traits of crustacean zooplankton, and to determine where future studies can focus 

their efforts in order to achieve a more robus t classification method of functional diversity to 

help predict the function of ecosystems. 

1.2 Methods 

\\le conducted an extensive search of the primary literature for articles providing 

information on freshwater zooplankton functional traits. Emphasis was on studies that focused 

on traits that related to food type, feeding rate, growth rate, life history, and predator aversion 

strategies. These traits \Vere chosen because they describe both an organism's response to 

environmental conditions (e.g. life history, predator aver~ion, food avaiJabiliry), and their 

pOlential e;Jèdi on ecosyslem processes (e.g. [eeding ra te). 

The search \Vas focused on traits for zooplankton species found in northeastern North 

America, in order toe be able to relate the re~ults to our o\Vn field stuciies. However, traits for 

man\' other common North American soecies were included in the final analvsi~. Searches \Vere 
, , J 

initiated using online databases: Biological Sciences (1960-2005) and ISI's Web of Science 

(1981-2005) using keywords "zooplankton", "feeding", "growth" or simply the genus names of 

each species. The reference sections of papers found in this manner \Vere also used to further 

the search for data in older published studies. 

Only feeding rates measured in the lab at temperatures between 15-20°C were included 

ln re~ults tables m order to represen t feeding rates in Quebec at the mean summer lake 

temperature. Feeding rate traits, such as ingestion, clearance, and filtration rates are separately 

reported as means and standard deviations. Clearance rate is defined as "the volume of water 

from which the predator removed prey per unit rime" (packard, 2001, while ingestion rate IS a 

measure of the dry mass of prey ingested per unit time (DeMott, 1982), and filtering rate is the 

volumf' of \Varer ftlrered per :lnirnal pet nnil' rime (Rurns :lnrl Rigkr, 19(7) Mean values mert' 

computcd whcn traits \Vere measured for the same species under slightly differenl laboratory 

conditions (e.g. different phytoplankton concentrations or species). \X!henever possible, trait 

measures were convened into equivalent units. Information found 111 the text of studies that 

provided qualitative information, such as habitat preference, qualita tive food preferences, or 

presence/absence of a defenslve strategy was also included. i\ll dMa \Vere compiled into tables 

and separated into qualititative and quantitative data tables. As weU as compiling tables of 
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quantitative and gualitative traits, a table of regression equatlons that can be used to predict 

important zooplankton functions like feeding, growth and excretion rates, using morphological 

characteristics, was also compiled. 

1.2.1 Communi!y Dendrogram 

Qualitative and quantitative traits that were found far a sufficient number of species 

(length, habitat, trop hic level, and feeding type) were used to generate a functional dendrogram 

for the regional species pool of northeastern North American lake zooplankton. In addition to 

the full functional àendrogram based on Ù1e four characteristics, a fUl1ctional dendrogram using 

only body length \Vas generated for comparison of what information can be gleaned using a very 

limited estimate of species functional traits. Qualitative measures were entered as ranked 

categories (i.e. from herbivore to carnivore, and from more passi\-e forms of fil tering type to 

raptarial feecling). 

There are several methods for calcula ting functional diversity of a community, ail of which 

are intended to generate an estimate of the diversity of functional traits in multiple dimensions. 

Recent merhods include Functional Attribute Diversiry (FAD), as used in a study of Australian 

rangclands by Walker ct al. (1999) and Functional Diversity (FD) proposed more recent!y by 

Perchey and Gaston (2002) as a mare suitable method than FAD. Trait variance, measured as 

the width of a trait distribution, has been proposed by Norbcrg (2004). Beyond silTlply 

measuring diversity, Mason et al. (2005) proposed also estimating functional richness, functional 

evenness, and functional divergence ra enable descriptions of niche utilization, and competitive 

interactions in communities. Since the current study focuses on obtaining functional traits of 

crustacean zooplankton, Petchey and Gaston's (2002) measure of funtional diversit:y (FD) were 

used to illustrate the applicabiliry of functional diversity measures. Although other 

measurell1ents of functjonal ciivFrsit-y snch as functional evenness and functionaJ divergence have 

been rccenùy developed (lIIason fi a/., 2005), thcrc has been rnore worL-: USl11g FD as a mC<J.sure 

of community function than for other measures (e.g. Blackburn eT al. 2005; Perché'}', Hecror & 

Gaston, 2004). 

Petchey and Gaston (2002) highlight four main steps to calculating FD. Filst, obta111 a 

trait matrix listing the traits of each species from a region. Traits can be binar)", continuous or 

categorical, though categorical traits must reElect a ranking. ln an)' case, the trait matrix should 
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be standardized ta have a mean of 0 and a standard deviation of 1. Second, convert the trait 

maLrix to a distance matrix, where standarclized Euclidean distances berween each spccies is 

shown. Third, use average linkage c1ustering and unweighted pair groupings to generate a 

dendrogram from the distance matrix for the region (see Krebs 1999 for c1ustering information). 

Finally, add up the vertical branch lengths of aU species in a community and do not inc1ude the 

branch lengths of those species not found in that lake. AU FD measures were calculated using R 

2.20 and code obtained from O. Petchey's website, which included a refinement ta th<: means by 

which total branch lengths were computed (petchey and Gaston 2006): that the branch lengths 

required to connect ail species are summed, bu t branch lengths connecting species to the root of 

the dcnc1rogram i5 not includeù. FD can be considered as a quantitative measure of the ncbness 

of functional traits, or the degree of complementarit)' within a communit)' (petchey & Gaston, 

2002). 

1.3 Results 

The life history information presented was coUectec.l from 66 sources spanning Fryer 

(1957) to N andina & Sarma (2003). The majority of rcferences are from the prima!)' peer

reviewed literature, while sorne data, particularly qualitative data were taken from Great Lakes 

Copepod ke)" from USGS Great Lakes Science Center (http://wwwglsc.usgs.gov/), and 

taxonomie keys (e.g. Pennak, 1989; Hebert, 1995). \Xlhile information on more traits were 

found, traits presented here were those for which information on greater than 15% of the total 

number of species \Vas found. A complete list of the primal)' literature used to generate trait 

tables is given in Appenclix 1. 

1.3.1 Quantitatit,c Traits Dejil/cd 

QuantJ[;uive traits are listed in Table 1 (a-b). Feeding rate \Vas divjc.ieù ill[u three types of 
..,...., • 1 

mcasuremen ts; clearance rare, filter feeding rate, and mgcst!on raLes. l ne rl!<·;).JJnum ClcaraClce 

rate \Vas the highest recorded clearance rate found in the literamre. Food size range represcntcd 

the smaliesr and largest size of prey lllgested. Clutch size, age at first clutch, and rotai offspring 

estimated an organism's reproductive capacity, and the cime required for an organism to reach a 

reproductive state. Mesh size is a measure of the sJZe of the Elterl..'1g app:uams of cladocerans, 

and [herefore is an estimate or [he size of [he smailest partic1e an organism 1S capable of 



18 

capturing. Finally, threshold food densiry is the densiry of food below which an organlsm 

c:mnot grow or reproduce, and thus, it is the lower resource limit of its reproductive capabilities. 

1.3.2 Quantitative Data Resul!s 

The quantitative trait table is most complete for traits such as length and feecling rates 

(Table 1 a-b). For other traits, information is more complete for sorne taxonomie groups than 

for others. For example, estimates of minimum and maximum food sizes of cladocerans and 

calanoids was almost complete o\Ving to two studies (GeUer & Müller, 1981; Sterner, 1989), but 

severely deficienr for cyclopoids. On the other hailclmeall c/utch slze and total offspring values 

\Vere lacking for cladocerans and calanoids but sufficient for cyclopoids. Clearance rates ranged 

From 15 f-llmd- I hr'} in Alona a1Jinis ta 4417 f-ll inù-1 hr! for the predatory Skis!odiaptolJJus pal/idus 

feeding on rotifers. Filtration rates were found for four Daphnia species and ranged from 166 f-ll 

ind-! hr-! (Daphnia longispina) to 942 f.ll ind- l hr! (Daphnia J:yalina). Ingestion rates \Vere only found 

in comparable units for C0!dorus Jphamà-IJ (16.7 mg ind'! daT! ) and Alona aJfznis (16A mg ind- I 

dayl) (Table 1 a-b). OveraU, there was much less information aYailable for the clearance rates, 

ingestion rates, or food size preferences for cyclopoid copepods. The age of fmt clutch \Vas 

onl)' found a few c1adocerans and one calanoid (Etl1)'temora. aJfzms) , but values were found for 

cyclopoids. 
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1.3.3 Qualitative Traits DeJined 

Qualitative traits found in sufficient quantities to inc1ude in Table 2 (a-b) are predatory 

escape response (Cladocera), habitat, trop hic level, optimal productivity conditions, food size 

(Cladocera), helmet forming capacity (Cladocera), feeding type and selectivity. Predatory escape 

response characterized how a species evades an attack from a predator. The habitat each 

organism was most likely to be found in was categorized as either l.ittoral or pelagie. Trophic 

level was ruviàed into the LradiLiunal herbivore, omnivore and carnivore Gitegories with the 

addition of herbivore-omnivore, and carnivore-omnivore. This addition was used to distinguish 

between copepods such as MesoC)'c!ops edax that has more carnivorous tendencies than Troporyc!ops 

J.0rasinuJ' that is more herbivorous. Optimal productivity conditions charactcrlzcd the kke trophic 

sratus a t which optimal competitive ability is achieved by each species. For example, chydorids 

are more successful competitors in lakes with high productivity while daphnids are ?;eneraUy 

more successful in la\\' productivit)' lakes with high guaLt)' food (Table 2 a-b). Qual.itative food 

size was used to describe what relative size of phytoplankton food each species feeds on more 

frequently or more efficiently. The ability LO produce a helmet in Cladocera was also included as 

a trait as it plays a l'ole in the abil.ity of cladocerans to avoid predators. 

Feeding type is the manner in which species or groups obtain their food. Cladocerans 

have been di"ided into four classes; 1) daphnid-type (D-type) where filrering is from a stationary 

position with filtering apparatus on the third and fourth legs, 2) sida-type (S-type) simi.lar to D

type with the exception that the filtering apparatus is located on the fmt five legs, 3) bosmina

type (B-type) characterized by a horizontal active swimming and less developed filtering 

apparatus on thoracic appendages, and 4) chydorid-type (C-Fi.ltration) where the organism feeds 

by scraping algal particles from periphyton, Raptorial predators W<e cyclopoids actively capture 

and kiU prey, while stationary suspension feeders are more passIVe with less frequent swimming. 

it swuns continuously while creatJng feecling currents thus being characterizcd as a "current 

cruIser". 
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The last quautative trait in Table 2(a-b) is selectivity, a relative estimation of how 

selective an organism is towards its food. Raptorial feeders are generally considered to be more 

selective than fliter feeders, but there are also relative degrees of selectivity exhibited \Vithin the 

fil ter feeding Cladocera species. These degrees of selectivity can be defl11ed based on how active 

a speCles 1S in seeking out food of a preferable quality, through selective flitering, or particle 

rejection. 

1.3.4 Qualitative Data Rest/lts 

The qualitative trait matrL" con tains a number of trait variables available only for sorne 

taxonomie gl'oupings (Table 2 ;t-b). For example, the ability to form helmcrs does not appl)' ra 

copepods. Based on our biological knowledge of many of these species, quauta cive traits were 

often assumed to be the same within a genus, or sometimes within a family, or order. The 

majorit)' of trait information in Table 2 (a-b) is considered to apply to the encire genus, although 

exceptions mentioned speciflcally in the uterature are cited. The preferred food of most 

cladocerans is algae, and thus there 1S no trophic level distinction given between cladoceran 

species as ail are thought to be predominantly herbivorous (Table 2 a), with the exception of 

Po!JpheJnus. Cyclopoids \Vere ail classifled as raptorial feeders in the flve srudies whcre quautative 

data \Vas obtained (Table 2 b). Other tr;ùts, such as preferred food size and productivity 

conditions for optimal gro\Vth, \.Vere found for sorne cladoceran species but not for cyciopoids. 

Data is sparse overall for some variables such as the productivity conditions of optimal growth 

and qualitative food size. 

1.3.5 Regression Relationships 

The majority of regression equations found in the literature predicted ftltering rate or 

clearance rates (Table 3 a-b). There is a. bias in data towards cladocerans, particularly Daplmia. 

Thcre are scyerd regressions precücting feeàing rares for EpiJd:wTa tI:!I'l.f.J'!ris, ;t cummun North 

/\mencan uJan()1d copepod, on1)' one regrcsslon for predicung clutch size ill Cj.r/Ùf'i .Ï)JjJ. \\"<1$ 

found. Onl1' five of the regresslOns predicted functional murs for copepods, while Î 8 prcdicted 

them for cladocerans. Also, while the majorit)' of the regress10ns (especially for cladocerans) 

explained a large proportion of the variance (R2> 0.80), they occasionaily varied quantitatively 

and quali[;ttive!y among studies for the same speCles. 
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For example the three equations for Dap!Jnia rosea consisted of different coefficients, and the 

three regression models for Epùchura lacuJtns had different coefficients but also different types of 

relationships Qog-linear and linear) as weil. Furthermore, the regressions use slightly different 

measures (prosome length and totallength) to predict different types of feeding rates (clearance 

rates, and ingestion of a particular prey type), and thus it is difficult to measure one characterisUc 

in order to calcula te functional traits for ail species. 

1.3.6 Fundiona! Community Dendmgram 

The dendrogram of 31 specles generated using the length, habitat, trophic level and 

feeding types for zooplankton has a total FD value of 287.14 (Figure 1). The classification 

method separated initiaily, a group containing mùstly Da,Dhnia species (groups 3 and 4 on Figure. 

1) from one largely composed of other cladoceran speCles and copepods (groups 1 and 2 on 

Figure n. At a Ellclidean distance of 18. four groups were distin?uished. The first group 

contained D. bradJ)'umm, H. gibbemm, A. ajjinù, O. bit:gei, and Bosmil11dae spp., and can be deEined 

as moderately selective herbivores (inc!uding mostl)' cladoccra but also a calanoid species). The 

second major group was the largest and contained ail remaining selective omnivorous and 

carnivorous copepods, and the cladoceran Ch;,dorm sphaericuJ, which are moderately selective 

smaU herbivores. The tbird group and fourth groups consisted of large and ,mail herbivores 

respectivel)', mosùy Dap!Jnia species, with a gencrail)' low selectivity. In each group, however, are 

groupings of species that \.vould not be considered sim1Jar based on taxonomy alone. For 

examp1e, 0. birJJ,ei (a calanoid copepod) is more sim.ilar [Q bosminids (cladocera) than other 

calanoids based on the functional traits used. Group 2 is a mixture of calanoid and cyclopoid 

copepod species and furthermore included C. sphaen'cHs which is taxonomicaily more closely 

related to A. affinis which was clustered further away mto group 1. 

\X'hile the dendrogram generated using body length, habitat, and trop hic leve1 showed 

Ilot group speCiCS of a ?articular genus or family together (Figure 2). The total measure of 1-"D of 

the community (sum of ail branch lengths) is 17é>.lS. Four different size classes \Vere Identified, 

wiÙ1 Euclidean distances of at least 19.69 from each oÙ1er. 
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D. pulex 

D. galeata 

D. rosea 
D. pulicaria 

.D. all1bigua 
D. cucullata 

4 C. lacuslris 

C l'cheulMa 

S. crystallina 
r------ D. longispina 

3 
'------ D. hyalina 

D. magna 

C. seuti/er 
A. robustus 

'-__ C vicin7l.ç 

S oregonensis 

L. minUlUS 
E. lacustris 

M edax 

D. bicuspidatus thomasi 

T crassus 
T prasinus 

'----- C. sphaericus 

L. sicilis'--------1, [J. longirostris 

E. longispina 
,E. eoregoni 

'------- 0 birgei 
1 

'------- A. ajJinis 
H gibberum 

- D. brachyurum 

Cl	 o 
r~ 

Distance 

Figure 1.1	 A functionaJ dendrogram (FD) generated by hierarchical clustering ana!ysis of the 
standardized Euclidean distances of each species based on 4 functionaJ traits 
(body length, habitat, trophic level, and feeding type). A dashed line indicates the 
split that defines four groupings (numbered) ofspecies as discussed in the text. 
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C. quadrangula 
B. longiros/ris 

B. /ongispina 
4 A. affinis 

T prasinus 

L C. sphaericus 
E lacus/ris 

T crassus 

L. mimi/us 
D cuculfa/a 

S. oregonensis 

J L. sicilis 
ri C.scu/ifer 

D ambigua 
A. robus/us 

3 
L D pulicaria 

M. edax 
D bicuspidus thomasi 
H. gibberum 

D brachyurum 

C. re/icu/ata 
~ E corregoni 

r-- 0. birgeiriL C vicilius

Il l- S. crys/allina 

2 D hyalina 
D pu/ex 

r--{ D ga/ea/a
~D.I·osea 

1 D magna 
D /ongispina 

o c: 

'" 
Distance 

Figure 1.2 A functional dendïOgïal11 (FD) generated by J1ierarchical clustering 
analysis of the standardized Euclidean distances of each species based 
solely on body length, A dashed line indicates the split that detines 
four groupings (numbered) ofspecies as discussed in the text. 
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1.4 Discussion 

In order to apply a functional perspective to 200plankton communities, we must fust 

establish whether function can be adcquately estimated for commonly encountered species. 

Given the large number of studies on zooplankton life history, morphology and physiology in 

the past several decades, one would expect that a functional classification scheme cOllld be 

developed. In this review of the literature, we have pieced together the various stlldies and data 

therein for con1mon North American species of freshw?ter cladocerans, calanüid and cyclopoid 

copepeds. In general, the majority of data was available for cladocerans while there' was a 

relative paucity of qualitative and quantitative data for cyclopoids. This bias reE1ects the ease of 

cu)turing and studying cladoccran, and especially Daphniü species, owing to thcir rchtjvcly non

selective filter feeding strategies and nutritional requirements as herbivores (pennak, 1989). 

Their feeding strategy differs from that of copepods, \'vhich actively capture and ingest individual 

suspended food particles (Koehl & StriclJer. 1981). AIso, longer generation times and sexual 

reproduction le<ld to culturing difficulties which bias studies aW<lY from freshwater copepod 

specles. 

\"X'bile sorne feeding studies have been conducted on a few species of calanoids, studies 

of cyclopoid feeding are rare. This has been attributed to a tendency to characterize ail 

cyclopcids as bcing carnivorous (Sterner, 1989). However, studics on Tropocydops pmsillus and 

Mesocy!ops edax reveal that while both are omnivorous, the former displays a preference towards 

herbivory (Peacock & Smy!y, 1983), while the latter is more carnivorous (Confer, 1971). The 

contrast in these studies shows that the uniform.ity in feeding strategies of cyclopoids should not 

be assumed. The me of newer food web determination techniques such as stable isotopes may 

be particularly fruitful for the characterization of trop hic levels and food sources of 200plankton 

wilhin lakes of inleresl in the near future (Bearhop et a!., 2004) and such informatiun could be 

lOcluded in an expandcd functional classification scheme. 

Zooplankton exhibit a large range of feedi!lg rates \Vithin and bet\':een species. The 

differences within and between species in the same genus mal' ref1ect differences in laboratory 

conditions (e.g. food concentrations, container sizes). Therefore, the use of feeding rates 

measured in the lab as functional traits for zooplankton may translate with some difficulty to 

Il:ltural conditions. Another difficulty with the use of sorne traits stems from ..hanges in srwcies 
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classification after taxonomic re-evaluation. For example, Bos17lina longiros/rù Müller was 

considered a cornmon North American species until De Melo & Hebert (1994) analyzed 

allozymic traits and re-analyzed morphology \vith an electron microscope and showed that this 

species was only located in California. In the rest of the North American distribution, it has 

been divided into two species; Jinobosmina liederi, and Jinobosmina/rryi. Functional information on 

these newly defined species is obviously lacking but likely ovcrlaps significantly with that of B. 

longirostrù. Furthermore, the determination of similar parameters for rotifer communities may 

also be useful for estimates of zooplankton functional diversity as they are an important link to 

the microbial food web, as weil as competitors and prey for sorne crustacean zooplankton 

(Nogrady, \'(,Iallacc & Snell, 1993). 

\,('hile sorne functional traits for cladocerans and many of the functional traits for 

cnpepr,d, we"f sparse in qllalitarive and qnantir:Jrivé' funrtirmaJ trait mat"iees, thé' regress10p. 

relationships (Table 3) used to preclict zooplankton functions may be mosl useful for future 

srudies. Additional general multivariate regressions tlut predict f.ù.tering rate and ingestion rate 

of ail zooplankton, cladocerans, and marine calanoids have also been weil demonstrated (peters 

and Downing, 1984). R2 values were generally high for regressions using length to predict 

fceding ra~cs, süggesting it may be appropria te ta use leng,th as a soft trait. Since [uilcuonal 

measures like Petchey & Gaston's (2002) FD are affected when correlated measures arc used, it 

\vouJd be redundant ta use correJated measures (Ivlason el al, 2005) like body size and clearance 

rate in the same calculation of FD. Still, soft traits can be useful in combioation wirh sorne hard 

traits to construct functional niches of species (Diaz et al., 1999; \'\!alker & Langridge, 2002) as 

we have done here (Figure 1). 

The dendrograms in Figure 1 and Figure 2 provides an example of the how a suite of 

traits can be used to generate a functional dendrogram for regional species pool. The 

ùcnùrügIfllTl UtlSl:Ù on [uur (ulJ.cuunal traits (Fj,gure. 1) 111ure c.io~ely rcscITlblcà [{lXüi1onuc 

gWlJpings ;>lthough with sorne significanr exceptions th?!1 did [he dend!ogram const!'uc~ed b2.sed 

on body size alone (Figure 2). This is not surprismg sin ce morphological structure is often 

related to function in 200plankton and thus although we argue that taxonomic Identification 

(based largely on morphology) is not sufficient, it should still have sorne relatlonship \vith 

function. The important results are in the differences observed whereby closely related sis ter
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genera for example do not cluster together in the dendrogram. It is obvious from Figure 2, that 

body size alone does not g1ve :J. tree that resembles a taxonomie one a t all, and probably does not 

provide an accurate functional descriptor of the community either. It is therefore evident that 

the functional dendrogram and estimate of FD can depend on which characters wc include in 

the analysis. Petchey and Gaston (2002) demonstrate the importance of choosing a suite of traits 

that functionally characterizes the community withou t overemphasizing funccional 

compementarity; too fe"v traits will underesti.:nate the levcl of complementarity, while tao many 

traits will result in a measure that is effectively the same as species richness. \Y/e only show the 

two extremes in what is possible to calcula te for zooplankton FD based on our review of the 

literarure to date. The ulllinate test of which characters to use in comblnauon. to calculate PD 

will be determined by the combination that best represents a particu!ar ecosystem function (e.g. 

total biomass of zooplankton) or most responds to an envllonmental gradien t (such as a gradient 

of total phosphoLUs for example; (Chapter II) l3lackburn et al (2005) conducted such "n analysis 

for the pUlposes of determining which functional characteristics of a community of invasive 

predators were most responsible for driving bu'd species extinct on islands. They tested all 2" 

possible combinations of 11 functional traits for predator communities to determine which 

provided the highest explanatory power for extinctions. Such an analysis couId also be 

conducted for zooplankton communities to Jetermine which functional traits contribute more ta 

their responses or functions in parcicular lake ecosyslems (Chapter II). 

1'0 obtam Petchey and Gaston's (2002) FD of a lake communit)' contall1Jl1g only a 

subset of tbis regional pool for northeastern North America, one will only necd to sum the 

branch lengths of those species found in the lake in our denùrogram. Not only do these 

dendrograms provide an example of how these traits can be used, tbey sbow how taxonomic 

relatedness does not relate direcùy to function, even when we have had to assume in some cases 

that species withi.n a genus have sinlilar gualitauve characterisucs. Large taxonomic differences 

mal' noc necessarill' unpll' large difference in che ecologJcal raies of those speCles 111 a 

cammu11lcy, Therefore, a more functional approach to diversity of lake zooplankton 

communities mal' be very useful especially vis-a-vis predicting how conU11unit)1 funccion, in 

addition to structure, mal' change under future altered conditions. 
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A practical approach towards consrructing functional classifications would combine 

hard and soft trairs that can be readily measured. For example, multiple sampling through Lime 

of a lake undergoing a seasonal succession provides snapshots of the zooplankton community. 

Measurements of length can be used to infer feeding rates and food niches ta a certain degree, 

while clutch size and age structure can be useful measures of the responses to predation and 

environmental changes. With the data compiled in this review, such an approach can now begin 

us.ing sorne of the characteristics provided here. A'brain, il will ue important to test this 

classification scheme experimentally, to see which combination of traits most accurately captures 

changes in community function under varied habitat conditions. 

In summary, this study provides a synthesis of available functional traits of zooplankton 

species bascd on approx..imately five decades of laboratory and observational studics. Data was 

most abundant for cladocerans, particularly Daphnia speCles, whùe most laclung for CyclOpOld 

species. This information is useful to those who wish to estimate functlonal diversity for North 

American freshwater zooplankton communities based on taxonomie information of community 

composition. It also outlines the limits of our CUIrent understanding of niche utilization of 

zooplankton species, and points to a more integrative functional approach to compiling ncw data 

on zooplankton that would be beneficial to the ecological study of lakes. The use of functional 

measurements of diversit)' in capturing ecological function of aquatic ccosys,cms has yct to bc 

explored in detai!, but work from terres trial systems shows that such an approach should provide 

a greater understanding of the mechanisms which determine community composition and 

response to major environmental shifts. 
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Abstract 

Empirical and [heorecical stuilles linking zooplankton biocliversiry [Q local envixonmemal 
graclien ts have emphasized the importance of productivity, usually measured as total phosphorus 
(TP). Several mechanisms have been proposed for the observed relationships including the role 
of phytoplankton resource type and clistribution. To test hypothesized mechanisms about these 
relationships, eighteen lakes in Quebec were sampled for potential productivity (TP), 
zooplankton community structure, and the vertical clistribution of major phytoplankton spectral 
groups: greens (chlorophytes), blue-greens (cyanophytes), browns (dia toms plus chrysophytes), 
and cryptopbytes. The reh1tionships between 7Ooplanktoll community richness (S), TP and the 
spatial distribution and type of resource were assessed. Adclitionally, estimates of functional 
diversity (FD), using ail combinations of five traits, were calculated to determine how 
biodiversity relationships change with a measure that incorpora tes more life history and niche 
characteristics. \)?hile zooplankton S showed the usual tendency to a unimodal relationship with 
TP, FD linearly dec!.ined wiLI-j iDcreasing eutrophieation. This could be attributed ta changes in 
the type and distribution of phytoplankton resources. Zooplankton FD was unimodally related 
to increasing variation in cyanophyte spalial distribution. /\ smal1er proportion of the variance in 
zooplankton PD was also expbioed by the ratio of browm to blue-greens. Redul1danc)' analysis 
(RDA) revealed an important effeet of the presence of planktivorous fish, in adclition to blue
green and brown algae concentrations, suggesting both bottom-up and top-dm.vo effeets for 
zooplankton COm..l11uruty stmcture. In ail observed relationships, a greater variance of FD than S 
zooplankton measures \Vas explained br physical, chernical, or biotic factors, suggesting that the 
more mechanistic measure of blOdiversity, FD, will bene fit ecological research attempting to 
identify envixonmental graclients affecting zooplankton cliversity. Funher foeus on heterogencity 
of phytoplankton resources, using both comparative and experimental approaches, should prove 
useful in provicling greater understancling of zooplankton cliversity. 
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2.1 Introduction 

The mechanisms chat drive the abundance and distribution of zooplankton species are of 

great interest in aguatic ecology'. After much theoretical and empirical study, several significant 

patterns have been identified at the landscape level. Crustacean 200plankton biodiversity 

(usuaUy measured as species richness) can be influenced by habitat size or lake area (Dodson, 

1992; Hoffman & Dodson, 2005; O'Brien et a!., 2004), habitat connecti"ity (Cottenie & De 

Meester, 2003; Beisner et a!. submitted manuscript), or potential primary productiviry (Dodson, 

1992; Hoffman and Dodson, 2005; Waide et al. 1999; TiJman & Pacala, 1993). \Vhile studies on 

local diversity drivers (lake area and productivity) suggest mechanistic hypotheses, they are not 

unequivocaily expianatory in themselves. For example, that a region of greater area con tains 

more species may be due to 1) chance (e.g. a sampllng effect), 2) a larger presence and diversity 

of habitats (habitat variability effect), or 3) lower extinction and higher colonization ra te, (the 

metapopulation effect) (Connor & McCoy 1979; Macl\nnur & \};'11son, 1967). Similarly, the 

often observed unimodal relationship berW'een d.iversity ancl productivity can result From various 

mechanis111s including: habitat variability, predator-prey dynamics, relative supply of resources, 

and the outcome of competitive interactions (reviewed in Leibold, 1999). This study focused on 

t\\'o hypotheses used ta expb.in 20oplankton diversity across trophic gr:lŒel1ts, the resource ratio 

hypothesis, and the spatial resource heterogeneity hypothesis. 

The resource ratio hypothesis assumes that the relative abundance of primary and 

secondary resources varies with environmental productivity (Leibold 1999). If 200plankton 

species differ in their minimum reguirements of a resource, then more species would be 

supported by increasing productivity (Schoener, 1976) Accordingly, the change in relative 

abundance of limiting resources is expected to result in changes in zooplankton species diversity 

(Leibold 1999). AdditionaUy, it is predicted that species that feed on a primary resource will be 

rcpb.ccd by thûsC th7~r S?CClâllzc ûû â sccoDdary rcsoürcr..: \;-hcn this second rc.SOUICC is dOl1Ui1a.ü t, 

and thus, that a lWX of both ,:1)es of species would be found al an intefl))éCklle leve) of 

productiviry (Huisman & Weissing, 1995). 

In lakes, the guality of phytopJankton food resources ma)' change along a total 

phosphorus (TF) gradient. A study using previously published data by Watson, l'vlcCauley, & 

Downing (1992) àemonsu·ared a relative increase in "ineà.ible aigae" for zooplankton as the 
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concentration of phosphorus mcreased ID lakes. Lakes with increased productivity due to TP 

loacling have increased concentrations of blue-green algae (Smith, 1983; Watson, McCauley, & 

Downing, 1997), and thus the relative abundance of other groups of phytoplankton decLne. 

These changes in relative abundances of phytoplankton, however, have not been related to 

zooplankton community dynamics and biodiversity. It is known that blue-green algae is a poor 

food source for Daphnia (Lampert, 1981) and that calanoids such as Diaptomus have a competitive 

advantagc whcn blue-green concentrations arc h1gh (Richman & DodsOD, 1(83). However, the 

overall effect of blue-green algae dominance on zooplankton biodiversity is unknown. 

According to the resource ratio hl'pothesis, the diversity of zooplankton should vary with the 

relative abundance of primat)' and secondary resources. \Vhilc feeding studies have clucidatcd 

sorne zooplankton feeding preferences (e.g. Bogdan & Gilbert, 1982; Richman & Dodson, 

1983), it is not known whjch groups 0 f phytoplankton are the most important determinan ts of 

zooplankton diversiry. This study will use major phytoplankton spectral groups ta determine 

which groups of phytoplaokton play a role in zooplankton diversity in situ. 

\\l'hile the relative concen tration of different resources mal' have effccts on diversity, the 

spatial heterogeneity of resources ma)' also play an important role. \\-11en total resource 

abundance fluctuates over cime and space, it is hypothesized that species richness \vill be highest 

a t an in termedia te level of this heterogenei ry or dis rurbance (ConneiJ, 19/R). This in termedia te 

disturbance bypothesis (IDH) is based on Ù1e assumption that species will experiencc trade-offs, 

whereby sorne species have a competitive advantage at high resource abundance and others have 

a competitive advantage at low resource abundance (Abrams, 1984). Flader & Burns (2005) 

observed a quadratic reJationsbip between phytoplaokton richness and the intervaJ length of Lght 

phases using experimental cultures providing support for IDH. For zooplankton, phytoplankton 

prey abundance or biomass can represen t a variable resource factor because it is koown ta val)' 

sl'ariai1~r alnng vFrtica] ]ight ami tFmpFra1l1fF grariit'nl'S in stratifïfCJ ]ab·" (Fenne] & R0SS, ?n0:'». 

!\ccorcüng to the IDH, thercfore, lakes with greatcr inrcrmediate spatiai resource heterogeneity 

should support a more di\rerse zooplankton col1U11unity. 

Phytoplankton communities display strong vertical spatial heterogeneity (i.e, aiong the 

depth profIle of a iake) with peaks in total chlorophyll often occurring at the metalimnion (Fee, 

1976; Picl;" Na!ewajko, and Lean, 1984) Although North-Temperate dirnlCuc lakes strongly 
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stratify in the summer, we know little about the influence of different forms of this stratification 

(e.g. strength, duration, shape) on the development of the communities within. There is 

evidence that vertical srructuring and the associated mixing regimes of lakes are important 

factors influencing the community structure of at least phytoplankton (Harris, 1999). Changes to 

mix.ing regimes are expected owing to various anthropogenic forces, including chmate change 

(Lehman, 2002), eutrophication (Fairchild el aL, 200S), and the simplification of watersheds 

(Northcote el aL, 200S). Such effects on lake rnixing should lead to altered phytoplankton 

composition and distribution within lakes (Reynolds, Wiseman & Clarke, 1984). It is an open 

question as to how these changes to phl'toplankton composition and distribution affect 

zooplankton community structure. Accorcling to IDH al1d otber theories of resource 

heterogeneity on competitive interactions (Leibold, 1999), a unimodal relationship between 

zooplankton diversity (measured as richness) and the degree of vertical phytoplankton variability 

mal' be predtcted. 

To date, the question of zooplankton bioJiversity response to environmcntal gradients 

in cross-iake sUl"Veys has focused on species richness as a response variable (Dodsol1 el al., 2000, 

Jeppesen el aL, 2000). However, when consideril1g the response of communities to gradients in a 

more mechanistic way, one nught expect that a CUIlctional approach that considers hou} species 

difEer ecoiogicalil' in their responses to resource types will be more informative. For exampie, 

the resource heterogeneity bypothesis explains diversity patterns using functional response and 

life history characteristics of species (Abrams, 1984; Anderies and Beisner 2000), and thus the 

theory assumes that species differences in a functional, and not simply a taxonomic sense, are the 

ones that enable coexistence. Along environmental gradients of resource variability, it is the 

number of different niches tllat should change with habitat variability, and species numbers will 

not matter unless additional species are functionaUy complemen tary and able to occupY vacant 

niches (Walkcr el al, 1999). Therefore, wc expect dn t z. 171CaSUrc of the ful1CtiO;1a1 di,'crs: ty iü. 

I:ooplankton CO!T1!TIunH.1CS \vill be. H10re re~.ponsrve 1..0 gr~dicnt~ of rescurce v;Lr~abiliry in :~pact

and in titne) rat..~er than bicdiversity mC;lsured as taxonorr1.1c rÎchness. l\failY studics that hav'c 

focused on tlle relationship between terres trial plant biodiversity and ecos)'stem function have 

concluded that functional diversity measures explain a greater percentage of variation in 

ecosj'stem function (e.g. Tilman el al. 1997; Symstad, Siemann, & Haarstad, 2000; \X/alker el aL, 
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1999). Here, we propose a similar approach to the study of zooplankton corrununities 111 terms 

of their responses to resource heterogeneity. 

In this study, the focus will be on the effects of vertical heterogeneity in chlorophyU 

biomass in four major phytoplankton spectral groups (browns (i.e. diatoms and chrysophytes), 

blue-greens, greens, and cryptophytes) for zooplankton biodiversity to test the hypothesis that 

intermediate resource heterogeneity supports a higher diversity of zooplankton. We will also test 

the resource ratio hypothesis by examining the effect of the relative abundances of the four 

groups of phytoplankton. The consistency of these hypotheses with observed patterns will be 

studied L'Ising a lake survey apprn;lch. The results of this surve)' wjJJ tben br usefu! for 

identifying directions for future experiments using zooplankton communities. ln addition, this 

study will examine functional species diverslty as a potentiaUy supenor measure for captunng the 

functional redundancy or complementarity of a system. We expect that functional diversity will 

be more strongly related to habitat variability, relative resource abundance, and lake 

environmental productivity than taxonomic cliversity measures. 

2.2 Methods 

2.2.1 Sturjy Site 

Eighteen lakes in rhe Eastern Townships of Québec, Canada (Figure 1) \Vere chosen along 

a gradient of productivity and morphological characteristics (summarized in Table 1) to ensure a 

range of variability in productivity, phytoplankton spectral group abundance, and vertical 

distribution of phytoplankton. Lakes varied in total phosphorus concentrations from 6.95 to 

9844 f-Lg L-l in Lyster and Tom Cod lakes respectively. 

2.2.2 Biotic Data 

Lakes were samnled for zooniankton in the summer of 2004 in the cl(~tnest zone wirhin a 
, , L 

two week period, once ln each montb ofJune,July and August. Zooplankton were col1c:clcd by 

inregrated vertical net hauls (starting al one meter above the bottom of the Iake) using a 100 fll11 

mesh net (2 meters long \Vith a 0.5 m opening) and fjxed in 75% ethanol. A composire sampie 

from aU tluee sampling times (10% of each original sample) was formed and species the rein were 

ldentifjed using taxonomie ke)'s (Thorp & Covlch, 20U1; Pennak, 1989, De Melo & Hebert, 

1994; Amoros, 1984; Srruth & Fernando, 1978) and an Olympus dissecting and upnght 



50 

microscopes. In addition to total species composition identification using composite samples, 

subsamples of 5 mL were removed from samples in JuIl' using a pipette and species in 

subsamples were counted to obtain an estimate of relative abundances untilno new species were 

found after two consecutive sub-samples. A minimum of 400 individuals \Vas counted in ail 

cases. Composite samples were used for calculation of Sand fD, while the J uly samples were 

used for abundance data for Redundancy analysis. This was done because more confidence can 

be placed in the abundance data of the singe JuIl' sampling event than the mixed samples across 

the encire summer which \Vere created to estimate species richness levels primarill" 1\lso, using 

these data provided an estimate of midsummer crustacean zooplankton relative abundance, a 

commL1nity of primary research interest in North Temperate lakes. 

Phl'toplankton verl1cal heterogeneity \Vas assessed using the mean coefficient of 

variarjon of three profiles each measured in June. ]uly, and Seprember, 2004 M the same rjme 

and 10G\tion as the zooplankton sampling. Phytoplankton concentration profiles were measured 

using a BBE FIL1oroprobe (BBE Moldaenke; Beutler el al., 2002)), an insl1'umcnt which measures 

fluorometrically the concentration (in f-lg/L) of four spectral classes of phl'toplankron, 

representing broadll' the taxonomie classes of browns (dia toms plus chrysophytes), greens 

(chlorophytes), blue-greeils (cyanophytes), and cryptophytes, as \vcU ,,$ tcrnpcrat'ùrc profIles. 

Total chlorophl'll values ohtained with the fluoroprobe \Vere verified \.Vith standard chlorophl'll 

a estimates from filtered \vater samples using an ethanol extraction anù measurements on a 

laboratory spectrophotometer (for methods see Winterman and Mots 1965, \XIetzel and Likens 

1991). The average of three samples was considered representative of the distribution and 

concentration of phytoplankton spectral groups during the stable, stratified period in rhese lakes. 

Total phosphorLls (TP) was used to estimate environmental productivity of each lake. 

Samples for TF and DOC \Vere drawn from 0.5 m below the surface of each lake using a 2L Van 

albUne persulfate before passing through an UltfCJspec 2100 pfcJ sreCl:rophl)j omt'tfr 

(Biochrom). Samples taken for DOC analysis were filtered US1l1g 0.45 llm surfactant-free 

membrane f.tlters and measured following sodium persulfate oxjdation using a model 1010 TOC 

analyzer (01 Analytical). Photic zone depth \Vas esumated as 2.79 x secchI depth measured 111 

Juil' for each lake. 
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2.2.3 Phytoplankton Relatzve Abundance and Varlabiliry 

Phytoplankton proftles from the Fluoroprobe included data points at approximately every 

lcm of depth over a maximum of 20m. In order to standardize the proftles, data points were 

averaged for every 10 cm interval to correct for slight differences in sampling efforts 10 different 

lakes. To obtain a measure of the variability of thc phytoplankton resourcc, thc mcan and 

standard deviation of the concentration of greens, blue-greens, browns, cryptophytes and total 

chlorophyll along the whole water column was used to calcula te the coefficient of variation (CV) 

of resources in space. The CV measure removed the possibility that variability would be 

confounded with mean abundance. To ob tain a measure of each spectral group's relative 

abundance, the mean concentration of cach group was diviJeJ Gy mean tuLal chlorophyU. Both 

of these measures were calculated throughout the photic zone (estimated by multiplying the 

secchi depth by 2.79). 

2.2.4 Functional divmi[y meaStires 

Functional diversiry of lake zooplankton communities was calculated using five functional 

traits: body size, CV of body S1ZC, habitat, trop hic lcvcl, and feeding type. Body size was chosen 

because il is strongly correlated "vith ecologically relevant functional attributes such as fùter 

feeding rate and rate of population growth (e.g. Haney, 1985; Nandini & Sarma, 2003). Mean 

body size for each species was measurcd using 10·20 individuals per specics from each lakc (5 or 

less for extremely rare species). Sincc our measure of functional diversity (FD; Petchey & 

Gaston, 2002) could not inciude different trait values for the same species in different sites, an 

average length for each species throughout aU lakes was calculated. Body length averages for 

each lake, however, were used to compute the CV of body length between lakes for each species 

for inclusion in the trait matrix. The CV of body length was included in this study under the 

assumption that a measure of the variation in body size of zooplankton species along a gradient 

of envlfonmental [orees wouId be a good estimate of the plasticit:y and tolerance to 

el1lrÎronmenLal gradients of each speClcs. The most common habitat, trop hIC levêl, and ftecling 

LJ'pe traits of each species was obtained from an extensive search of previous litera Lure (Chapter 

1). f'eecl.ing type 1S the manner in WhlCh species or groups obtain their food. Cladocerans have 

been cl.ivided into four classes; 1) daphnid-type (D-LTpe) where fùtering is from a stationary 

position \vith fùterÎng apparatus on rhe rhird and fourrh legs, 2) sida-type (S-rype) similar co D

type \Vith the exceptIOn tbat the ftlter10g apparatus lS located on the tilst tlve legs, 3) bosrruna
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type (B-type) characterized by a horizon tal active swimming and less devdoped fùtering 

apparatus on thoracic appendages, and 4) chydorid-type (C-Filtration) where feeding is 

prcdominantly by scraping algal partides from periphyton. Raptorial predators like cyclopoids 

actively capture and kill prey, while stationary suspension fceders are more passive with less 

frequent swimming. Finaily Epischura /aCt/strix is differentiated from both raptorial and stationary 

suspension feeding as it swims concinuously while creating feeding currents thus being 

characteJ:Îzed as a "current cruiser". Habitat preference (preference for littoral or pelagic 

habitats), trophic level (herbivore, carnivore, omnivore, omnivore- with a proclivity towards 

carnivory, and omnivore with a proclivity towards herbivory) and feeding type (Daphnia-type, 

.l'ida-type etc.) refJected a gradient of cat'cgorical number~ (Arrendix 1 and abo ~ee Charter 1). 

The gradients for trop hic level and feeding type were that of increasing carnivory and food 

selectivity respectively (see Aprendix 1 for a list of functional traits of each species). 

Using the five standanlized (mean of zera and a standard deviacion of one) 

functional traits listed above a community dendrogram based on Euclidean distances between 

each pair of species was estimated for ail of the species found in the region. Dendrograms were 

created using the llnweighted pair group dustering method using arithmetic averages (UGr.iA) 

(see Krebs, 1999). The functional diversity (FD) of each iake \Vas then caiculated as the sum of 

branch icngths of those species found therein. FD was calculated using aU combinations of t\Vo 

or more traits, resulting ID a total of 26 initial FD estimates. For a more detailed review of FD 

see Petche)' & Gaston (2002). AU FD measures \Vere calculated using R 2.20 :lnd codc obtr,ined 

from O. Petchey's website, which included a refinel1lent ta the meam by which total brandi 

lengths were computed (petche)' and Gaston 2006): that the branch lengths required ta conneet 

ail speCies are summed, but branch lcngths connecting speeies ta the raot of the dendrogram is 

not incJuded FD can be considered as a guantjtative measure of the richness of functional traits, 

Of the àt:grte ui eompltmentarity \\ithin a communit)' (retehey & GasLun, 2002). 

FD can be calculated based on an)" combination of observed traits (petchey & Gaston 

2002) with a tendeney ta regain a value comparable ta S when too many traits are incJuded 

(Mason el a!., 2006). Ta determine whieh eombination of traits should be used, regression 

rclationships with an eeos)'stem vamble is uSllaily performed (Blackburn el al. 2005). Speeies 
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richness and each functional divcrsity measure using ail possible combinations (26) of five traits 

(Appendix 2) were related to environmental productivity (TP). This was done to de termine 

which combination of functional traits are best explained bl' productivitl', and to eliminate other 

functional trait combinations that were most poody explained from future analyses. In this 

initial step, a false discovery rate correction \Vas used to correct for multiple comparisons 

(a=O.OS). 

To test the suitability of the resource ratio hypothesis in crustacean zooplankton 

communities, mean biomass of each spectral group of phytoplankton \Vas related to TF 

conccntration. 1nitia11)', the prediction dut mcan rcsource biomass 1l1creascC! aJong the 

productivity gradient was verified. Then zooplankton species richness and FD ,vere related to 

relative biomass of each spectral group (expressed as proportion of tolal) of phytoplankton. 

These regresSlOns were used to deterrru.ne whlch groups of phl'toplankton \Vere most unportant 

for zooplankton diversity. Finally, the ratio of biomass of the two phytoplankton groups 

identified as most important were rclated to zooplankton divcrsity using linear or quadratic 

regressions. In the case \Vhcrc bath lincar and quadratic relationships \Vere significant, the fit line 

,vith a highcr Akaike weight ,vas chosen (sec Johnson & Omland, 2004). 

In order to test the suitability of the resource heterogeneity hypothesis, the relationship 

bet\.veen the CV of each spectral group of phytoplankton and TP \vas derermined, again to be 

sure thar phytoplankton heterogeneity nried along a productivity gradient. Then, species 

richness and FD were related to the CV of phytoplankton groups using rcgressions testing for a 

quadratic or linear relationship. 

2.2. 6 Biotic influences of zooplankton species composition and abundance 

To determine more mechanistically how particular zooplankton species respond to 

phytoplanktol1 concentrauom, and (ü contrasr ftsponscs lO resource a\'a.JablIlty with rop clown 

efEeets of fish Fredation, a redundaney analysis (RDA) was lised ta relate zooF12nkrœl sFecies 

abundances to phytoplankton concentrations and the presence of ftsh predators usmg 

CANOCO (ter Braak, 1994). The zooplankton species dataset was Hellinger-transformed 

(Legendre & Gallagher 2001) after rare species (found in fewer tban 3 lakes) \vere removed. The 

envJ..ronmental matrix consisted of the mean photlc zone concentrations of green, blue-green, 

brown, and cryptophyre algae, and the presence or absence of common species (found in greater 
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than 3 lakes) of planktivorous and piscivorous fish. Fish information spans several decades and 

comes from the Mfu'JF (Ministère des Ressources Naturelles et de la Faune; previously Société 

de la Faunes et des Parcs du Québec) database (Pierre Lévesque pers. comm.). Forward 

selection USll1g a Monte-Carlo permutation test (1000 permutations) was used to determine 

significant environmental influences for inclusion in the final mode!. Species in the model \Vere 

labeled according to the species groupings identified by the functional dendrogram of the FD 

measure that \Vas most strongly related to environmental productivity. 

To determine ecologically relevant groups of zooplankton for use in the above analysis, 

the dendrogram of the FD measure most strongly related to cnvironmental productivity \Vas 

generateà, and funcrional groups were identified. Species belonging to these groups were then 

plotted to determine whether individual species belonging to these groups of species respond to 

cnvllvniTltntal gradients in th.'::: San"iL lYiannc.r. 

2.3 Results 

Zooplankton diversity measures along \-vith the coefficients of variabon of phytoplankton 

groups and total chlorophyil are summarized in table 2. 

2.3. 7 Ej)ècl ofEnvlronmenta! Productzvity (TF) on Diversi!)' 

Regressions \Vith species richness generaHy exhibired a large degree of SGHter, and while 

no significant effect of TP on species richness \Vas observed (R2=0.20, P = 0.18), a curv:il:inear 

trend \Vas present (Figure 2 A). \Xlhen functional diversity, using traits 1 and 4 (body length and 

trophic level respectively), was l1sed, a significant negative !inear relationship was observed 

(Figure 2 B; R2'di=0.50, P = 0.0006). Since traits 1 (body length) and 4 (trophic level) were the 

most significantly related to TF, the remaining 25 combinations of functional traits were not 

included in further analysis (See Appendix 2 for results). The diversity of these tralts are most 

affected br "Il), and Ihis shou!d OCC'..1! b"cau',. TP qi[pr, rhytori;1T1k[()r] ;>hllncbnrc ~nc1 

distribution, Therefore ln order to fit the predictions of the resource heterogeneiry and resource 

ratio hypothesis, the diverslty of traits 1 and 4 should be most strongly relared to resource 

heterogeneity or relative resource abundance. 
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2.3.2 Resotlrœ Ratio 0ypothesis 

The biomass of green, brown, cryptophyte and especially blue-green algae (P <0.025; 

Figure 3 A-D) ail increased \Vith increasing TF concentrations. While the proportion of green 

algae had no significant effect on FD (Figure 4 A), lakes \Vith a higher proportion of blue-greens 

were less functionally diverse in zooplankton (Figure 4 B), though this relationship \Vas not 

highly significan t (P = 0.065). FD increased significantly with an increased proportion of 

browns (P =0.002; Figure 4 C), and a similar increasing trend in FD with cryptophytes (Figure 4 

D) was observed. No trends were significant, nar visible in regressions between log species 

richness and logged proportions of greens, blue-greens, browns, and cryptophyte algae (ail P > 

0.3; Figure 5 i\-D). 

Since the strongest relationships were found betv.'een PD and browns and blue-greens 

(Figures 4 :B and C), i.he [cL;tionship lxt'Wcen F8 ;md the ["G", u[ brown "Igae tu blue-gretn 

algae was used to tes t the resource ratio hypothesis. A significant curvilinear relationship was 

found between FD and the ratio of brown algae to biue-green algae concentrations (Figure 6 A). 

This cnrvilinear model was slightly better than a linear model with AIC values of -40.18 and 

39.38 respective1y (Akaike \Veight of 60% for a curvilinear mode1). Species richness \Vas not 

significantly re1ated to the ratio of brown to biue-green algae concentration (figure 6 B). 
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Figure 2.2	 Log-transformed regressions of (;'\) functional diversity using traits 1 and 4 (body 
length and trophic level respective])') and (B) species richness against concentration 
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2.3.3 ReJource Heterogeneilj HypotlJeJù 

Lakes \v-ith a higher concentration of TP had significantly lower vertical variability in the 

concentration of each phytoplankton group in the photic zone (Figure 7 A-D), ,vith the 

exception of browns (P > 0.10) which also had the smallest CVs. \"XIhen the CV of total 

chlorophyll was related to the concen tration Of TP, no significant re1ationship was found (Figure 

7 E). FD increased significantly with the CV of green (Figure 8 A), blue-green (Figure 8 B), and 

cryptophyte (Figure 8 D) ::Igae throughout the photic zone. The strongest of these relationships 

was found between FD and the CV of blue-green algae (R2.dj =0.63, P < 0.0001). A curvilinear 

model was slightly better tl1an a linear one with AIC values of -45.36 and -44.27 respectively 

(J\kaike we!ght of 63~/O for curvilinear modcl). A cun-iline;:r modcl and a lincar mode! 

significantly explained FD using CV of greens and cryptophytes respective!y. No effect of the 

CV of brown algae, and total chlorophyll was found on functional divers!!:y (figures 8 C and E). 

The unusual p;:ttern in the re1ationship between FD and the CV of total chlorophyll seemed to 

be due to a high zooplankton diversity and range in variability of total chlorophyll in oligotrophic 

lakes «10 IJ-g TPIL), but high zooplankton diversity and lower variability of total chlorophyll in 

several mesotrophic lakes (10-20 IJ-g 11)IL). No significant relationships between species richness 

and the CV of greens, blue-greens, browns, cryptophytes, and total chlorophyll \Vere observed in 

the photic zone (Figure 9 A-E), though there was a weak trend for a curvilinear relationsh!p 

bctwecn species richncss and the CV of greens. 

2.3.4 Biotic influences of zooplanktotl species compOJitioti and abundance 

Since FD using body length and trophic level was most strongly related to environmental 

productivity, a functional dendrogram using these two traits \Vas construcled (Figure 10). This 

dendrogram allowed for the identification of three distinct zooplankton groups; 1) copepods 

(calanoids and cyclopoids) with the cxceptional inclusion of the predatory cladoceran PolyphemtlJ 

of one small Dapl7JIia species (DajJhnia parvula), and 3) Da/Jhnia spccies wlth the addition the 

herbivorous calanoid of Leptodiaptomus sictlù, and the littoral cladoceran Sida cry,rtallina. 
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alg<te, (B) blue-green algae, (C) brown algae, and (D) cryptophyte concentration 
throughout the photic zone 
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The responses of each species belonging to the three broad functional groupings above 

are shown in the biplot of species and environmental variables in Figure 11. Four environmental 

variables significantly explained 50% of zooplankton species composition and abundance cP = 

0.0010 for ail axes); the concentrations of blue-green and brown algae, and the presence of the 

planktivorous fjsh species Coregonus clupeaformis, and Osmerus mordax. The biplot shows that 

different species are more strongly affected by different environmental variables. Blue-green 

illgile had il strong positive effect on C/?}doI7-IJ hrelJi/ahrù, Duhosmina {.(Jrregoni, and TropoiJlr/oJ\r 

prasinus, and a negative effect on Daphnia longiremis, Sinobosmina liederi, Holopedium gibbentm, and 

Episehum larustris. Brown algae concentration had a positive effect on Aeanthoryc!ops vemalis, and 

Ceriodaphm'a !ac'fJ'tliJ, and a llegative eCEect on EuboJminu longisjJina-lirienJ, and Daphniel ïJleJ7tiolae. 

Osments mordax presence had a positive effect on (ylops Jeuliftr, Dap/Jnia eatawba, and Dap/mia 

pu/icaria, and CoregonuJ c/upeaformi.r presence had a pos!tlve effect on Sinobosmina frf)li, anù 

Diaphanosoma leuehfenbelgianum. It is also clear from Figure 11 that parlicular functional groups 

deEined using the functional dendrogram (Figure 10) are not reacting sim.i.larly to the join t effects 

of planktivore presence, and blue-green and brown algae abundance. Groups l, 2, and :\ are 

Eound scattered in ail directions in the biplot. 
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Table 2.3 
Relative abundances of crustacean zooplankton species in each lake. 

Baldwin Bowkcr Brome Hromrton d'I\rgcnt De~ Monrs l'ireh Fraser 

C affillir QI4 0 0 o 0.11 o o o o 
C lam.'/I;' 1.11 0 Q47 o 0.19 0.39 0.83 o 008 

C "li",lala 225 0 0 o 0 o 165 OJ2 o 
C bmilabdr QIO 0 0 n 0 o 0.11 o o 
D. am/ligl/a 000 0.15 115 o 0.21 o o 
D. ûllUiVbrJ o 0.43 0 (UO () 2.% o 0.04 o 
D.lon:;,in'llIi.' o U 0 Q.m ').37 o O.7K 0.73 5.89 

D. mClldo/tlc 025 0,20 0.07 0.05 0.06 270 0.46 1.30 2.78 

D.p"n'I/h o a a o 0 0.42 o o 
D./mit.': 000 o 0 o o o o 
D. /,Ylicada o 0.47 a 0.25 a o a o o 
D. rrlraa/Il",' Q6R 0 0 o 5.35 o 2.12 0.08 o 
D. itl/(hicnbrr)',itlnym 024 0 0 0.07 164 o 012 () o 
Hgibbcnlm 0.49 0.09 0 0.05 0.34 7.14 0.24 0.32 0.43 

L qlladmflglfl(/l1.r o a 0 o 00.'\ o o o n 
E (omgoni 0.06 0 0.94 o 0 o a o o 
E longirpintl Q07 Q16 0 004 0.02 o o o 023 

E longi.rpintl,wiwJ QOn 0 0 o 0 o 0.74 om o 
N.II/biun 0.0:'\ 0 0 n.os n o o o 
S.jiryi 0.41 a.O(, R89 0.20 2.2') 35.77 0.74 U.05 

S.liedcri 005 0.06 0 0.35 0.67 o 0.05 o 
f'. pcdù'y;"J Il 0 a o (1 () o o Q 

A. mhIlJ(/l.f 145 0 n.09 o 0 o 4.S7 o o 
A .•m1ldir fernale 8.28 () 0 o 0 0.89 o o o 
C J(/(Iiftr o 0.80 0 2.63 196 o 1.15 0.43 o 
D. biempilallfr Ihù1l/".< n 050 0 41.29 5.8H 2H.51 8.47 (,Q.m 10.17 

E spcral1lJ o a 0 o 1.96 o o o o 
Mcdax 1.45 019 1.4C> 33H 784 1(>.9.'\ 0.13 530 019 

'r. praSillll.f 0.2') 0 (J o 0.98 7.13 1.39 1.2H o 
n.o:-; (J [' !l J1 

Î.Îî .tl.82 1.57 2.71 

! _ .riciiir Il Il Il li Il (1 2.2.'\ o o 
J. OrcgtJnll!JÙ 071 a 0.06 () 128 0.44 o o 
J'. ,.(~bardl o o 5.H4 ü () o o o o 
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Table 2.3 (continued) 
Relative abuodances of crustaceao zooplankton species in each lake. 

Lake Orford Parker Simoneau Srukcly Tom Cod Trois Lacs \Xiarerioo 

C'iffin/l' o o o () o o Il o o 
C /o(l/llriJ o o 1.43 0 5334 () o II 0.20 

C reliel//"Ia o o o 0 o o Il o o 
C bmihlllù 0.02 () 0.22 002 OS, fi RR52 o 1060 

D. ambiglla o o 2.51 005 1455 o o o o 
D. ealrJliJba 0.02 0.06 o 0.12 () o Il o a 
n. /ollJ;imniJ o 3')9 o 0 10.92 o o o o 
D. mmdll/af 0.22 0.12 (l 221 o 0:\7 >71 () 4.22 

n. paf7.'J1/1l o a (J 0 (1 o (J JI 

D.pJl/cx o o o 0.02 o o () o o 
1). pJ(liü.JJÙJ 018 003 o 0 () 0.'11 o o o 
D. re!rM/I11JO (J o 72S 0 '4.HI1 IJ.?O ILl H 2.2(, 1 AC) 

D. /elic/J/f:JlbergitJ1JllnJ o o 0.22 n.02 o o o 0.75 1.43 

IJ.gibbml/n 0.06 033 o 0 720 0.15 (1 o o 
L ql/odrall}!.'''!iI;.r o (1 o 0 0.27 Il o 1.63 

E. {(Jm:.~olli o o o 0.02 o o 22.26 o 10.80 

E /UJlgùpù/rJ o Cl 303 0 o o o 0.15 o 
E. IollgirpiJlrJ-onml o 047 o 0 o 1.41 2.65 o o 
N.lllhietJ/ o (1 (l () o o () o o 
S.Jrtyi 0.17 116 3.99 0 5.87 o o 1.26 o 
S lieda; o o o 0 o (J o () () 

P. /'cciimfil1 o n o 0.04 o II o o o 
A. ru!Ju.rllf.f o o o 0 o II u 0.25 14.0S 

(1 a 0.32 0 9.66 o 17.89 o o 
C .f(JlIiJi:r 303 672 o 0.61 O.OD o o o o 
D. bieu.cpifaiJl.r I!JOn/lll o o 0.32 16.29 o 7.35 o o o 
E. spemlJJ.l o LOI o 0 o o o o o 
M cda:.: 0.12 113 13.48 3.45 26.49 254 o 1182 69G 

Tpm.riJlJl.r o 087 o 0 ~.39 o 125.23 o o 
E Ili(..7UItÙ 0.08 007 o 0.05 (J 002 o 0.'14 o 
L.mÙ.'.lf.'/!{ (1 ~7 1.'18 2.32 1.79 3.d 9 (1 o 

i.40 {J n \1 1.1 u (1 () 

J.Olr.!j,uI!t!!.f/.l L64 (j !.Iii 0 ù lJ () 4.2X (J 

Cl (1 (} (1 A 

" 
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Figure 2.11	 Results of Redundancy Analysis (RD.A.) of the response of Hellinger-transformed 
zooplankton abundance (number per liter) ta fish presence (COCL = CoregOntlS 
ciupeafimnù, OSMü = O,rmeru,r morchx) and blue-green and brown algae 
concentration. Species names are abbreviated \-vith the fmt two letters of the 
genus and the specifie epithet (See Appenclix 1). Numbers before abbreviated 
species names irlcllcate the functional group defined from the functional 
dendrogram (see Figure 10) ra which each species belongs. 
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2.4 Discussion 

The often observed curviLinear relationship between species richness and environmental 

productivity (Dodson, 1992; Dodson et al., 2000; Waide et al., 1999) was not found in this study 

despite a wide range of phosphorus concentrations in studied lakes. A trend towards a quadl"atic 

relationship, hO\vever, suggests that the lack of a significant relat.ionship is due to low sta tistical 

power ,vith 18 lakes. Further, taxonomie species richness was not significantly related to any of 

the e:wLronmental drÎ';ers (phytoplnnkton nbundance, resource ratios, hctcrogcncity, TP) 

examined in this study. 

Despite lm\! power for the species richness responses, a slrong negative reJa6ol1sbip w"s 

found between FD and environmental productivity when traits of body size and trophic level 

were used. Regression plots between functional diversity and TP, resource concentrations, 

ratios, and heterogeneity have less seatter than those using speeies riehness (as observed in the 

R2'di values of regressions) suggesting that funetional diversity can be a more responsive 

biodiversity measure for crustacean zooplankton. However, in addition to being more 

responsive, functional measures also appear to show different relationships than those Llsually 

observed with S. Rather than the more common quaclratic relationship expected when using 

species richness, a negative tinear relationship was observed here between FD and TP. Since FD 

is a measure that characterizes zooplankton niches (Diaz & Cabido, 2001), the cLifferent patlern 

may be due to a tighter relationship between PD and niche complcx.ity, than for richness. The 

heterogeneity hypothesis, predicts a curvilinear relationship between resource heterogeneity and 

productivity (Rosenzweig & Abramsh.l', 1992), but we found a negative linear relat.ionship 

bet\veen spatial vertical heterogcneity (CV of phytoplankton concentrations) and TP. Since 

there was considerable variation in productivity (TF), it is unl.ikely that this observed linear 

relat.ionship reflects insufficient sampLing of low productivity lakes. Thus, the hypothesized 

curvilincar relationshio bet'.veen heteroQ"eneit'., and oroductivit'., mav not be annucable ro [hest
.l ',. 1 ~. J. 1 

Eastern TownshIp lakes. This i1egar.lVe relationshlp berv.:een resource be'tcrogenclt)' and 

productivity likely thcn drove the ncgativc linear re!ationship between zooplankton FD and TP 

(confIrmeà by a positive unear reiaoonshlp bet'.veen FD and resource heterogeneit)' (CV)). 

\X!hcthcr the rclationship bct\veen FD and heterogencity in this study is linear or cUlvilinear 

remains uncertain smce the J\kaike wcight of the curvilinear relationshlps was onl)' slightJ)' better 

than that of the tinear ones. 
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1'0 date, titerature supporting the resource ratio hypothesis in lakes has been limited to 

theoretical and empirical stuclies on phytoplankton (e.g. Huisman & Weissing, 1995; Makulla & 

Sommer, 1993). These stuclics have shown that the ratios of silica to phosphorus (Makulla & 

Sommer, 1993) and nutrients to tight (Huisman & Weissing, 1995) can influence the dominance 

by and coexistence of phytoplankton species. In this current study, we noted an increase in 

dominance of blue-green algae even as the biomass of all spectral groups of phytoplankton 

resources increased \Vith phosphorus concentrations. This increasing dominance by blue-green 

algae with increasing productivity is supported by previous work (e.g. Watson et al 1997; Smith 

1983). 

Despite Lhe increases in al! phytoplankton groups with productivity, il was mainly an 

increase 1I1 the proportion of browns that was associated \Vith an increase in functional diversity 

of the herbivore community. Zooplankton PD was maximized when the ratio of hrown ta hlue

green algae was high, which would generally be thought to reBect a situation where a greater 

proportion of phytoplankton biomass is edible ta most zooplankton (Temte and Valmi, 1990). 

Still, since the curvilinear relationship fit to the data here was only marginally better than a tinear 

fit, onl)' weak evidence exists to support the resource ratio h)'pothesis where a maximum 

diversity of consumers is found :1t ü1termed.i~te r~tios of fcod types. The slope of the 

relationship between brown algae and productivity is not as steep as that of the relationship 

between blue-greens and productivity, and thus, lakes \Vith a high ratio of brO\vns to blue-grœl1s 

have lower total phytoplankton biomass in addition to a difference in composition. 

\X"hile it may be possible that lakes with intcrmecliate to high phytoplankton biomasses 

dominated by browns would have 10\Ver zooplankton diversity than lakes \Vith a mix of blue

greens and browl1s, this observation would be c1ifficult to observe in natural settings due to the 

biological requirements of brown algae. This is especially the case for dia toms that are also 

~"Tùtcd by silica cûnc:cntr;'lt1oüs lû the \\ïitCI COlUITUî (I<alff & \~fatsûn, 1986). Thüs, o\\:ing tü th..:: 

biological limitations of orow11 and blue-green algac, il ma)' 110t be possible lo observe a ratio of 

browns to blue-greens beyo11d the point at which zooplankton c1iversity is max.imizcd in this 

dataset and that would be sufficiently high ta observe a corresponding dectine in zooplankton 

diversitv. Based on the observcd effect of the ratio of browns to blue-green algae, the t\Vo 

limiting resources for the zooplankton communit)' in this study were identified as diatoms plus 
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chrysophytes, and blue-green algae. Given the strong response of zooplankton FD to resource 

spatial heterop;eneity, it is also tikely that the limitation of FD by both resource type and spatial 

heterogeneity lead to the observed response. That is, at low TP concentration, spatial 

heterogeneity in phytoplankton resources promoted zooplankton functional diversity while at 

higher TP, the combined reduction in spatial and compositional heterogeneity lead to a decline 

in FD. 

This is the fust study to our knowledge relating spatial heterogeneity of phytoplankton 

to the diversity of zooplankton in the field. Previous studies have utilized experimental 

approaches or have focused on remporal heterogeneil)'. An experimental stlldy by \X/eider 

(1992) showed that highest genetic diversity of Daphnia clones are supported by an intermediate 

frequenc)' of clisturbance (dilution of food concentration). A field study by Eckert & \\ialz 

(1998) round no eiieu of lhe ireyuency of ~Lrong winù <::velll~ un zuoplanktun ~pecie~ Jiv<::r~ilY, 

In our study, a significant quadratic relationship between zooplankton functional diversity and 

the vertical spatial variation (CV) of blue-green and green algae in the water column of lakes was 

observed as well as a tinear increase with spatial variation in cryptophytes. The spatial variability 

of blue-green algae, explained over 30% more of the v:lri:ltion in FD than any orher spectr:ll 

group variability, and thus variability 111 this group of phytoplankton mal' be the most Lmportant 

For zooplankton diversity. \X!hiJe the curvitinear relationship between zoophnkron PD and the 

CV of blue-greens lends supporting evidence to the spa rJal resource heterogeneity hypothesis 

and IDH in z0ùplanktoil communities, thert \vas lack of the decl.ine, and only a levelling off in 

FD at extreme levels of heterogeneity as predicted by this hypothesis. \XIhile an abundance of 

blue-green algae can favour small-bodied Daphnia species (Gtiwicz & Lampert 1990) bosmi111ds, 

and copepods (Fulton & Paerl 1987), the spatial variation in abundance of blue-green algae 

would segregate suitable niches for a variety of zooplankton speCles. Although CV provides onl)' 

a crude meaf,ure of spatial variabiliry, other more comple): and disaggregated measures (e,g, 

complexlty From specrral anaiysis, covariance of phytopiankron groups, and size of peak 111 

concentration) did not correiate weÜ with zoopiankton functional àiversity. It is possible that a 

higher cUmensiona! view th~t examines how resources vary horizon taUy as weU as verticaUy and 

through rime would prm'ide greater insight ioto the importance of heterogeneity on zooplankton 

functional divcrsity. Furthermore, examination of the biomass profùes of phytoplankton may 

help us àetermine certain charaet<::ri~t.ic~ lhat are highly irnportant for cru~tacean zooplankton 
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cl.iversity. For, example the strange relationship observed between FD and the CV of total 

chlorophyll may be explained by the presence of metalimnetic peah of total chlorophyll in 

mesotrophic lakes. 

Further support [or the resource ratio hypothesis and the effect of spatial heterogeneity 

on 200plankton diversity is evident from the traits comprising functional cl.iversity that were 

most strongly related ta TP: body size and trophic level. The diversity of body sizes and trophic 

levels was highest in those lakes that had increased variation in abundance of blue-green algae, 

and in those lakes with an intermediate ratio of browns ta blue-greens. This suggests that bath 

Iarge-bodied and small-bodied Dapbl7ia, and varying trophic levels of copepods and cladocerilns 

are more Likely to coexist in lakes with higher spatial resource heterogeneity and at il high ratio of 

browns to blue-greens. Under conditions of blue-green dominance, 200plankton community 

sl.ruclùre ha~ bCCll ub~crveJ \.0 sllift tùwaJ.:Js a CUIIl[JusiLiun u[ sll1all c1aùuceran anJ cyclupüiJ 

species cr eppesen et a/. , 2000). 

Using redundancy analysis, the concentration of blue-green and brown algae, and the 

presence or absence of the planktivorous fishes Osmerus 1l1ordax, and CoregonNs dupeaJo177lis were 

revealed ilS the most important determinilnts of mopbnkron species composition and 

abundance. The responses of the three broad functional groups were scattered in the biplot, 

indicating that these functionû groupings \Vere not sufficient to predict how these species will 

respond to their environments when fish were included as drivers. The functional groupings in 

this study were identified based on fits \Vith TF, a bottom up efEect, and thus did not use traits 

related ra the response of 200plankton ta predation. 'l'hus it is not surprising ta observe a 

segregation of functional groups based on the most dominant environmental factor (TP) but not 

based on top down effects of fish predation. Although, a general observation has been that in 

the presence of planktivorous fish, average 200plankton community body size decLines (Mills & 

Schiavonc 1982, Jeppesen et al, 2000, BeIsner, Dent & C:rpenler 200:1), llltimately, other 

funcuonal traits such as helmel formation, preàaror aversion strilœgies, mJgTarion, milY also be 

important for predicting species responses ta all habitat factors. 

As wirh the test of the resource ratio discussed ilbove, the most importan t resources for 

200plankton species identified in the RDA \Vere brown algae (dia tom plus chrysophytes) and 

blue-green algae. Further support for the resource ratio hypothesis thus emerges in the cl.ifferent 
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l'esponses species have to brown and blue-green algae as seen in the biplot. The addition of 

planktivorous fish to the best model demonstrates the presence of both top-down and bottom

up effects on zooplankton species occurring simultaneously, an observation also found by Pinel

AUoul, Niyonsenga, & Legendre (1995). We thus found supporting evidence for a top-down 

predator effect, in addition to the effects of resource heterogeneity. The IliA shows a diversily 

of responses of zooplankton communities to their predators and resources at the species level, 

and provides a similar narrative to the analyses revolving around the response of functional 

groups to environmental gradients in these lakes. 

Mechanistic hypotheses that are used to explain diversity patterns invoke concepts of 

r.radc-offs in functional responses, differences in feeding preferences, and preda tor aversion 

stl"ategies (Abrams, 1984; Leibold 1999; Vance, 1978). We wouId thus expect that a measure of 

cliversity that takes into account the mechanisms inherent in that hypothesis would be more 

useful to test il. For example, functional diversity using traits that relate to feeding strategies, and 

feecling rates, could be used to study the functional attributes of zooplankton communities 

leading to catastrophic shifts in lakes from clear to turbid states as suggestcd in Weithoff (2003) 

for phytoplankton. Based on the observation that functional diversity was much more strongly 

related to important environmental forces, we believe that this mfaSure can eohaoce our abiljt), 

to ruscover important patterns of species composition, diversit)" and abundance in zooplankton 

as \Vell. 

One problem with lake surveys is the correlation of variables (e.g. here for l'esource 

concentration, resource heterogeneiry and environmental productivity). Here, spatial l'es ource 

heterogeneity of blue-green algae explained 29% and 13(10 more of the vanance 10 FD than ù1e 

ratio of diatom to blue-green algae, and TP respectively. Conversely, Stevens and Carson (2002) 

JOvoked an experimental approach ta separate these often correlated variables, and concluded 

th~t it '"X/8.S re~0lJ.rce ~l.lFply rare, Dot hererogene!ty th~t mo~r 9.ffect~d terrestr121 pl2.nt richness. 

Our results suggest for zooplankton communie)' functional diverslty tbat Jt 1S spatial 

heterogeneity of resources that matter - at least of blue-green algae. \Vhile observational surveys 

using regressions to explain patterns in cliversiry cannot conclusive/y provide eVldence for causal 

mechanisms driving diversity, they are useful in providing direction to further mechanis tic 

srudies. Mesocosm experimcnts that vary the relative abundance and spatial segregation of 
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different algal groups could be used to further verify the causal forces influencing zooplankton 

diversity as suggested in this study. 

In summary, a relative1y strong relationship between the spatial heterogeneity of blue

green algae and functional diversity of zooplankton was observed. \\lhile support was found for 

the resource ratio hypotheSlS, the ratio of dia toms and chrysophytes to blue-green algae 

concentration explained less of the variance in FD than overall heterogeneity of blue-green algae 

concentration. The inclusion of top-down effects of planktivore presence with the bottom-up 

effects of blue-green and brown algae concentration increased the explained variance in species 

abundance and composi.tion, The functional traits most felated to Jake prodllctivity \\I('re body 

size and trophic leve1, suggesting it is the diversity of these zoopiankton traits that are most 

affected by productivity and its consequent changes in phytoplankton resource ratios and 

resource spatial availabilil)'. 
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Appendix 2.2 
Results of regressions between functional diversity and environmental productivity (total 

phosphorus concentration). Functional diversity was calculated using combinauons of 5 traits: 
1) body size, 2) CV of body size, 3) habitat, 4) trophic level, and 5) feecling type. P-values 

significant before the application of the false cliscovery rate correction are indicated with a "*,, 

Trait Combination R2 P-Value 

1,2 0.079 0.26 
1,3 0.074 0.28 
1,4 0.53 0.0006* 
1,5 038 0.0066* 
2,3 0.011 0.63 

2,4 0.0044 079 
2,5 0.0013 0.89 
3,4 0.0096 0.70 
3,5 0.043 0.41 
4,5 0.265 0.017* 
1,2,3 0.043 0.41 
1,2,4 0.20 0.065 
1,2,5 0.066 0.30 
1,3,4 0.16 0.098 
1,3,5 0.031 0.48 
1,4,5 0.37 0.0075* 
2,3,4 0.0070 0.74 
2,3,5 0.0090 0.71 
2,4,5 0.0057 0.76 

3,4.5 0.012 067 
1,2,3,4 0.040 0.43 
1,2,3,5 0.026 0.52 
1,2,3,5 0.11 0.18 
1,3,4,5 0.12 0.17 
2,3,4,5 0.00071 0.92 
1,2,3,4,5 0.098 0.21 
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CONCLUSIONS GÉNÉRALES 

L'objectif principal de cette étude était d'examiner comment la biocUversité du 

zooplancton est affectée par le phosphore total ainsi que par les changements subséquents sur 

l'hétérogénéité des ressources de phytoplancton et sur leur abondance relative. Un objectif 

adcUtionnei était d'observer comment les patrons de la richesse spécifique et de la cUversité 

fonctionnelle répondent à des gracUents de productivité, aux ratios et à l'hétérogénéité des 

ressources. 

Au chapitre l, j'ai effectué une revue de la littérature portant sur le zooplancton 

d'Amérique du Nord depuis les 50 dernières années et j'ai examiné la possibilité J'uLiliser la 

diversité fonctionnelle dans les études de zooplancton. Le chapitre I presente les tableaux des 

traib qualitatifs tt yuanLitatifs, en plu:, db équal:ivl1s de régressiGl;, qGi pOclmùeilt être uciEsécs 

pour calculer les traits « hard » en utilisant des traits « soft» facilement mesurables (par exemple 

taille de l'orgamsme). La majorité des donnés trouvée concernaient les cladocères alors que les 

données ont manqués pour les cyclopoides. Il y avait aussi une pénurie de donnés spécifique à 

chaque espèce. Un denùrogramme des communautés régionales des espèces communes de 

zooplancton en Aménque du Nord a été généré pour démontrer ia différence en tre les 

regroupements taxonomiques des espèces et ceux obtenus par traits fonctionnels. J'en ai conclu 

que les données fonctionnelies de la littérature ne sont pas suffisantes, mais ils peuvent être 

utilisé en. combinaisûri avec les traits « soft» peur générer les niches fOrlctiOrlflel1es des espèces 

de zooplancton. 

Au chapitre Il, j'ai testé les hypothèses de ratios et d'hétérogénéité spatiale des ressources 

comme les explications de la relation entre le phosphore total et la cUversité du zooplancton avec 

une a!=,proche comparative de lacs. En plus, les traits mesurés dans le labo et obtenus par la 

renie de littérature du chapitre l ont été utilisés pour mesurer la wveIsJ.t{ fonnlOnneUe cie lè\ lacs 

en Estrie. J'al trouvé une rdation curvilinéaire entre la cUversiLé f0l1ctiOll11CUC ct la disrribüton 

spatiale des algues bleues-vertes, un résultat qui supporte l'hypothèse « spatial resource 

heterogeneity». De plus, une relation curvilinéaire a aussi été retrouvée entre la cUversité 

fonctionnelle et le ratio des algues brunes à bleues-vertes, mais la proportion de la variation de la 

cUversité fonctionnelle liée au ratio des algues brunes à bleues-\'ertes est plm petite que celle 
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expliquée par la distribution spatiale des algues bleues-vertes. L'analyse de redondance a 

démontré un effet de la présence de deux espèces de poisson (Osmertls mordax et Coregonù 

clupeaJormis) et de la concentration de les algues bleues-vertes et btunes sur la composition et 

l'abondance du zooplancton. Ce résultat suggère que les effets « bottom-up» et « top-down» 

altèrent la composition et l'abondance des communautés du zooplancton. Les mesures de la 

diversité fonctionnelle ont été reliées plus fortement à des variables explicatives 

environnementales (TP, hétérogénéité et abondance relative du phytoplancton). Donc, j'en 

conclus que l'utilisation de la diversité fonctionnelle peut être profitable aux études cherchant à 

comprendre les patrons d'abondance et de distribution des espèces de zooplancton. 

Deux conclusions découlent des études menées dans les chapitres l ct· II. Premièrement, 

tandis que l'hétérogénéité spatiale et le ratio des ressources peuvent être importants pour les 

comn1'..ma1.2tés de zoop!a:l.ctor!, ils suivent les effets (' top-d~wr.. »). Des écudes expé~U'le::.t1!es 

seront nécessaires afin de déterminer l'importance relative des effets spécifiques « bottom-up » 

et « top-down ». Deuxièmement, quand on utilise les hypothèses qui sont basée sur la 

supposition de la fonctionnalité des espèces, la mesure de la ruversité fonctionnelle peut être plus 

appropriée. 


