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Biomass and production of plankton in shallow and deep lakes : 
are there general patterns ? 
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Empirical models were established, which link the biomasses or productions of the successive planktonic trophic levels in lakes 
of different depth and trophic status. Published data on 56 lakes were analysed, using both least-square and reduced-major-axis 
regressions. Reduced-major-axes regression technique was used in order to take into account variability due to both bottom-up 
and top-down forces. In shallow lakes, the energy transfer efficiency between phytoplankton and zooplankton decreases with in­
creasing trophy. An inverse tendency appears in deep lakes. However, when considering only the oligo- and mesotrophic tempe­
rate lakes, the mean primary and secondary productivities per unit of area are about the same in shallow and in deep sites. On the 
other hand, shallow water bodies are characterized by a smaller mean size of the crustacean species, a lower mean biomass of 
zooplankton and a higher P z o o / B z o o ratio than deep lakes, probably as a response to the prédation by fish. While the consumers 
seem to have a strong influence on the size structure and biomass of plankton, the energy flows between the trophic levels could 
be largely controlled by bottom-up forces. 

Biomasse et production du plancton dans les lacs profonds et peu profonds : existe-t-il des règles générales ? 

Mots-clés : plancton, biomasse, production, efficience, interactions trophiques, lacs, profondeur. 

Des modèles empiriques ont été établis afin d'analyser les relations entre les biomasses et les productions de niveaux tro­
phiques successifs au sein de communautés planctoniques lacustres. Des données de la littérature, concernant 56 de lacs de pro­
fondeurs et de statuts trophiques variés, ont été collectées et analysées à l'aide de modèles de régression linéaires établis selon les 
techniques des moindres carrés et de l'axe majeur réduit. Cette dernière technique a été utilisée afin de tenir compte simultané­
ment des forces de contrôle ascendantes et descendantes au sein des réseaux trophiques. Dans les lacs peu profonds, l'efficacité 
des transferts énergétiques entre le phytoplancton et le zooplancton diminue avec le statut trophique des lacs. Une tendance in­
verse caractérise les lacs profonds. Cependant, les transferts énergétiques semblent s'effectuer avec une efficacité similaire lors­
qu'on ne prend pas en compte les lacs ultra-oligotrophes. Par ailleurs, les lacs peu profonds sont caractérisés par des microcrus­
tacés planctoniques de plus petite taille, une plus faible biomasse zooplanctonique et un rapport P ^ o / B ^ inférieur par rapport à 
ce que l'on observe dans les lacs profonds, probablement du fait d'une plus forte pression de prédation par les poissons. Alors 
que les prédateurs semblent jouer un rôle important dans le contrôle de la structure en taille et de la biomasse du plancton, les flux 
d'énergie entre niveaux trophiques successifs semblent essentiellement contrôlés par les ressources. 

1. Introduction 

Empirical predictive models on the characteristics of 
the plankton communities of lakes became increasin­
gly important in the last decades. Most of these studies 
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dealt with the biomass and production of phytoplank­
ton, in particular with the factors regulating the bio­
mass of phytoplankton as measured by chlorophyll a 
concentrations (see Dillon & Rigler 1974, McCauley 
et al. 1989, Prairie et al. 1989, Mazumder 1994, Ma-
zumder & Havens 1998). Some other papers deal with 
zooplankton biomass (see McCauley & Kalff 1981, 
Mills & Schiavone 1982, Hanson & Peters 1984, Pace 
1984, 1986, Jeppesen et al. 1997), or zooplankton pro­
duction (Brylinsky & Mann 1973, Hillbricht-Dkowska 
1977, Brylinsky 1980). Some questions remain contro-
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versial, such as the evolution of the efficiency of zoo-
planktonic production with the increase of trophy (see 
Hillbricht-Ilkowska 1977, Makarewicz & Likens 
1979, McCauley & Kalff 1981). 

Moreover, variability in food-web structure and top-
down control among lakes could have significant im­
pact on the ecological processes and on the regulation 
of the different trophic levels (see Carpenter et al. 
1985, Persson et al. 1988, Power 1992, Lacroix et al. 
1996). The relative importance of bottom-up control 
versus top-down control could partly depend upon lake 
morphometry and mixing regime. Mazumder (1994) 
demonstrated that the phosphorus-chlorophyll rela­
tionship is influenced by thermal mixing regime (with 
or without stratification) and foodweb structure (pre­
sence or absence of large-bodied Daphnid). Lake dep­
th is suspected to have a great influence on the plank­
ton communities and ecosystem functions through 
light limitation (Petersen et al. 1997), wind effect (Car­
per & Bachmann 1984), nutrient dynamics (Sonder-
gaard et al. 1992), distribution patterns of plankton (Pi-
nel-Alloul et al. 1998), and intensity of fish predation 
(Jeppesen et al. 1997). Few papers compared the bio-
mass and productivity of plankton in shallow and deep 
lakes. A total of 56 water bodies of various depths and 
trophic types were retained in the present study, for 
making such an analysis. 

2. Methods 

The characteristics of the 56 water bodies, distribu­
ted all over the northern hemisphere (except two equa­
torial lakes), were found in the literature (Annex 1). 

The range of variation and unit of the different va­
riables are given in Table 1. The geographical parame­
ters were latitude (LAT) and altitude, the morphome-
trical parameters were the mean depth ( Z m e a n ) , the 
maximal depth ( Z m a x ) and the lake area. Annual pro­
ductions (Pphyto> Pzoo> P herb a11*1 P carn) ^ m e a n b i ° -
masses ( B D n y t 0 , 

B zoo> B herb a n d B c a r n ) w e r e considered 
for phytoplankton, total zooplankton, herbivorous and 
carnivorous zooplankton. In the northern lakes, the 
productivity values are generally defined for the gro­
wing season only. These values were considered simi­
lar to the annual ones since the winter productivity is 
very low. 

Least-squares multiple regression analyses were per­
formed to determine which of the abiotic and biotic 
characteristics of the lakes are significantly related to 
the annual zooplankton production. Variables were 
transformed into their logarithms in order to straighten 
the relation and to improve the homogeneity of the er­
ror variance. Stepwise analyses were run. At each step, 
the probability level for addition or elimination of a va­
riable was p = 0.05. 

To account for a possible effect of water depth on the 
variables considered, the lakes were arbitrarily divided 
into «shallow» and «deep» categories (26 shallow 
lakes with Z m e a n < 6 m or Z m a x < 10 m, and 30 deep 
lakes with Z m e a n > 6 m and Z m a x > 10 m). The influen­
ce of depth on zooplankton biomass and production 
was evaluated by comparing the regression equations 
for each class, or by adding a dummy variable (SHAL­
LOW) in the stepwise regression analysis: SHALLOW 
= 1 if Z m e a n < 6 m or Z m a x < 10 m, and SHALLOW = 
0 if not (for details, see Tomassone et al. 1983). 

Table 1. Minimal, mean, and maximal values of the biotic and abiotic parameters which characterize the 
different lakes (n = number of water bodies for which the data were available). 

Tableau 1. Valeurs minimales, moyennes et maximales des paramètres biotiques et abiotiques caractéri­
sant les différents lacs (n = nombre de plans d'eau pour lesquels les données étaient disponibles). 

Parameter Unit n Min. Mean Max. 

Latitude 0 > 56 0°N 50°N 74° 42' N 
Altitude m 47 0 428 2 320 
Mean depth m 56 0.6 23.6 730 
Maximal depth m 56 1.5 55.4 1 620 
Area km 2 55 0.004 1092 31 500 
Phytoplankton biomass g C m - 2 30 0.022 2.10 9.60 
Phytoplankton production g C m"2 y 1 56 2.24 202 2 112 
Zooplankton biomass g Cm- 2 48 0.01 0.75 6.18 
Zooplankton production g C n r 2 y 1 53 0.04 14.20 78.20 
(P Z Oc/Pphyto)xl00 % 53 1.3 12.0 37.1 
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The productions of the successive levels of a food 
chain are subject to important natural variability. Mo­
reover, since both bottom-up and top-down forces 
control the pelagic food webs (see McQueen et al. 
1986, Carpenter 1988), these productions are likely to 
be interdependent. Thus, the model of the reduced-ma­
jor-axis was compared to the more classical least-
squares method in order to better estimate the functio­
nal relationship between the productions of two suc­
cessive trophic levels. The least-squares method is to­
tally justified when a dependent variable Y can be ex­
pressed as a function of an independent variable X, 
which is known without error. The regression of Y on 
X minimizes the sum of the squared differences bet­
ween the estimated and observed Y values. When both 
X and Y can be considered as interdependent and are 
subject to inherent variability, there is no reason to mi­
nimize the residual variance of Y rather than the resi­
dual variance of X. In this case, the least-squares me­
thod underestimates the true value of the slope of the 
regression line. This underestimation can be very im­
portant when the correlation between the two variables 
is weak. Other statistical techniques, as the reduced-
major-axis analysis, are more suitable to establish the 
functional relationship between such variables (see 
Dagnelie 1973, 1975, Ricker 1973). The slope of the 
reduced-major-axis is the ratio of the standard devia­
tion of Y to the standard deviation of X, which is equi­
valent to the slope obtained with the least-squares mo­
del divided by the correlation coefficient. 

Because not all variables were available for each la­
ke, certain water bodies were used for some models but 
not all. Tests on the slopes of the least-squares and re­
duced-major-axis models were made according to Da­
gnelie (1973). The statistical analyses were carried out 
by using the SuperANOVA and Stat-View software 
packages. 

3. Results 

3.1. Phytoplankton production versus Zooplankton 
production 

Highly significant (p < 0.0001, Table 2) linear rela­
tionships exist between the logarithms of the phyto­
plankton production and the logarithms of the produc­
tions of both herbivorous Zooplankton (r 2 = 0.72) and 
total Zooplankton (r 2 = 0.68). A quadratic term, (log 
P p h y t o ) 2 , which could account for a curvilinear rela­
tionship, was not retained by the stepwise procedure. 

The slopes of the regression Unes obtained with ei­
ther the least-squares model or the reduced-major-axis 
model do not significantly differ from 1 (Mest, Table 
2). Such a result indicates that the ecological efficien­
cies, P h e r b/Pphyto and Pzoo/Pphytc-' d o n o t v a r v signifi­
cantly with the trophic status of the lakes. The mean 
efficiency of production of the Zooplankton is 0.120 ± 
0.013 S.E. (n = 53) and that of the herbivorous zoo-
plankton is 0.111 ± 0.015 S.E. (n = 36). 

À highly significant negative correlation exists bet­
ween primary production and latitude (Spearman cor-

Table 2. Relationship between the logarithms of phytoplankton production and the logarithms of the pro­
ductions of herbivores or total zooplankton, expressed in.g C n r 2 y _ 1 . Equations obtained with the least 
squares model (I) or the reduced-major-axis model (II). Number of lakes (n), standard error of the slo­
pe (SEb), correlation coefficient (r) and associated probability (p). *, **, *** : the estimated slope si-
gnificantiy differs from 1 (Mest, p < 0.05, p < 0.01, and p < 0.001 respectively). 

Tableau 2. Relations entre les logarithmes de la production phytoplanctonique et les logarithmes de la pro­
duction des herbivores ou de la production totale du zooplancton (en g C nr 2 an - 1)' Les équations sont 
obtenues soit par la technique des moindres carrés (I), soit par la technique de l'axe majeur réduit (H). 
Nombre de lacs (n), erreur-standard sur la pente (SEb), coefficient de corrélation (r) et probabilité as­
sociée (p). *, **, *** : la pente estimée diffère significativement de 1 (Mest, p < 0.05, p < 0.01, et 
p< 0.001 respectivement). 

n Model a b SE b r p 

l o g Pherb = 
36 

: a + b log P p h y t o 

I -1.089 

H -1.428 

0.989 
1.167 

0.106 0.848 < 0.0001 

l Q g P zoo = 
53 

a + b log P p h y t 0 

I -0.731 

H -1.071 

0.824 

1.002 
0.080 0.822 < 0.0001 
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relation, r s = -0.49, n = 56, p = 0.0003). This classical 
result (Brylinsky & Mann 1973) mainly reflects varia­
tions in input of solar energy. In order to reduce the in­
terference of the climatic conditions in the relationship 
between log Pphyto 1°S P z o o ' w e considered only the 
lowland temperate lakes (latitude: 34° N to 59° N, alti­
tude < 500 m). As observed for all the water bodies, log 
Pphyto and l°g Pzoo 2 1 6 highly correlated (r 2 = 0.57, n = 
25, p < 0.0001), and the slope of the reduced-major-axis 
model (b = 1.19) does not significantly differ from 1. 

The regression equations respectively obtained for 
«shallow» and «deep» lakes differ significantly. The 
slopes of the two regression models which characteri­
ze shallow lakes are significantly < 1 (Table 3). The ef­
ficiency of secondary production in those lakes is thus 
a decreasing function of trophy. For the deep lakes, on 

the contrary, the slope of the least-square model does 
not differ from unity while the slope of the reduced-
major-axis is significantly > 1 (Table 3). Differences 
between the two categories of lakes are clearly due to a 
few ultra-oligotrophic lakes (P ph yto < 20 g C n r 2 y 1 , 
Fig. 1), while the efficiencies of production (P z o c /Pphy-
t o ) converge in deep and shallow water bodies from oli-
gotrophic to eutrophic conditions (Table 4). Depth has 
actually no significant influence on the energy transfer 
efficiency in oligotrophic or mesotrophic lakes (20 < 
Pphyto < 350). In eutrophic conditions, the PZ O (/Pphyto 
ratio seems to decrease in both shallow and deep lakes 
(Table 4). However, we could not test for a curvilinear 
relationship between the productions of phytoplankton 
and zooplankton in deep lakes, due the rarity of eutro­
phic water bodies in the data set. 

Table 3. Relationship between the logarithms of the productions of phytoplankton and total zooplankton, 
expressed in g C nr 2 y 1 , in deep and in shallow lakes. Symbols for parameters are explained in Table 2. 

Tableau 3. Relation entre les logarithmes de la production phytoplanctonique et de la production totale du 
zooplancton, exprimée en g C nr 2 an - 1' dans les lacs profonds et peu profonds. Mêmes symboles que 
dans le Tableau 2. 

Table 4. Evolution of the mean Pzoc/Pphyto r a t i ° according to the trophic status and the depth of lakes. Trophic categories 
are defined from Wetzel (1975), according to the P p hyt 0 values (g C nr 2 y 1 ) : ultra-oligotrophic (P p hyt 0 < 2 u )> oligo­
trophic (20 < Pphyto < 100), mesotrophic (100 < Pphyto < 350), eutrophic (Pphyto ^ 350). n represents the number of wa­
ter bodies in each category. SE represents the standard error ot the mean. 

Tableau 4. Evolution du rapport moyen Pzoo/Pphyto e n relation avec le statut trophique et la profondeur des lacs. Les ca­
tégories trophiques sont celles établies par Wetzel (1975) à partir des valeurs de la production phytoplanctonique Pphyto 

(g C m- 2 an-1) : ultra-oligotrophe (Ppbyto < 20), oligotrophe (20 < P p h y t 0 < 100), mesotrophe (100 < P p h y t 0 < 350), eu-
trophe 0?phyto - 350). n : nombre de plans d'eau pour chaque catégorie. SE : erreur standard de la moyenne. 

Trophic category 
Shallow lakes Deep lakes 

Trophic category 
n Pzoo/Pphyto * SE n Pzcn/Pphyto ± SE 

Ultra-oligotrophic 3 0.297 ± 0.044 7 0.172 ± 0.054 
Oligotrophic 5 0.107 ±0.018 8 0.114 ±0.039 
Mesotrophic 12 0.093 ± 0.022 11 0.114 ±0.015 
Eutrophic 6 0.070 ± 0.031 1 0.052 

n Model a b SE b r p 

l o S P zoo = a + b log P 
26 

phyto (shallow lakes) 
I 

n 
-0.174 
-0.516 

0.561*** 
0.723** 

0.093 0.775 < 0.0001 

l o g P zoo = a + b log 
Pphyto (deep lakes) 27 I 

n 
-1.164 
-1.439 

1.073 
1.232* 

0.121 0.871 < 0.0001 
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3.2. Relationship between phytoplankton and zoo-
plankton biomasses 

A significant correlation (p - 0.038) was observed 
between the logarithms of the phytoplankton and zoo-
plankton biomasses in the 28 lakes for which such da­
ta were available (Table 5). The geographical and mor-
phometrical variables were not retained by the stepwi­
se procedure. Because of the weak correlation between 
log B p h y t o and log B z o o ( r 2 = 0.16), the slope of the 
functional regression line (reduced-major-axis) is 

considerably greater than the slope obtained with the 
least-squares model. However, both are significantly 
less than 1. This suggests that the ratio of zooplankton 
to phytoplankton biomass ( B z o o / B p n y t o ) decreases with 
increasing trophy. To verify if this actually correspon­
ded to a climatic or a morphometrical trend, we inves­
tigated the relationship between the geographical and 
morphometrical factors and the logarithms of phyto­
plankton biomass. No significant relationship was ob­
served. 

shallow lakes 

1 0 0 0 

1 0 0 -

1 0 -

0 . 1 -

0 . 0 1 

1 

deep lakes 

1 0 1 0 0 1000 
phytoplankton production 

( g C m - 2 year-1) 
T T 

ultra-oligo oligo meso eutrophic 
T T 

ultra-oligo oligo meso eutrophic 

Fig. 1. Relationship between phytoplankton production and zooplankton production in shallow and deep lakes (log-log 
scale). The fitted lines represent the reduced-major-axis. See Table 4, for the definition of trophic categories. 

Fig. 1. Relation entre la production phytoplanctonique et la production zooplanctonique dans les lacs peu profonds et les 
lacs profonds (échelle log-log). Les traits ajustés représentent les axes majeurs réduits. Voir le Tableau 4 pour la défi­
nition des catégories trophiques. 

Table 5. Relationship between the logarithms of the mean biomasses of phytoplankton and zooplankton, 
expressed in g C nr 2 . Relationship between annual productions estimated on the same data set. Sym­
bols for parameters are explained in Table 2. 

Tableau 5. Relation entre les logarithmes des biomasses moyennes du phytoplancton et du zooplancton (g 
C m - 2 ) . Relation entre les productions annuelles pour le même jeu de données. Mêmes symboles que 
dans le Tableau 2. 

n Model a b SE b r P 

28 
a + b log B p h y t o 

I 
n 

-0.229 
-0.221 

0.268*** 
0.678* 

0.122 0.395 0.0377 

log Pzoo = 
28 

a + b log P p n y t o 

I 
n 

- 0.473 
- 0.749 

0.750* 
0.887 

0.093 0.846 < 0.0001 
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In contrast with the results obtained with the whole 
data set (Table 2), the slope of the least-squares regres­
sion between log Pphyto a n d log P Z oo * s significantly 
< 1 when only the 28 lakes used to establish the rela­
tionship between planktonic biomasses are considered 
(Table 5). However, the functional regression (redu­
ced-major-axis) between the logarithms of Pphyto and 
P z o o does not significantly differ from 1 (Table 5). 
Thus, the observed reduction of the B z o o / B p h y t o ratio 
with increasing trophy is probably not accompanied by 
a similar decrease in the efficiency of secondary pro­
duction. 

3.3. Carnivorous versus herbivorous zooplankton 
Highly significant (p < 0.0001) linear relationships 

exist between the logarithms of both biomasses (r 2 = 
0.67) and productions (r 2 = 0.84) of herbivorous and 
carnivorous zooplankton (Fig. 2, Table 6). In both 

cases, the slopes of the least-squares and functional 
models do not differ significantly from unity. No signi­
ficant effect of geographical factors and lake depth was 
recorded. The P c a r n/Pherb m e a n ratio is 0.174 ± 0.027. 

3.4. Relationship between production and biomass 
of zooplankton 

The logarithms of production and biomass of total 
zooplankton are highly correlated ( r 2 = 0.67, p < 
0.0001) (Fig. 3). The logarithms of lake latitude and al­
titude were not retained in thé stepwise procedure. A 
significant positive effect of the variable SHALLOW 
is revealed by the stepwise procedure (Table 7). Ac­
cording to the equation given in Table 7, the predicted 
productivity would be about twofold higher in shallow 
lakes (SHALLOW = 1) than in deep ones (SHALLOW 
= 0), for a same value of zooplankton biomass. For bet­
ter examining the effect of depth, we compared the 

Table 6. Relationships between the logarithms of the mean biomasses (log B c a n i = a + b log B h e r t ) ) and bet­
ween the logarithms of the productions (log P c a m = a + b log Pj,ert,) of herbivorous zooplankton and car­
nivorous zooplankton. Biomasses and productions are expressed in g C nr 2 and g C nr 2 y 1 respective­
ly. Symbols for parameters are explained in Table 2. 

Tableau 6. Relations entre les logarithmes des biomasses moyennes (log B c a m = a + b log B h e r b ) et les lo­
garithmes des productions (log P c a m = a + b log Pheit) du zooplancton herbivore et carnivore. Biomas­
se et production respectivement en g C n r 2 and g C m - 2 an - 1. Mêmes symboles que dans le Tableau 2. 

n Model a b SE b r P 

log Beam = a + b log B h e r b 

26 I -0.780 0.953 0.137 0.818 < 0.0001 
n -0.693 1.165 

log Pcam = a + b log P h e r b 

31 I -0.882 1.020 0.081 0.916 < 0.0001 
n -0.956 1.114 

Table 7. Relationship between the logarithms of zooplankton production (g C nr 2 y 1 ) and the loga­
rithms of mean zooplankton biomass (g C nr2) according to lake depth (n = 48 observations) : log 
^zoo = D i log B ^ + b 2 SHALLOW+ b 3 . Variables are given by order of their entry in the stepwise 
procedure. For each variable, f-test and associated probability (p) ; coefficient of determination (r 2). 

Tableau 7. Relation entre les logarithmes de la production zooplanctonique (g C m - 2 an - 1) et les loga­
rithmes de la biomasse zooplanctonique moyenne (g C m - 2 ) en fonction de la profondeur des lacs 
(n = 48 observations) : 
log P ^ = bj log B ^ + b 2 SHALLOW+ b 3 . Les variables sont données selon leur ordre d'entrée 
dans la procédure pas à pas. f-test et probabilité associée (p) pour chaque variable ; coefficient de 
détermination (r 2). 

Variable °i SE b i 
Mest P 

log B z o o 
1.012 0.111 9.111 < 0.0001 

SHALLOW 0.260 0.114 2.291 0.0267 
Y intercept: 1.115 0.091 12.270 < 0.0001 
(r 2 = 0.674) 
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Fig. 2. Relationship between the productions of herbivorous and car­
nivorous zooplankton in shallow and deep lakes (log-log scale). 
The fitted line represents the reduced-major-axis. 

Fig. 2. Relation entre les productions du zooplancton herbivore et 
carnivore dans les lacs peu profonds et profonds (échelle log-log). 
Les traits ajustés représentent l'axe majeur réduit. 
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Fig. 3. Relationship between the biomass and the production of zoo­
plankton in shallow and deep lakes (log-log scale). 

Fig. 3. Relation entre la biomasse et la production du zooplancton 
dans les lacs peu profonds et profonds (échelle log-log) 

zooplanktonic biomasses and productions of the «shal-
low» and «deep» lowland lakes situated between 34° N 
and 59° N, in order to control for the variability related 
to solar energy input. The zooplankton production is 
on average very similar in the two categories of lakes 
but the mean biomass tends to be lower in shallow 
lakes (Table 8). Thus, a significantly higher P z o o / B z o o 

ratio in shallow lakes seems to be essentially linked to 
a lower mean biomass and not to a higher production 
of zooplankton. 

Specific P/B values are known to increase with de­
creasing body-size of zooplankton (Waters 1977, 
Downing 1984). Mean size of crustacean species was 
roughly estimated on the basis of the known taxono-
mic compositions of the different lake communities. 
The mean body-length of crustacean species is signifi­
cantly smaller in shallow lakes (Table 8). 

4. Discussion 

Persson et al. (1988) questioned the use of a simple 
regression approach to analyse the interactions bet­
ween different trophic levels of a food web. They ar­
gued that, although the biomass of the different trophic 
levels is significantly related to the nutrient loading, 
substantial variance remains unexplained. They added 
that «both the number of trophic levels in the system 
and the position of the level in relation to the top one 

must be considered» (see also Oksanen et al. 1981). 
We agree with these considerations. However, in our 
view, log-log regressions can reveal interesting infor­
mations on the general trends which characterize ener­
gy transfers between trophic levels and on some of the 
underlying processes. The highly significant relation­
ships that we found between the productions of the 
successive levels of the planktonic food webs streng­
then our opinion. Moreover, using statistical tech­
niques like reduced-major-axis regression helped to 
better integrate both bottom-up and top-down forces. 
The use of more widespread least-square regression 
could indeed lead in some cases to misleading conclu­
sions (see Table 3). 

The variations in the energy transfer efficiency with 
increasing trophy have long been debated. According 
to Cushing (1970), the Pzcx/Pphyto r a t i o increases with 
the phytoplankton production in marine upwelling 
areas of the Pacific Ocean (P phy t 0 < 0.5 g C n r 2 d"1). 
Hillbricht-Ilkowska (1977) observed that the lowest 
values of producti6n efficiency for herbivorous zoo­
plankton were obtained in ultra-oligotrophic or eutro-
phic water bodies. She suggested that the predominan­
ce of nanoplankton in oligo-mesotrophic lakes allows 
a high efficiency of consumption and production by 
the herbivores while the greater importance of the «de-
tritus food chain» in eutrophic waters would reduce the 
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Table 8. Mean characteristics of lowland temperate or continental lakes according to depth. SEm: standard 
error of the mean; n : number of lakes. Differences between categories were tested by bilateral non pa­
rametric Wilcoxon tests (* : p < 0.05 ; (*) : 0.05 <p< 0.10). 

Tableau 8. Caractéristiques moyennes des lacs de basse altitude tempérés ou continentaux en fonction de 
la profondeur.SEm : erreur standard sur la moyenne ; n : nombre de lacs. Les différences entre 
les catégories ont été testées par le test bilatéral non paramétrique de Wilcoxon (* : p < 0.05; (*) : 
0.05 <p< 0.10). 

Parameter Unit Mean ± SEm n Mean ± SEm n 
in shallow lakes in deep lakes 

Bphyto g c m 
B z o o (*> g C m 
Pphyto g C m 

Pzoo g C m 

Pzoc/Pphyto 
Pzoc/Bzoo 
Body length um 
of Crustacea 

I"2 2.49 ± 0.92 10 2.58 ± 0.62 6 
1-2 0.71 ± 0.15 13 1.78 ± 0.61 10 
1-2 y-1 205 ± 37 14 177 ± 26 13 
1-2 y-1 19.1 ±5.5 14 20.5 ± 4.9 11 

0.100 ±0.020 14 0.112 ± 0.015 11 
28.4 ± 4.7 13 15.7 ± 2.6 10 
1190± 100 11 1712± 175 6 

feeding on phytoplankton. On the opposite, Makare-
wicz and Likens (1979) suggested a positive effect of 
this «detritus food chain» on the zooplankton produc­
tion efficiency (11 lakes with P phyt 0 ^ 200 g C n r 2 y _ 1 ) . 
However, McCauley and Kalff (1981) made a new ana­
lysis on the same set of data and refuted Makarewicz 
and Likens' results: the regression coefficient of the 
equation actually indicates that the P z o o /Pphyto r a t i ° 
decreases with increasing trophy. They proposed that 
the reduction in the proportion of nanoplankton with 
increasing trophy could account for such a decrease in 
ratio. We did not observe any significant relationship 
between zooplankton ecological efficiency and lake 
trophy when considering the total set of data. However, 
when «deep» and «shallow» lakes were considered se­
parately, contrasting results appeared. Several factors 
could explain the observed discrepancy between the 
two categories of water bodies. 

In ultra-oligotrophic deep lakes, the abundance of al­
gae could be frequently lower than the threshold food 
concentration for zooplankton, adversely affecting its 
growth and reproduction. In such conditions, zoo­
plankton would have only a weak impact on phyto­
plankton (Carney 1990, Carney & Elser 1990, Elser & 
Goldman 1991), and the energy transfer efficiency bet­
ween producers and consumers would be low. In ac­
cordance with the 'intermediate trophic state hypothe­
sis' (Carney 1990, Carney & Elser 1990, see also Mc­
Queen et al. 1986), this phenomenon should become 
less important with increasing trophy and this might 
explain the slope b of > 1. Deep eutrophic water bodies 
are rather uncommon (Tilzer 1990). As our data set in­
cluded only one deep eutrophic lake (with a low 

P z o o / P p h v t o ratio), we could not confirm statistically 
the existence of a decline in zooplankton ecological ef­
ficiency at the end of the trophic gradient. 

On the other hand, a higher algal concentration per 
unit of volume could allow a better growth rate of zoo­
plankton and a higher PZ O (/Pphyto r a t i ° m shallow and 
very oligotrophic lakes than in deep and very oligotro-
phic ones. Moreover, periphyton, phytobenthos and 
detritus could play and important role as alternative 
food sources for zooplankton in shallow lakes. With 
increasing trophy, many shallow lakes switch to a mo­
re turbid state with high concentration of phytoplank­
ton (Timms & Moss 1984, Scheffer 1998). The role of 
other alternative food sources, and thus the P z o o/P phyto 
ratio, should decrease. In eutrophic lakes, the decrease 
of the share of edible algae could explain the very low 
efficiency (McCauley & Kalff 1981, McQueen et al. 
1986, Benndorf 1995). 

Due to their different slopes, the regression lines 
which characterize the shallow and deep water bodies 
converge with increasing primary productivity, and the 
mean efficiencies of production (P z o o/Pphyto x100) ^ 
very comparable for all lakes ranging from oligotrophy 
to mesotrophy. The mean efficiencies estimated from 
our set of data - 10.9 % for the herbivorous zooplank­
ton and 11.5% for the total zooplankton - are somew­
hat lower than that of 13.7 % estimated by Brylinsky 
and Mann (1973) and 12.4 % by Morgan (1980). 

Unlike Hillbricht-Ilkowska (1977), we did not find 
any significant variation of the efficiency of production 
of carnivorous zooplankton along a trophic gradient. 
The mean energy transfer efficiency (17.4 %) is com-
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parable with that given by Hillbricht-Hkowska (1977) 
and by Morgan (1980) , respectively 20.7 % and 
18.5 %. 

We had not enough data to analyse the effects of 
depth on the relationship between biomasses at first 
and second trophic level. Globally, the regression coef­
ficient b of < 1 between log B p h y t 0 and log B z o o is in ac­
cordance with the results of many authors (McCauley 
& Kalff 1981, Mills & Schiavone 1982, Hanson & Pe­
ters 1984, Pace 1984). However, our results do not sup­
port strongly the causal hypothesis of a decrease in al­
gal edibility proposed by McCauley and Kalff (1981) 
(see also Benndorf 1995), since no parallel decrease in 
the production efficiency was observed for the same set 
of data. A shift towards smaller zooplankton (Taylor 
1984) and larger phytoplankton (Watson & Kalff 1981, 
Taylor 1984) with increasing trophy could explain this 
pattern. An increase of prédation pressure by planktivo-
rous fish with potential productivity seems to be the 
more convincing hypothesis. We could not find suffi­
cient information on fish abundance or biomass for the 
present set of lakes. Thus, we did not analyse directly 
the effect of fish on plankton biomass and production. 
However, several recent studies have demonstrated that 
fish biomass and density per unit of lake area increase 
with increasing trophy (Hanson & Leggett 1982, Dow­
ning et al. 1990, Jeppesen et al. 1997), while the per­
centage contribution of carnivorous fish decreases 
(Persson et al. 1988, Jeppesen et al. 1997). At the same 
time, prédation pressure on zooplankton increases, as 
indicated by a reduction in the zooplankton:phyto­
plankton biomass ratio (Jeppesen et al. 1997). 

Several studies strongly suggest that fish prédation 
pressure on zooplankton is greater in shallow lakes 
than in deep lakes (see Sprules 1980, Timms & Moss 
1984, Lescher-Moutoué et al. 1985, Lacroix et al. 
1989, Jeppesen et al. 1997). Jeppesen et al. (1997) pro­
posed that for a given concentration of total phospho­
rus the biomass of fish per unit area is independent of 
depth, which means that biomass per volume reduces 
proportionately with mean depth. Our analyses on the 
discrepancies between shallow and deep lakes are in 
total accordance with the hypothesis of a stronger top-
down control by fish in shallow ones. We observed in­
deed smaller mean sizes of crustacean species, lower 
mean biomasses and higher P/B values of zooplankton 
in the shallow water bodies. Despite these clear diffe­
rences, mean primary and secondary productivities per 
unit of area, as well as production efficiency appeared 
to be very similar in the shallow and deep lakes used 
for this analysis. This seems to indicate that great dif­
ferences in the plankton community structure have not 

necessarily dramatic consequences in the global ener­
gy transfers between the successive levels of the plank-
tonic food webs and that higher P/B values of zoo­
plankton might partly compensate for lower standing 
crops per unit of area. 

Thus, while the consumers seem to have a strong in­
fluence on the size structure and biomass of plankton, 
our results suggest that the energy flows between the 
trophic levels could be mainly controlled by bottom-up 
forces. To our knowledge, only a few comparative 
(Jeppesen et al. 1997) and experimental studies (Perm 
et al. 1996, Proulx et al. 1996, Bertolo et al. accepted) 
have assessed the interaction effects between fish and 
depth on plankton features and ecosystem function. 
Specific experiments and comparative approaches 
should be designed for better understanding the relati­
ve importance of top-down and bottom-up processes 
according to lake depth. 
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Annex 1 : Studied lakes and literature sources. 

Annexe 1 : Liste des lacs pris en compte et références. 

- Batorin, Bolshoy Kharbey, Chedenjarvi, Clear Lake, Lake n°239, 
Dalnee, Drivyaty, Vorderer Finstertaler See, Flosek, Karakul, Kiev 
Reservoir, Krasnoye, Krivoye, Krugloye, Kurakhov, Loch Leven, 
Mikolajskie, Myastro, Naroch, Red Lake (USSR), Rybinsk reser­
voir, Sniardwy, Taltowisko, Warniak, Zelenetzkoye : data in Kajak 
& Hillbricht-nkowska 1972 and Le Cren & Lowe-McConnel 1980. 

- Baikal : Galazy 1984. 
- Char : Rigler 1972, Rigler et al. 1974. 
- Chester Morse : Pederson 1976. 

- Constance : Geller & Glide 1989, Tilzer et al. 1991. 
- Cr&eil: Gamier 1983, Lescher-Moutoue 1984, Lacroix 1987, un­

published data. 
- Esrom : Jonasson 1984. 
- Findley : Pederson et al. 1976. 
- George : Royal Society, African Freshwater Biological Team 1972, 

Burgis 1974. 
- Jyvasjarvi: Hakkari 1978. 
- Kojima : Mori et al. 1984. 
- Lanao : Lewis 1978. 
- Langvatn : Langeland & Reinertsen 1982, Reinertsen & Langeland 

1982. 
- Mirror Lake : Likens 1985. 
- Myvatn : Jonasson 1979. 
- Neusiedlersee : Loffler 1979. 
- Ovre Heimdalsvatn : Larsson 1978, Blakar & Jacobsen 1979. 
- Paarjarvi: Sarvala 1978. 
- Paijanne : Hakkari 1978. 
- Port-Bielh : Rey & Capblancq 1975, Capblancq & Laville 1983. 
- Sammamish : Pederson et al. 1976. 
- Severson : Comita 1972, Schindler & Comita 1972. 
- Snowflake : Anderson 1975. 
- Tchad : Carmouze et al. 1983. 
- Teardrop Pond : Anderson 1975. 
- Tjeukemeer : Beattie et al. 1972, Gulati 1975. 
- Tynwaldskie : Mikulski et al. 1975. 
- Valencia : Saunders & Lewis 1988. 
- Vechten : Gulati 1975. 
- Washington : Eggers et al. 1978. 
- Wuras Dam : Grobbelaar 1985. 
- Yunoko : Mori et al. 1984. 


