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Large-scale spatial heterogeneity of
macrozooplankton in Lake of Geneva

Bernadette Pinel-Alloul, Catherine Guay, Nadine Angeli, Pierre Legendre,
Pierre Dutilleul, Gérard Balvay, Daniel Gerdeaux, and Jean Guillard

Abstract: Spatial distribution of macrozooplankton was studied during spring in Lake of Geneva to evaluate the
influence of abiotic (water temperature and stability, nutrients) and biotic (bacteria, chlorapliijgh biomass) factors

on macrozooplankton distribution. Mapping and spatial analyses revealed that abiotic factors, as well as crustacean
abundances, were structured along a gradient in the great lake basin. Chlompigythass, bacteria density, cyclopoid
abundance, and fish biomass showed more patchy or inshore—offshore distribution patterns. Using canonical analyses,
we determined the relative contribution of the spatial and environmental factors to the distribution of macrozooplankton
species and of trophic groups based on herbivory and omnivory/carnivory. The distribution of macrozooplankton can be
explained by small-scale variations and lake gradients in abiotic and biotic factors, with a dominant contribution of the
abiotic factors. Water temperature and stability, as well as ammonium, are the main factors related to
macrozooplankton distribution in Lake of Geneva during spring. Chloroghyliomass was also related to the

distribution of cyclopoids. The canonical models explained 35-72% of the variance in the distribution of total
crustaceans, species, and trophic groups. However, 28-65% of the macrozooplankton variance remained unexplained,
which may be due to fine-scale variations in other environmental factors.

Résumé: La distribution spatiale du macrozooplancton dans le Lac Léman (ou Lac de Genéve) a été étudiée au
printemps pour déterminer I'influence des facteurs abiotiques (température et stabilité de la colonne d’eau, nutriments)
et biotiques (bactéries, chlorophylée biomasse des poissons) sur la distribution du macrozooplancton. La cartographie

et 'analyse spatiale ont révélé que les facteurs abiotiques, ainsi que I'abondance des crustacés, étaient structurés selon
un gradient dans le grand lac. La biomasse en chloroplaylla densité des bactéries, I'abondance des cyclopoides et

les biomasses de poissons présentaient des patrons de distribution plus agrégés ou des gradients rive-large. A l'aide
d’analyses canoniques, nous avons évalué l'influence relative des facteurs environnementaux et des structures spatiales
dans la distribution des espéces de macrozooplancton et des groupes trophiques basés sur les catégories d’herbivores et
d’omnivores/carnivores. La distribution du macrozooplancton s’explique a la fois par les variations locales a petite
échelle et les gradients a grande échelle des facteurs abiotiques et biotiques, avec une contribution plus importante des
facteurs abiotiques. La température et la stabilité de la masse d'eau ainsi que les concentrations en ammoniaque sont
les principaux facteurs reliés a la distribution spatiale du macrozooplancton dans le grand basin du Lac de Geneve. La
biomasse en chlorophylle est aussi reliée a la répartition des cyclopoides. Les modéles canoniques expliquent 35 a
72% de la variabilité dans la distribution des crustacés totaux, des espéces et des groupes trophiques. Toutefois, de 28
a 65% de la variance du macrozooplancton reste inexpliqué, ce qui pourrait étre imputable aux variations a petite
échelle d’autres facteurs environnementaux.

Introduction spite the importance of spatial heterogeneity for ecological
theory (Hastings 1990; Bell et al. 1993; Legendre 1993) and

Zooplankton patchiness occurs on a continuum of scalezooplankton ecology (Pinel-Alloul et al. 1995; Megard et al.
in both marine and freshwater environments; zooplanktori997), studies of distribution patterns of zooplankton in
spatial heterogeneity is the product of the interaction oflarge lakes, and of their plausible causes, are yet limited.
physical and biological processes (Pinel-Alloul 1995).- De Very few studies have been carried out at the whole-lake
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scale in large tropical and temperate lakes (Hart 1990environmental and macrozooplankton variablég), to mea
Patalas and Salki 1992; Holopainen et al. 1993; Viljanen andure the relative importance of the effects of the biotic and
Karjalainen 1993) and none in large alpine lakes. abiotic variables on the horizontal distribution of macro
Recent studies have provided evidence that many factorzooplankton, andvj to check whether the abiotic factors are
may be responsible for the spatial heterogeneity of lake zoathe main factors explaining the distribution of macro
plankton: wind (Jones et al. 1995) and wind-induced currentgooplankton during the spring. Given the dominant role of
(Lacroix and Lescher-Moutoué 1995), water temperatureooplankton in the transfer of energy to roach, perch, and
(Betsill and van den Avyle 1994) and inshore—offshore thermigvhitefish in alpine lakes (Angeli et al. 1995) during the
gradients (Johannsson et al. 1991; Stockwell and Sprulespring, it is important to clearly understand and resolve how
1995), size of zooplankton, swimming capacity, and avoid the interaction among temperature, nutrients, food, and fish
ance behaviour (Pinel-Alloul et al. 1988; Visman et al. 1994) predation may translate into spatial patterns of macro
spatial scale of the observations (Pinel-Alloul and Pontzooplankton distribution. Finally, we will attempt to untan
1991; Lacroix and Lescher-Moutoué 1995), food resourcegle the effects of the abiotic and biotic variables on the
(Johannsson et al. 1991; Pourriot et al. 1994), fish predatiomacrozooplankton distribution in Lake of Geneva during the
(Johannsson et al. 1991; De Meester et al. 1993; Viljanespring as a model for large European alpine lakes.
and Karjalainen 1993), and lake morphometry (Patalas and
Salki 1992), among others. It is presently recognized that
abiotic factors alone are not sufficient to satisfactorily ex .
plain the spatial variability of zooplankton (Pinel-Alloul et Materials and methods
al. 1990, 1995). This variability may also be studied under a
model of biotic interactions among the planktonic compart Study site and sampling
ments (McQueen et al. 1986; Northcote 1988; Vanni 1988; Lake of Geneva (46°2N; 6°32E) is located partly in France
Carpenter and Kitchell 1993). Hence, the plankton commu(40%) and partly in Switzerland (60%) (Fig. 1). Its watershed-cov
nity is a dynamic system. Understanding it requires a cembiers 7975 km The Rhéne, Dranse, Venoge, Veveyse, and Aubonne
nation of abiotic and biotic explanatory factors in order to'lVers are its major tributaries (Zahner 1984). The lake is 72 km
reach more realistic and reliable predictions about its ecolg’gghag‘fj 11533_ r1n4 (ﬁgngﬁqvgggtﬁ gggan‘i)e g;%aaoigiizagf"ggrl‘(m
ogy (Carpenter 1988; Mgzumder et al. 1988). . Lake of Geneva is the largest subalpine lake in western Europe.
Results of an extensive whole-lake sampling programyyater retention time varies from 5 years for the surface layer to
carried out in Lake of Geneva (Lac Léman in France) in20 years for deeper layers, with an average of 12 years (Pelletier
mid-April 1985, were used to study the horizontal spatialand Blanc 1991). The lake consists of two basins: the “small lake”
heterogeneity of macrozooplankton during the spring usingdthe shallower and elongated western part near Geneva: mean depth
geostatistical and canonical methods of analysis. We chosél m) and the “great lake” (the larger and deeper eastern part). The
Lake of Geneva because it is a large alpine lake with horigreat lake, in turn, consists of three regions: the “upper lake” (east-
zontal current dynamics (Lemmin 1989); thus, it should befrnmost part) at the“ Rhone |nfy|yow, the “middle lake” in front of
clearly spatially structured, presenting patches and gradient?ézzagf”geﬁgsaﬂif a"\’,‘\;‘;er;nl%‘gnévn‘;?;ti‘érlna”{(‘gsbv%?éﬁ Qﬁ:r:gTeZO:‘aO;'
'r?]L}Eﬁyaglsoweﬁ?i:é%ﬁ'icgfg}?'fgggi I?r}igeigﬁﬁglzpsﬁtWhﬁ?er? idly from being oligotrophic to mesotrophic during the 1960’s and

h e 1970’s due to anthropogenic eutrophication (Pelletier and Blanc
lake study of zooplankton spatial distribution in a large al 1997

pine lake reported in the literature. Furthermore, no study sampling took place during daytime on 17—19 April 1985-dur

has paid attention to the relationships between the horizontghg the spring, a period of the year with strong northeasterly winds
distribution of macrozooplankton and environmental factor(Fig. 1). Short-term sampling over 3 days enabled us to minimize

in large alpine lakes, where water movements and advectiviae temporal variation in zooplankton distribution. Zooplankton
processes are important driving forces, especially during theas sampled at 33 sites over the whole lake (Fig. 1). Distances be
spring, as in all large lakes. tween sites were almost regular, varying from 3 to 5 km. -Zoo
In this study, the spatial heterogeneity in the environmen lankton samples were taken at each site by vertical filtration of
and the macrozooplankton community was analysed in ord 900 L of water over the 0- to 50-m water column, using a 55-cm-

. : AT wide, 175pm-mesh biconical closing net (Asptein’s type; Tranter
to explain the horizontal distribution of macrozooplankton 1968). Thré choice of the 0- to 50_rﬂ dept(h rgnge forygooplankton

with respect to abiotic (water stability and temperature, NUgampling enabled us to avoid bias due to the vertical migrations of
trients) and biotic (bacteria, chlorophy) fish) environmen  zooplankton, since most of the zooplankton is distributed only
tal factors. Our contention was that spatial heterogeneity ircross the 0- to 50-m water layer during the diel cycle (Angeli et
the biotic and abiotic factors provides for different modes ofal. 1995). Water samples for chlorophydl bacteria, phosphate
functioning of the zooplankton community, generating-spa (PQy), nitrate (NQ), and ammonium (Nl measurements were-in
tial heterogeneity in zooplankton distribution. This concep tegrated over the 0- to 10-m water column at each site using-a pat
tual scheme allowed us to focus on the following specificemed integration bell that is based on Mariot’s law; a previous
objectives and hypotheses) (o verify that the crustacean Study showed that peaks of chorophglalways occurred between
planktonic community in Lake of Geneva presents horizon?’ and 7 m, and maximal primary production was situated in sur

A . . face waters (2-5 m) (Balvay et al. 1985). A mean temperature was
tal patterns of distribution, during the spring, at the WhOIe'calculated for the 5- to 25-m water layer that covers the thermic

lake scale, i{) to confirm that both the dependent (macro yertical gradient during the sampling period (Fig. 1). The surface
zooplankton) and independent (environmental) variablesayer (0-5 m) was excluded from the calculation of mean values of
were spatially structurediii() to analyse the degree of cofre water temperature to avoid problems of daily variation (Angeli et
lation among the environmental variables and between thel. 1991).

© 1999 NRC Canada
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Fig. 1. Bathymetric map of Lake of Geneva with its main affluents, different basins, and sampling stations (upper map), modified from
Zahner (1984), wind speed recorded at each meteorological station (A, B, C, D) during the sampling survey (17-19 April) and the
previous day (16 April) (map upper left corner), and temperature profiles at each sampling station (lower map).
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Chlorophyll a concentrations were measured using a Tuter density across this layer. Water stability?] has the dimension of
fluorometer after acetone extraction (Yentsch and Menzel 19633 frequency (per second squared); it is known as the Brunt-Vaisala
and spectrophotometric calibration. Bacterial abundances were egequency and represents one of the resonance modes of metalim
timated using epifluorescence microscopy (magnification 1250x)etic oscillations (Lemmin 1995). Vertical stability profiles were
after orange acridine staining (Hobbie et al. 1977). Concentrationsalculated from temperature profiles over the 5- to 15-m depth
of NO; were obtained after conversion to nitrite by cadmium re range using a parabolic approximation (Imboden et al. 1979). The
duction following the method defined by the Association francaisesurface layer (0-5 m) was excluded from the calculation to avoid
de normalisation (AFNOR) and described in Gawler et al. (1986)problems of daily variation (Angeli et al. 1991).

NH, concentrations were measured using the indophenol blue As an additional environmental variable, fish biomass was ob
method following the AFNOR NFT90 015 norm (Koroleff 1970). tained from an echosounding survey concomitant with the synoptic
PO, concentrations were measured using the method of Murphyooplankton sampling program. Fish biomass was estimated by
and Riley (1962). echointegration (20 lod®; see MacLennan and Simmons 1992)

The simplest practical method for estimating the intensity ofusing a 70-kHz SIMRAD sounder (model EY-M with a circular
mixing at each site was to characterize the vertical stability of theransducer, 11° total beam angle at —3dB). Echointegration
water column %) using the density differencé§/dz) over a given  transects were obtained for contiguous 10-min sequences over

depth range (Reynolds 1984): 800 m. At each site, fish biomass was estimated from the original
echointegration survey and averaged over two sequences: the one
(1) N2 = (9/p)(dp/52) recorded just before arriving at a sampling site and the one just af

) ) ) ter the site. Fish biomass was evaluated over the whole water col
where g is the acceleration due to gravity (about 9.81 &  umn in volts squared per square metre; this is proportional to the
46°N), p is the water density (in kilograms per cubic metrejs  energy reflected by fish targets. During the spring, fish community
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in Lake of Geneva is dominated by planktivorous fish, mainly Different methods have been proposed recently to assess the sig
adults of roach Rutilus rutilug and whitefish Coregonus lave  nificance of the correlation between spatially autocorrelated- vari
ratus) (Gerdeaux and Guillard 1986). ables (Clifford et al. 1989; Haining 1990, 1991; Dutilleul 1993;
Identification of crustacean zooplankton was carried out on aDutilleul and Pinel-Alloul 1996). To determine the degrees of free
subsample of each formaldehyde-fixed sample. Small representalom of thet test statistic, Clifford et al. (1989) and Dutilleul
tive subsamples (containing 100-300 individuals of the species anfl993) used an estimated effective sample size, which is a function
instars to be counted, as far as feasible) were prepared by dividingf the autocorrelation (in sign and magnitude) present in both vari
the original samples zero to five times using a Motoda boxables. In this study, we used Dutilleul's modification and the
(Motoda 1959), depending on zooplankton density. ZooplanktorSpearman coefficient to compute the correlations among the envi
crustaceans were counted according to species and ontogenicnmental variables and between the zooplankton taxa and the en
stages (nauplii and copepodites C1 of cyclopoids, nauplii ofvironmental variables. A rank transformation was applied to all
calanoids, copepodites C1-C5 of the calanoid species, copepoditgariables to avoid problems stemming from the nonnormality of
C2-C5 of each cyclopoid species, adults of each cyclopoid antheir distributions and from the restricted (i.e., monotonic) -non
calanoid species, adults and juveniles of cladocerans) under a-sterdmearity of their relationships. Autocorrelation in Dutilleul’'s eor
scopic dissection microscope. We referred to Dussart (1967, 1963fction was estimated by (1 €), with c the Geary’s coefficient
for taxonomic identification of the copepods and to Flossnercomputed from the original (not rank transformed) data.
(1972) and Amoros (1984) for cladocerans. Zooplankton taxa were To evaluate the relative importance of the spatial and environ
also categorized by trophic groups: small herbivores (nauplii, C1-mental factors on the distribution of zooplankton, the total varia
C3 of Eudiaptomus gracilisand cyclopoids, juvenile daphnids), tion of the zooplankton taxa or trophic group matrices was
large herbivores (C4, C5, and adultsEfgracilis, adult daphnids), partitioned into four components following Borcard et al. (1992)
and omnivores/carnivores (C4, C5, and adults of cyclopoids)and Borcard and Legendre (1994)) the nonspatially structured

(Gawler et al. 1988). environmental component (fraction a), representing the local ef
fects of the environmental factorsi)(the spatially structured com
Statistical methods ponent of the zooplankton variation (fraction b) that is shared by

lllustrations of whole-lake spatial distributions were obtained bythe independent environmental variables, which represents, for in
mapping zooplankton abundances and environmental variableStance, environmental gradientsi)(the spatial component of the
Circles, whose area is proportional to the values to be representeg00Plankton variation (fraction c) that is not shared by the environ
were plotted on maps of the lake (see Figs. 2 and 3). mental ve_lrlables |nclud_ed in t_he_ analysis, a_rmu) ¢ra_ct|0n d _of_

Earlier observations conducted on the lake revealed that thgndetermlned (nonspatial) variation. The variance in the Q|str|bu-
small and great lakes have distinct thermal and nutrient regimelon of the macrocrustaceans (species vectors) and trophic groups
and different plankton distributions and seasonal dynamics (e.g{{roPhic group vectors) was partitioned using redundancy analysis
Balvay et al. 1984; Monod et al. 19841984). This is supported (RDA) and partial RDA constrained by the spatial and environ-
by our observations (Fig. 2). Because most methods of spatiame“tal variables. RDA and partial RDA were computed using ver-
analysis require the data to be stationary over space (Cressfion 3.11 of the CANOCO program (ter Braak 1988, 1990). The

1991), we decided to exclude the five sites of the small lake (sitegnatrix of independent environmental variables contained water
29-33, Fig. 1) from the following analyses. temperature, water stability, concentrations of,PRO;, NH,, and

The significance of spatial autocorrelation for individual vari- Chlorophylla, bacteria, and fish biomass. We excluded the N/P ra-
ables was assessed using the Gearyasitocorrelation statistics in 10, Which was strongly correlated with both R@nd NH, to
spatial correlograms (Geary 1954). The variables should be nor@void collinearity among the environmental variables (see Table 4).
malized prior to spatial autocorrelation analysis (Sokal 1979). The forward selection procedure was applied to the environmental
Box—Cox transformation was used for normalization, using thevariables in each analysis. o
form that also induces homogeneity of variances (Sokal and Rohlf Because the spatial patterns of the zooplankton distribution may
1995). Geary'sc coefficients were assembled in a correlogram for P& more complex than primary linear gradients, we used a geo
each taxon or variable (see Figs. 2 and 3). In each correlogram, w@/aphic polynomial of the second degree, which better reflects the
used distance classes with equal numbers of pairs so that even hi gmplexity of regional distributional patterns than linear gradients,
distance classes would contain enough pairs to carry out tests & Suggested by Legendre (1990):
significance of the autocorrelation statistics (Legendre and Vaudo _

1991; Legendre and Legendre 1998). Levels of significance wergz) fOGY) = bg + DX + BoY + bgX2 + by XY + bgY?
corrected to take multiple testing into account; for 10 simultaneou
tests, we used 0.05/10 = 0.005 as the corrected significance levi
(Bonferroni correction). Once the overall correlogram is significant

hereX andY are Cartesian longitude and latitude coordinates of
e sampling sites centred on their respective means. In each analy
sis, a forward selection procedure was used to select the terms of

. ! - ; ‘Ty. 2 that contributed significantly to the total explained variation
can be used to infer underlying ecological process affecting varle the response variables.

able spatial patterning. For the ecological interpretation of spatia

correlograms, see Legendre and Fortin (1989), Dutilleul and

Legendre (1993), and Legendre and Legendre (1998). Results
To identify the spatial structures displayed by the multivariate

tables of environmental variables, abundances of crustacean taxgacrozooplankton community and environmental
and trophic groups, Mantel correlograms were computed as a fung,griaples

tion of geographical distances (Oden and Sokal 1986; Legendre \nhole-lake spatial variation in the abundance of macro

and Legendre 1998). Gower'’s coefficient of similarity was used to . : : :
quantify the ressemblance among sites based on the environmenfﬁmpIankton Species was important in Lake Geneva during

variables, while the Steinhaus coefficient was used for the zoo %e_sprlng. Abundances of the crustac_ean species or stages
plankton data (Legendre and Legendre 1998). A test of signifi varied by more than an order of magnitude across the lake,

cance is attached to each statistic in a Mantel correlogram, just &&nd coefficients of variation (%CV in Table 1) were higher

in a Geary’sc autocorrelogram. All correlograms were computed than 50% (Table 1). The most abundant species were the

using the R package of Legendre and Vaudor (1991). calanoidE. gracilis (47% of total crustacean abundance) and

© 1999 NRC Canada
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Table 1. Mean, standard error of the mean, and range of abundanéend.OnT?) of the total crustacean
zooplankton, main species, and copepodite stages over the whole lake.

Zooplankton species Stage Mean SE Maximum Minimum % CV
Crustacean zooplankton 1562 812 3469 426 52
Eudiaptomus gracilis Adults 256 136 662 78 53
C5 161 98 432 24 61
C4 110 64 310 21 58
C1-C3 216 148 778 42 68
Cyclops vicinus Adults 184 187 667 11 102
C5 26 22 80 2 87
C4 26 23 99 3 88
C2 and C3 38 37 157 4 98
Cyclops prealpinus Adults 18 15 58 0 84
C5 19 16 69 0 86
C4 28 20 99 2 73
C2 and C3 116 95 438 4 82
Copepodite cyclopoids C1 63 38 160 12 61
Nauplii Calanoids 127 69 331 25 54
Cyclopoids 164 92 349 41 56
Daphnia hyalina Adults 14 12 59 2 84
Juveniles 12 9 40 0 74

Note: C5, copepodite 5; C4, copepodite 4; C1-C3, copepodites 1, 2, and 3 pooled; C2 and C3, copepodite, 2 and 3
pooled; C1, copepodite 1.

Table 2. Mean, standard error of the mean, and range of values of the abiotic (physical and chemical) and
biotic environmental variables used as independent variables.

Environmental variable Mean SE Maximum Minimum % CV
Abiotic
Water temperature (°C) 6.38 0.23 7.04 5.93 4
Water stability (59 0.2 0.36 1.7 0.0 160
PO, (ug-L™h 65 4.1 74 57 6
NO; (ug-L™ 544 12.6 570 520 2
NH, (ug-L™ 7.8 7.0 32 1 90
N/P 8.5 0.5 9.4 7.5 6
Biotic
Chlorophyll a (ug-L™) 1.6 0.5 33 0.8 32
Bacteria (16 cells-mLY) 1.1 0.4 2.7 0.1 39
Fish biomass (V- 1548 2911 10000 0 188

two cyclopoid speciesCyclops vicinug17%) andCyclops over the 0- to 25-m depth range in most stations of the upper
prealpinus (12%). Copepodites C1 o€. prealpinusand great lake. The high concentrations of P&nhd NG, (on awv

C. vicinus which could not be separated easily, were groupederage 65 and 54@g-L, respectively) reflected the impor
C1 stages represented, on average, only 4% of the totént spring nutrient loading from the drainage basin.,,PO
abundance of crustaceans, whereas nauplii of calanoids amDs, and the N/P ratio were relatively invariable, with CV's
cyclopoids represented about 8 and 10%, respectively, of thender 6%. By contrast, stability of the 5-15 m water layer,
total abundances. Among the cladocerdbaphnia hyalina as well as NH concentrations, varied greatly among sites
was the most important species but only represented 1.6% ¢€V > 90%). The biotic variables were moderately heteroge
the total crustaceans. Individuals of other specaphnia  neous and showed low mean values: jigechlorophylla-L™
galeatg Daphnia longispina Bosmina longirostris and  and 1.1 x 16 bacteria-mt™. In contrast, fish biomass was
Acanthocyclops robustysvere too rare to be included in the very heterogeneous across the lake; it had the highest CV of
analyses.Bythotrephes longimanuand Leptodora kindtij  all explanatory variables.

both of which prey on zooplankton, were rare and eneoun

tered only as eggs and embryos during this spring samplingmapping and spatial horizontal patterns

Information concerning the environmental variables are Fairly consistent spatial patterns were observed in the dis
assembled in Table 2. Water was cold during the studyributions of macrozooplankton, when expressed as percent
period; temperature ranged from 5.9 to 7°C. Although theages of maximum abundances (Fig. 2). The general trend
temperature of surface waters was sometimes higher in th@as an accumulation of crustaceans along the northeastern
stations of the small and lower great lakes, temperature prashore of the upper great lake. The pelagic zone, particularly
files (Fig. 1) generally indicated higher temperature (>7°C)in the middle and lower great lakes, as well as the southeast

© 1999 NRC Canada
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Fig. 2. Distribution patterns of the crustacean species densities (left) and their respective autocorrelograms over the great lake (right).
Vertical axis: Geary'sc autocorrelation coefficients; horizontal axis: distances expressed as ranked classes and km (mean value of the
distances in the class). Solid squares are values significamt at0.005, open squares with a small solid square inside are values
significant ata = 0.05, and white circles are nonsignificant values. Values of Geargwefficients between 0 and 1 indicate positive
autocorrelation; values higher than 1 indicate negative autocorrelation.
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ern shore had low abundances. Abundances were low in thEhe younger copepodite stages (C1-C3) and nauplii of cala
small lake, except at the last sampling site near Geneva. noids also showed negative autocorrelation at large distances
Results of spatial autocorrelation analysis (Gearg’s (Table 3). The abundances Gf vicinusappeared spatially
correlograms, Fig. 2) supported the impression of spatiaindependent, but the abundances of its C2 and C3 stages fol
gradients given by the maps (positive spatial autocorrelatiotowed the same trend as the crustacean abundances with
at small distances following by negative spatial autocorre positive autocorrelation at intermediate (distance class 5:
lation at large distances). Since data from the small lakd5.5 km) and negative autocorrelation at large distances
were not included in the analyses, the correlograms onlydistance class 10: 41.9 km) (Table 3). The correlogram of
reflect the spatial distribution of macrozooplankton in theC. prealpinusreflected mostly the small-scale patchy distri
great lake. For total abundances of crustaceans and the abdtition of its omnivorous/carnivorous older stages (adults
dances ofE. gracilis, there was weak positive autocorre and C4 and C5) at short distance (classes 2 and 3: 7.0 and
lation among neighbouring sites (distance classes 1-3: 4.62-2 km) (Fig. 2; Table 3). The distribution &f. hyalinafol-
9.2 km) and stronger negative autocorrelation at larger dislowed that of the crustacean community with weak small-
tances (classes 9 and 10: 31.9-41.9 km). BecBusggacilis  scale and large-scale autocorrelation (Fig. 2; Table 3). The
accounted for most of the crustacean populations, the spatigistribution of nauplii and C1 of cyclopoids followed a simi
distribution of E. gracilis in general (Fig. 2), and of its lar trend to that of the total crustaceans (Fig. 2; Table 3).
adults and C4 and C5 stages in particular (Table 3), was A glance at the maps (Fig. 3) reveals that most environ
similar to that of the total abundance of macrozooplanktonmental variables presented a gradient-like distribution over
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Table 3. Values of Geary’sc statistic from autocorrelation analysis carried out on zooplankton instars and trophic groups.

Pinel-Alloul et al.

Distance class

o
—

Trophic group

Species and stages
Eudiaptomus gracilis

0.67* 0.92 0.78 0.96 1.24* 1.54** 2.11*
0.71 0.63 0.91 1.37

0.79

0.63*
0.81

0.82
1.01

0.51*
0.67

Herbivores
Herbivores

Adults and C4 and C5
Nauplii and C1-C3

Cyclops vicinus

1.96*

1.28*

1.33
2.05*

1.02
1.26

1.03
1.11

1.00
0.90

1.03
0.88

0.86
0.62*

1.15
0.87

0.72*
0.87

0.92
0.89

1.03
0.71

Omnivores/ carnivores

Herbivores

Adults and C4 and C5

C2 and C3
Cyclops prealpinus

0.87
0.91

0.81
1.24

1.11
1.07

0.91
0.92

0.86
0.96

1.15
0.85

13

1.
1.01

0.73*
0.90

1.62**
1.21

0.76
0.97

Omnivores/carnivores

Herbivores

Adults and C4 and C5

C2 and C3
Cyclopoids

1.19 0.77 1.14 0.94 0.87 0.93 0.92 1.03 1.47*

Herbivores 0.79

Nauplii and C1
Daphnia hyalina

1.16 0.59* 1.01 0.98 1.02 0.94 1.04 0.95 1.23

1.18

Herbivores

Adults

0.83 0.61* 0.97 0.95 0.95 0.91 1.06 1.39* 1.38

1.08
Note: *Significantly different from 1 (no correction) at = 0.05; **significantly different from 1 ati’ (Bonferroni correction) = 0.005.

Herbivores

Juveniles

1443

the great lake. The autocorrelograms supported the
hypothesis that the abiotic environmental variables wete in
deed distributed along a gradient in the great lake basin (for
interpretation of correlograms, see Materials and methods
and Legendre and Fortin 1989). The highest temperatures
were observed in the upper great lake. Positive autocorre
lation occurred at short distance (classes 1-3: 4.9-9.2 km)
and negative autocorrelation at large distances (classes 8-10:
26.1-41.9 km). The spatial distribution of water stability
values was similar to but weaker than that of temperature
and NH, and the opposite of that of R@nd NG,. The high

est concentrations of NHvere measured in the upper great
lake. The distributions of POand NG, concentrations
formed strong inverse gradients with higher concentrations
in the middle and lower great lakes (Fig. 3). These variables
were positively autocorrelated at short distances (classes 1-
5: 4.6-15.5 km) and negatively autocorrelated at large dis
tances (classes 8-10: 26.1-41.9 km). The spatial distribution
of the N/P ratio was inversely related to that of f@nd

NOj; concentrations and positively to that of hiEoncentra
tions (Fig. 3).

The biotic variables have weaker spatial distributions than
the abiotic variables (Fig. 3). Distribution patterns of chtoro
phyll a and bacteria show the presence of higher concentra
tions in the small lake and at the eastern end of the great
lake. Values were positively autocorrelated at short distances
(class 1: 4.6 km for chlorophyls; classes 2 and 3: 7.0—
9.2 km for bacteria) and negatively at large (class 9: 31.9 km
for chlorophylla) or intermediate distances (classes 5 and 7:
15.5 and 22.1 km for bacteria). The highest concentrations
of chlorophylla and bacteria were in the eastern end of the
upper lake, an area that had lower concentrations qfd&hd
NO;. The whole data set collected for fish biomass during
the acoustic survey (Fig. 3, small map with black circles
over the range fo0 — 20000; modified from Gerdeaux and
Guillard 1986) showed strong spatial heterogeneity with
much lower fish biomass in the cooler part of the lower lake
and, in most places, with very steep inshore—offshore gradi
ents, except in a limited area of the middle lake where an
opposite trend (higher fish biomass offshore than inshore)
was observed. The map of the data set subsampled from the
acoustic survey for the same sites as the abiotic and biotic
variables (Fig. 3, small map with black circles over the
rangge 0 — 10000) only weakly reflects the inshore-offshore
gradient of fish biomass. The values of Gearg /obtained
using site-specific fish biomass data, did not indicate auto
correlation (Fig. 3).

The Mantel correlograms give a composite view of the
spatial heterogeneity of the environmental and macro
zooplankton variables (Fig. 4). They show that the values of
the environmental variables were generally positively corre
lated ¢ > 0) at short distance (classes 1-3: 4.6-9.2 km) and
negatively correlatedr(< 0) at larger distances (distance
classes 8-10: 26.1-41.9 km). This supports the hypothesis
that the environmental variables formed a smooth large-scale
gradient over the great lake (50 km). By contrast, the species
and trophic groups may have formed patches at short dis
tances, but their distributions did not display significant
large-scale spatial patterns (Fig. 4).

Most of the relationships suspected from mapping over
the great lake were found to be statistically significant-(Ta
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Fig. 3. Distribution patterns of values of the environmental variables (left) and their respective autocorrelograms over the great lake
(right). See caption to Fig. 2 for a description of the correlograms. Two maps are presented for fish biomass: the small map
corresponds to the whole acoustic survey and the large map shows the sites where other abiotic and biotic factors were measured.
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Fig. 4. Mantel correlograms for environmental variables (Env.), variables of this distribution. Unexplained spatial effects
crustacean species (Sp.), and trophic groups (T.g.) based on the{fraction c: space) were minor and explained less than 1% of
spatial distribution in the great lake. Vertical axis: values of the macrocrustacean distribution over the great lake. The rel
Mantel's r; horizontal axis: distances expressed as ranked classeative importance of the local (fraction a) and spatially struc
and km (mean value of the distances in the class). Solid circles tured environmental components (fraction b) varied among
circles are values significant at' = 0.005, open circles with a species. The environmental components (fractions a and b)

small solid circle inside are values significantaat= 0.05, and accounted for about 54% of the total variation in the abun
small solid circles are nonsignificant values. dances oft. gracilis and C. prealpinusand 29 and 38% of
that of C. vicinusandD. hyaling respectively (Table 6). The
e NS spatially structured environmental effects (fraction b} ac
® S.(a=0.05) qounted f_or 60, 100, and 100% of yhe total expl_ained varia
@ S.(o'= 0.005) tion (fractions a, b, and c) dt. gracilis, C. prealpinus and

D. hyalina abundances, respectively, while 60 and 43% of
the explained variance (fractions a, b, and c) in the distribu
tion of C. vicinus and nauplii abundances, respectively,
could be attributable to the local environmental effects (frac
tion a). NH, was systematically selected during the forward
selection of explanatory variables (in many cases, it was the
only variable selected) and was responsible for 39-84% of
the explained variation in any species vector. Additional en
vironmental variables were occasionally retained: water tem
perature, water stability, and chlorophyl concentrations.
The best spatial variables retained to describe the distribu
tion of the environmental factors wekeandX?, correspond

ing to a longitudinal (east-west) gradient. Relatively little

" — — ; " spatial effects (fraction c: 0-11%) remained unexplained.
46,0926 15 19121 4 819 419 The same can be said about the results for vectors of trophic
' ' ' ' groups (Table 7); the environmental components (fractions a
and b) explained about 52—-65% of the variation for the two
herbivore vectors but only 43% of that of the omnivore/

ble 4). No variable other than water temperature was linkedcarnivore vector. Between 28 and 65% of the total variation
positively or negatively, to both the abiotic and biotic vari- In the distribution of species and trophic groups remained
ables. Water temperature was positively correlated with, NHuUnexplained (Tables 6 and 7).
and chlorophylla concentrations and negatively with PO
and NQ,. Water stability was inversely related to NOGon- Discussion
centrations. P@showed a strong negative relationship with
the N/P ratio and N Positive correlations with NfHwere  Spatial patterns of environmental factors
detected for water temperature, the N/P ratio, and bacteria, The gradient-like distribution of the abiotic variables sug
whereas a negative correlation occurred with,PChloro-  gests the action of some underlying nonrandom process con
phyll a concentrations were positively related to water tem tributing to the large-scale spatial structuring of the abiotic
perature and fish biomass and negatively tosNO environment in the great basin of Lake of Geneva during the
Abundances of total crustaceans, as well as most specispring of 1985. Although we did not study current patterns,
and stages, were positively correlated with water temperawe hypothetized that hydrodynamic processes induced by
ture and NH (Table 5). In addition, the total abundances of dominant northeasterly winds are prime candidates to ex
C. prealpinusand of its C2 and C3 stages were significantly plain the spatial heterogeneity in abiotic environmentat fac
correlated with chlorophyll a concentrations. Cyclops  tors during the spring in Lake of Geneva. In this lake, water
vicinus (adults, C4 and C5) were positively correlated with circulation is complex, as it is influenced by wind-induced
the N/P ratio and the abundances of bacteria. Several specibserizontal current, by several river inflows, and by superfi
(C. vicinus E. gracilis, andD. hyaling and their juvenile or cial and deep currents flowing in opposite directions
copepodite stages were inversely correlated with, B@d  (Lemmin 1989). Water temperature and water stability were
(or) NOs;. No significant correlations were found between the highest in the upper part of the great lake (Fig. 3), an

Mantel's r

-04 T T T
12 3 4 5
T

Distance classes (rank and km)

water stability or fish biomass and macrocrustaceans. area surrounded by mountains. Wind speed patterns during
the sampling survey and the previous day (Fig. 1) cleady in
Variance partitioning dicated that the upper great lake was well sheltered from

Results from RDA and partial RDA showed that local dominant winds. In the small lake and lower and middle
variations in the environment (fraction a: local environmen great lakes, wind blew at 20 m*son the lake, whereas in
tal effects) and the environmental gradients (fraction b: spathe upper great lake, winds were stopped by the Jura Moun
tially structured environment) explained 71% of the totaltains and did not blow more than 2.5 m:dMlountains in the
variation in the distribution of total macrocrustacean abun Swiss Jura, which spread on the northeastern side of the
dances (Table 6). Together, Nidoncentrations, water tem lake, thus probably limited the mixing of the surface layer
perature, and water stability were the best explanatorynduced by the dominant northeasterly winds during the
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Table 4. Values of correlation coefficients from modifiddtests between the environmental variables used as independent variables in
the canonical correlation analysis and path analysis models.

Water stability PQ NO; NH,4 N/P Chlorophylla Bacteria Fish

Water temperature 0.21 —0.65* —0.59* 0.63** 0.50 0.71** 0.41 0.18
Water stability -0.34 —-0.45* 0.15 0.19 0.34 —-0.08 0.29
PO, 0.41 —-0.74* —-0.90* —-0.30 —-0.38 —-0.09
NO; -0.42 -0.08 —0.44* —-0.27 0.09
NH,4 0.72* 0.17 0.52* —-0.03
N/P 0.20 0.29 0.14
Chlorophyll a 0.05 0.45**
Bacteria -0.04

Note: Significance: p = 0.05; **p = 0.01.

Table 5. Values of correlation coefficients from modifiddtests between the environmental variables and the zooplanktonic variables.

Environmental variable

Water Water
Zooplankton variable temperature  stability PO NO; NH, N/P Chlorophylla  Bacteria  Fish
Crustacean zooplankton  0.58* 0.01 -0.41 -0.40 0.61* 0.34 0.33 0.32 -0.07
Eudiaptomus gracilis 0.64** -0.03 -0.40 —-0.50* 0.62* 0.31 0.28 0.34 -0.09
Adults and C4 and C5 0.55* 0.08 —0.40* —0.54* 0.61* 0.29 0.23 0.30 -0.16
Nauplii and C1-C3 0.56** -0.15 -0.31 -0.33 0.56* 0.30 0.35 0.26 -0.09
Cyclops vicinus 0.44** 0.01 —0.50* -0.18 0.56* 0.45* 0.17 0.26 -0.14
Adults and C4 and C5 0.47** 0.07 —0.45* -0.17 0.52* 0.39* 0.19 0.40* -0.15
C2 and C3 0.20 -0.11 0.00 0.07 0.06 -0.02 0.19 —0.06 0.02
Cyclops prealpinus 0.55** -0.15 -0.20 -0.29 0.50* 0.17 0.41* 0.19 0.04
Adults and C4 and C5 0.35 -0.08 -0.21 -0.26 0.34 0.12 0.15 0.15 -0.21
C2 and C3 0.55** -0.17 -0.19 -0.31 0.51* 0.15 0.45* 0.19 0.11
Cyclopoid nauplii and C1 0.51** -0.03 -0.38* -0.33* 0.61**  0.33 0.29 0.33 -0.08
Total nauplii 0.52** 0.06 -0.41 —0.36* 0.63* 0.36 0.27 0.31 -0.07
Daphnia hyalina 0.41* 0.11 -0.17 —0.38* 0.30 0.03 0.31 0.25 -0.11
Adults 0.31* 0.00 -0.08 -0.34* 0.23 -0.03 0.22 0.16 -0.14
Juveniles 0.53* 0.21 -0.25 —0.38* 0.39* 0.13 0.32 0.30 -0.08

Note: Significance: p = 0.05; **p = 0.01.

spring season (Lemmin 1989; Angeli et al. 1991). The comareas of two major rivers: the Rhone and the Veveyse. Ag
plex patterns of water circulation, in conjunction with the gregations were also localized in the vicinity of the Venoge
presence of mountains, may also have contributed to the oland Aubonne inflows, on the north shore, and the Dranse in
served distribution patterns in the case of Nidhlorophyll  flow on the south shore (Figs. 1 and 2). The aggregation of
a, and bacteria that also were more concentrated in thenacrozooplankton along the northeastern shore of the great
warmer and more stable waters at the northeastern end of thake (Fig. 2) may also be attributed to downwind accumula

great lake. tion due to horizontal advection in this sheltered area.-Dur
ing the spring season, wind speed generally varied from
Spatial distribution patterns of macrozooplankton 7.2 km-t* (2 m-s) in sheltered areas to 54 k{15 m-s?)

The distribution of crustaceans in Lake of Geneva showedn €xposed areas (Angeli et al. 1991). Variations in wind in
considerable horizontal variability during spring. Most spe tensities between sheltered and exposed areas may have
cies and taxa formed large-scale spatial patterns, as observédongly influenced zooplankton distribution in Lake of
in several other large lakes (Malone and McQueen 1983G€eneva. It is recognized that _Wlnds and wind-induced cur
Patalas and Salki 1992: Pinel-Alloul 1995; Stockwell andr€nts can break down the spatial structure of plankton.-Hori
Sprules 1995). These large-scale patterns may be generaté@ntal advection and redistribution of plankton (Fig. 2) or a
by a variety of vectorial and stochastic-vectorial processe§ownwind accumulation of chlorophyl (Fig. 3), such as
such as currents and upwelling events and by physicoobserved in Lake Geneva, may then ensue (Stauffer 1982;
chemical alterations caused by river inflows. In Lake of Teraguchi et al. 1983; Jones et al. 1995; Lacroix and
Geneva, the general spatial pattern indicated a greater accke€scher-Moutoué 1995).
mulation of macrozooplankton along the northeastern shore In Lake of Geneva, despite apparent similarities in the
and the upper-lake end of the great lake, which are inflowdistributions of the different zooplankton taxa (Fig. 2); re
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Table 6. Results of RDA and partial RDA on taxonomic vectors of total abundances constrained by matrices of environmental and spatial variables.

Environmental % of variance Spatial variables % of variance % of variance
variables retained by explained by retained by explained by explained by
Vector forward selection environmental variables forward selection  spatial variables each fraction
Crustacean zooplankton  NH 80** X 60** a: 41.7
Water temperature 1* b: 29.6
Water stability 1* c: 0.3
d: 284
Eudiaptomus gracilis NH, 84** X 53** a: 14.9
X2 20* b: 39.3
c 111
d: 34.7
Cyclops vicinus Water temperature 49** X 52* a: 21.0
b: 8.2
c: 5.8
d: 65.0
Cyclops prealpinus Water stability 34** None a: 0
NH, 39** b: 54.3
Chlorophyll a 19* c:0
d: 45.7
Daphnia hyalina Water temperature 69** None a: 0
b: 37.6
c:0
d: 62.4
Nauplii NH, 78** Y 78* a: 21.0
b: 24.4
c: 3.0
d: 51.6

Note: Significance: p = 0.05; **p = 0.01. X, longitude;Y, latitude. The percent variance explained was calculated by dividing the proportion of
variance within a vector explained by each individual variable by the total variance explained by each set (either environmental or spatied) of facto
Factor: a, nonspatially structured environmental component (local effects); b, spatially structured component (gradient effects); cpaésidual s
component; d, undetermined (nonspatial) variation.

Table 7. Results of RDA and partial RDA on vector of total abundances of trophic groups that were constrained by matrices of
environmental and spatial variables.

Environmental % of variance explained Spatial variables % of variance % of variance
variables retained by by environmental retained by explained by explained by
Vector forward selection variables forward selection spatial variables each fraction
Young herbivore% NH, 67** X 57* a: 45.5
Water stability 16* b: 20.3
Chlorophyll a 15* c: 0.1
d: 34.1
Older herbivore’s NH, 78** X 47** a: 12.8
pa 22% b: 39.3
\4 19* c: 12.9
d: 35.0
Omnivores/carnivorés NH, 80** X 60** a: 10.9
X2 25% b: 32.2
c: 20
d: 54.9

Note: Significance: p = 0.05; **p = 0.01. Abbreviations, calculations of percent variance, and factors explained in Table 6.
2Sum of abundances d@&. gracilis C1-C3, nauplii,Cyclopsspp. C1-C3, and. hyalinajuneviles.

®Sum of abundances @&. gracilis adults, C4, and C5 anB. hyalina adults.

°Sum of abundances @yclopsspp. adults, C5, and C4.
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sults from autocorrelation analyses (Table 3) suggested théd commonly observed in Lake of Geneva (Balvay et al.
spatial patterns varied among crustacean species and tropHi®85). Young herbivores may have concentrated in locations
groups, as already observed in small lakes. According tavhere phytoplankton was abundant, whereas older herbi
Malone and McQueen (1983), horizontal patchiness variesores may be less dependent on phytoplankton resources.
among zooplankton populations; diaptomids tend to form NH, concentrations seem to be a good indicator of macro
large-scale distribution patterns (type I: >1 km), whereaszooplankton aggregation during spring in Lake of Geneva.
cyclopoids exhibit small-scale patterns (type 1l: 10-1000 m).The proportion of variation explained by NHvas always

In our study, the herbivorous. gracilis, D. hyaling and the  high for the different species and trophic groups (Tables 6
nauplii presented a gradient-like pattern oriented southwesind 7). The high correlation values (range of significant val
to northeast in the great lake. By contrast, the omnivorousiies 0.39-0.63 in Table 5) between zooplankton abundances
carnivorousC. vicinusand C. prealpinuspresented a more and NH, concentrations may be explained by higher excre
patchy distribution. In Lake Créteil, a small shallow sandpittion of NH, in the northeastern great lake where macro
lake in France, cladocerans and calanoids also had similaooplankton concentrated (Esjmont-Karabin 1985). When
lake-wide spatial distributions, which were different from NH, was excluded from the RDA for the crustacean -zoo
the less structured distributions of cyclopoids (Lacroix andplankton, E. gracilis, and older herbivores vectors, there

Lescher-Moutoué 1995). were no additional explanatory variables selected, except for
water temperature and (or) water stability, and the total ex

Environmental control of the spatial distribution of plained variation decreased by 14-40%.

macrozooplankton The concentration of chlorophyd appeared to be posi

During spring, the spatial distribution of crustacean-zoo tively related to the distribution of the C2 and C3 stages of
plankton in Lake of Geneva was mainly driven by abioticC. prealpinus but not to that of the true herbivores
variables (Tables 6 and 7). The distribution of the macro E. gracilis and D. hyalina (Tables 5 and 6). It may be that
zooplankton was related mostly to water temperature, watehe distribution of both phytoplankton ari@l prealpinusC2
stability, and NH_The distribution of cyclopoids was also and C3 stages may have been influenced similarly, fer ex
related to chlorophylla biomass and bacteria abundances.ample, by wind-induced water currents, whereas other stages
Knowing that water temperature and NHoncentrations were unaffected or affected differently by wind, as shown by
were strongly correlated (Table 4), then temperature may béeraguchi et al. (1983) in a freshwater pond. Furthermore, it
a proximal control variable for macrozooplankton abun-is unclear how the abundances of old&rvicinus(Table 5)
dances during spring in Lake of Geneva, as suggested nd those of bacteria were linked. The relationship could
Gawler et al. (1988) and Sommer (1989) for alpine lakeshave been indirect if, for example, the abundances of bacte-
The direct influence of water temperature could have beetria reflected the mineralization of fecal matter excreted by
through temperature-dependent metabolism and develogopepods, as suggested by the high positive correlation be-
ment of zooplankton (Kersting 1978; McLaren and Corketttween bacterial abundances and Ntbncentrations.

1981). In large lakes, temperature and climate are thought to Fish planktivory is the most likely factor to explain

be the proximate factors controlling zooplankton abundancesffshore—inshore spatial patterns of zooplankton distribution
during spring and summer (Patalas 1969; Patalas and Salki large and small lakes (Johannsson et al. 1991; Lacroix
1992; Stockwell and Sprules 1995). If the overall distribu and Lescher-Moutoué 1995). In contrast, the absence of rela
tion of macrozooplankton was correlated with water tempertionships between fish biomass and macrozooplankton vari
ature, the distribution of each species and trophic groumbles in Lake of Geneva may suggest that fish predation
responded in different ways. The effect of water temperatureoes not affect to any great extent the spatial distribution of
was overall stronger on calanoid€.( gracilis) than on  crustacean zooplankton during the spring in this large lake.
cyclopoids and daphnids (Table 5). This difference in crustaThis seems to concur with observations that, at the time of
cean responses to temperature may be due to the differesampling, predation by. rutilus the dominant species in

thermal requirements of the various taxa. Munro (1974) obLake of Geneva, was probably at its lowest because
served that postembryonic developmentEof gracilis was  R. rutilus reproduces during spring and may have been less
strongly temperature dependent, wher€asicinus a cold-  concerned with feeding than reproducing. Furthermore, in
water species (Maier 1989), was more temperature -indemid-April, aguatic insects (mainly Ephemeroptera) have an
pendent and maintained high growth rates at low temperamportant contribution to the diet of planktivorous fish

tures. (Ponton and Gerdeaux 1988). Another explanation may be

Water stability also appeared to have some influence otthat fish and macrozooplankton were sampled at different
the distribution of crustaceans, more particularly that ofscales. Macrozooplankton was sampled over a grid at 3- to
C. prealpinusand young herbivores (Tables 6 and 7). Water5-km intervals, whereas fish biomass was estimated by
stability may have kept phytoplankton in the upper warmechosounding in a succession of contiguous 10-min se
and lighted water layers by reducing vertical mixing and en quences across an 800-m transect.
hanced the growth of phytoplankton. These different-pro The unexplained spatial variation (fraction c in Tables 6
cesses may explain why concentrations of,RDd NG, and 7) was relatively small (less than 5.8%), except for the
which are nutrients essential to phytoplankton growth, weresectors E. gracilis and older herbivores (less than 10%).
low where values of water stability, water temperature, andrhis spatial component (Borcard and Legendre 1994;
chlorophyll a concentrations were high (Fig. 3; Table 4). Legendre and Legendre 1998), which is due to spatially
The simultaneous development of the spring phytoplanktostructured environmental variables or biotic factors that were
bloom and marked decreases infADd NG, concentrations not measured in this study, had little influence. Thus, we can
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conclude that the large-scale longitudinal gradient of wateBetsill, R.K., and van den Avyle, M. 1994. Spatial heterogeneity of
temperature, water stability, and Nkind the local small- reservoir zooplankton: a matter of timing? Hydrobiolog?a,7.
scale changes in chlorophyl (fractions a and b) were the  63-70.
most important factors related to the macrozooplankton disBorcard, D., and Legendre, P. 1994. Environmental control and
tribution in Lake of Geneva during the spring. However, the spatial structure in ecological communities: an example using
undetermined variation (fraction d in Tables 6 and 7) re oribatid mites (Acari, Oribatei). Environ. Ecol. Stat..37.—53.
mained relatively high (28-65%) and reflects the influenceBorcard, D., Legendre, P., and Drapeau, P. 1992. Partialling out the
of nonspatially structured (at the sampling scale) environ spatial component of ecological variation. E(_:olo@g, 1045-1055.
mental factors that were not assessed during our study. Férpenter, S.Editor). 1988. Complex interactions in lake commu
instance, small-scale spatial structures of the biotic variables Nities- Springer-Verlag, Berlin. _ _
at a smaller scale may also influence the distribution of zooCarpenter, S.R., and Kitchell, J.F. 1993. The trophic cascade in
plankton. A weaker distribution pattern was common to 'Ff‘rkeesss' ggmg:zggg 3“|‘<d'es in Ecology. Cambridge University
chlorophyll a, bacteria, cyclopoids, and nauplii as well as _ ’ . P . .
fish bigmyass, which indic)gtespthe existence I(D)f spatial strucCliford. P., Richardson, S., and Hémon, D. 1989. Assessing the
tures at scales smaller than the scale (3- to 5-km intervals) S|gn|f|c§nce gf the correlation between two spatial processes.
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