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ABSTRACT: Polymict1c lakes have a higher trophic state 
than dimictic ones, mainly because more nutrients are re
turned from the bottom sediment& to the water. Biomaee of 
phytoplankton {mainly blue-green algae) and of rotifere in
crease to the nighest phosphorus concentrations in poly
mictic .. lakee, and reach much higher v.alues · than in di
mictic ones. Regular changes of 42. indices of lake eco
system structure and functioning versus their trophic ~tate 
have been characterized. However, the scatter of values of 
ind~ces ie great, especially in the most hypertrophic lakes, 
having frequently unexpected characters for so high troph
·ic state. 
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functioning of ecosystems. 
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1. INTRODUCTION 

The paper attempts to compile the results of complox studies 
on 42 lakes1 representative for lakelands in north-eastern Poland 
(K a j a k and Z d an o w s k . i 1983). The studies include 
the characteristics of drainage basin (a a j k i e w 1 c z -
- G r a b o w s k a 1983), physical and chemical characteristics 
of lakes (z d a n o w s k i 1983a, 1983b, 1983c), phytoplankton 
(s pod n i a w s k a 1983), zooplankton and its role in phos
phorus and nitrogen,circulation (e j s m on t- K a r ab in 
1983, I< a r ab in 1983), macrobenthos {w is n i e w s k 1 

and D u s o g e 1983, S t a ~ c z y k o w s k a, J u r k 1 e
w i c z- K a r n k o w s k a and Law a n do w s k 1 1983), 
and meiobenthos (P re j s and P a p 1 n s k a 1983). In some 
dimictic lakes the processes of sedimentation have been analysed 
(G 1 i w i c z 1979). 

The aim of the present paper is a characteristic of the struc
ture and of the element·s of functioning of lake ecosystems depend
ing on the trophic state, mixis and pollution. 

Lakes differing extremely as to their trophic state were cho-

1some of the detailed papers cover a greater {maximum 46) or 
smaller number of lakes. 



Ecological characteristics of lakes 497 

sen - from mesa- to hypertrophic ones - a similar number of di
mictic and polymictic lakes. 

Material from dimictic lakes 11'/as taken in 1977, whereas from 

polymictic lakes - in 1978. Sal'ilples from each lake \Vere taken 

twice .- during spring circulation (April-May) and at the height of 
summer stagnation (~uly-August). 

All lakes examined are in the same geographical region of a 

similar landscape ~ifferentiation and character of soils. In di
vidual differences are described by B a j k 1 e w i c z - G r a
b o w s k a (1983). The lakes vary of course in the size of their 
drainage basins, character of vegetatio~al cover in that area, 
the absence or presence and also in the size of point sev~age 

sources {K a j a k and Z d a n o w s k i 1983). 
The list of lakes examined in the order of their increasing 

trophic state (on the basis of total phosphorus concentration in 
summer in the epilimnion) and chosen information on these lakes 
are given in the paper by K a j a k and Z d a n o w s k 1 (1983 ). 

Lakes within the dimictic and polymictic type have been di
vided into 3 groups, according to total phosphorus concentration 

in summer as a measure of trophic state {Table I); in dividing 
lakes into groups on one hand, the course of dependences of vari
ous parameters on phosphorus concentration (in material examined 
and in literature), on the other hand the "gaps" in phosphorus 
concentration within its range for all lakes examined have been 
taken into account. Thus following groups were distinguished: up 
to about 50 ~g P · 1-1 , about 50-100 and more than 100 ~g P • 1-1 

{there were no lakes with phosphorus concentrations in summer be
tween 44 and 53 ?9 P • 1-1 and 87-134 ~9 P • 1-1 ). Polymictic lakes 
of phosphorus concentration higher than 100 ~g • 1-1 were divided 
additionally into two groups ( < 300 and > 300 t-19 P • 1-1 ). Only in 
t\¥0 dim:ictic lakes the phosphorus concentration exceeded 300tJg·l-1 

(being 464 and 506 ~g • l-1 ) so it was pointless to distinguish a 
separate group> 300 tJ9 P ·1-1 • 

Group DI' among the trophic groups distinguished, does not 
have an equivalent in polymictic lal<es {there were no polymictic 
lakes with such low phosphorus concentration in summer), group 
DII corresponds approximately to group PI as regards the range 
and mean values of phosphorus concentrations. remaining groups 

(oiii' PII' PIII) have no equivalents- the range of phosphorus 
concentrations in group DIII is broader than in group PII• 



Table I. Concentration of Ptot an.d Ntot and their quantitative relations in spring and summer 
in trophic groups of lakes {o1 , o11 ~ DIII and P1 , PII' P111 ) within two mictic types1 (number 

of lafces in brackets) . . . .... ~ 

Trophic groups within the mictic types of lakes 
• 

• Parameters dimictic lakes ·polymictic lakes 
{s) 

Ptot in ~ummer 36.3 70.2 284.0 78.8 169.5 508.4 
(J9 . 1-1 20-44 59-87 13·7-506 53-92 134-285 

• 321-940 

Ptot spring 37.5 82.0 437.7 48.7 116.1 312.8 -1 }J9 • 1 20-62 39-131 58-899 27-66 58-212 74-823 

in summer 1.1 1.1 1.0 1.7 1.7 2.4 
in spring 0.6-1.9 0 • 7-1 • 7 0 • 5-2 • 4 1.2-2.7 0.7-2.8 1.1-4.8 

in summer 1.3 ·1.4 2.0 1.4 '
.... 
2.0 2.9 

1-1 1.0-1.7 1.0-2.0 1.4-2.7 0.6-1.7 1.1-3.3 1.8-3.8 , 

. Ntot in spring 1.1 1.9 ·1.8 1.8 . 1.7 2.0 
1-1 ,. mg 0.6-2.1 0.8-3.9 1.1-2.7 1.0-3 .,1 o .7-2 .a 1.8-2.5 

Ntot in summer . 1.3 0.9 1.2 0.9 1.2 1.4 
Ntot in spring 0.7-2.1 0.4-1.6 1.0-1.6 0.4-1.2 0.6-2.0 1.0-2.1 

Ntot in summer 37.9 21.7 a.o 17.2 12.1 6.0 
Ptot in summer 22-62 16-33 5-11 12-22 7-23 3-8 

Ntot in spring 32.9 25.0 7.7 39.0 . 18.9 11.6 
Ptot in spring 14-71 8-36 3-12 20-64 8-35 3-25 

1Here and in other tables the values of indices being ratios of some values are the means 
a1 an 

of quotients 
b1 

+ ••• b : n' thus allowing to give the range of index fluctuations, and not 
n a1 + ••• s 

the quotient of mean values - n 
• b1 + ••• bn 
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Together with .the increase in concentrations of phosphorus and 
nitrogen in the epilimnion the · values of other factors also in
crease, namely: conductivity, Ca,· Na, 1<, ~co3 , oxidability (z d a-
no~ ski 1983a). · -

. Ext~rnal loads of phosphorus reaching the lakes are discussed 
in the paper by K a j ~ k . and Z d an o w s k 1 (1983). Here, 
dependences on mixis and trophic state, apart f~om the soun:esand 
causes of the latter, are the main object. · A detailed environ
mental characteristic of these lakes and the discussion of cur
rent problems concerning eutrophication are given by Z d a n o w-
• k i (1982, 1983a). 

2. DEPENDENCE OF TROPHIC STATE 
ON THE MICTIC TYPE OF LAKES 

·2.1. Total phosphorus and total nitrogen in surface water 

Concentration of total phosphorus in the epilimnion in spring 
and in summer shows a strong positive correlation in both mictic 
typ~s of lakes (Fig. 1). B~t the ratio of total phosphorus con
centration in the epilimnion during summer stagnation to that 
during spring circulation in dimictic lakes is usually lower than 
in polymictic lakes (having a decreasing tendency with the in
creasing trophic state in dimictic lakes, whereas in case of poly-
mictic lakes there was an increasing tendency) {Table I). This ·re-

r =0.91'9(0.05) 
I 

~ 
I I 
~ 600 I 
~ I + • r=0.935(0.05J ~ JOO 
~ 

I • '+ ~ 400 7 I 
• 

+ I ~ 300 I + 
.~ 4 --.; 200 
~ • 
~ 100 

100 200 JOO 400· 500 600 lOO 800 900 
Ptot in spring ( pg ·1-1) 

Fig. 1. Relationship between the total phosphorus concentration in 
the epilimnion in spring and in summer. in dimictic {dots and 
full line) and polymiotic lakes (crosses and broken l~ne) 
Correlation coefficients are given by regression curves, the lev-

el of significance in brackets 

https://0.91'9(0.05
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gularity is more distinct when calculating this coefficient as a 
ratio of the sum of total phosphorus concentrations in lakes of a 
given trophic group in summer to .the sum of spring cbncentrations 
being for consecutive groups of dimictic lakes 1.1, 0.9 and 0.7. 

Thus, the greater the fertility of dimictic lakes the greater part 
of phosphorus resources gets · out of circulation in the ep~limnion 
till summer stagnation. 

Absolute values of phosphorus ~oncentration in spring are much 
. 

higher in dimictic lakes than in polymictic ones of a · similar 
trophic state in summer {Table I, group DII and PI). This is 
undoubtedly due to the fact that surface waters of dimictic lafces 
are enriched during the spring circulation with phosphorus, which 
had cumulated in the hypolimnion during the winter. But this phos
phorus, in its large part. gets out of the epilimnion in the per
iod preceding summer stagnation. 

The ratio of nitrogen to phosphorus coDcentration in the epi
limnion of both mictic types of lakes decreases with the increas
ing trophic state in spring and in summer {Table I). The ratio of 
total nitrogen concentration in summer to that in winter does not 
depend on the trophic state of dimictic lalcas, but shows an anal
ogous dependence as in the case of phosphorus, i.e., an increase 
with the inc~easing trophic state of polymictic lakes (Table I). 

2.2. Phosphorus and nitrogen in bottom sediments . 
and the transfer of these elements to surface water 

Higher concentrations of nitrogen and phosphorus, in summer 

than in spring, . in epilimnion of polymictic lakes, are undoubt~ 

edly due to greater amount of nutrients, and especially phospho-
rus, provided by bottom sediments and their interstitial waters 
due to wave motion. Fertility, especially in these lakes, depend~ 
not only on the load from the drainage basin, but also on the in
ternal load, mainly from bottom sediments, due to a number of 
factors, including the intensity of wave motion. Such dependence 
has been already observed by P a t a 1 a s (1960), and lately 
by R y d 1 n g and F o r s b e r g (1976). The other aspect 
of this dependence - the significance of the percentage of the 
bottom in the mixed zone of the lake for its trophic state - has 

been confirmed by F e e {1979). 



Table II. The ratio of phosphorus concentration in bottom sediments in spring and in summer, in 
water and in bottom sediments in summer, in trophic groups of lakes 

5-12 lakes in particular groups, altogether 37 lakes (ace. to data of z d a n o w s k i 1983a, 

1983b) 
m 
(') 

0 
1-' Ptot Ptot • 0 

in the epilimnion in bottom sediments2 <C ,.,. 
in summer per cent d. wt 0 Groups of lakes c • • b a • • c. 100 m 
tJ9 • 1-1 spring summer ...... 

a b c 0 
:r , Q) 

46.4 0.46 - 0.40 0.91 1.72 m 
OI + 0 20-87 0.21-1.28 0.15-1.11 0.54-1.46 0.23-4.87 0 II rt Dimictic1 

m 284.0 0.43 0.45 1.12 7.48 , 
0 137-506 0.22-0.89 0.18-0.93 0.75-1.54 3-.65-14 .as .... III (/) ,.,. ..,. 

78.8 0.20 0.17 0.85 5.06 (') 

PI 53-9~ 0.12-0.25 0.12-0.23 0.60-1.04 2.3Q-6.17 
(J) 

. • - 0 
169.9 0.28 0.24 0.92 7.42 -+-

Polymictic 134-285 0.15-0.47 0.-15-0.33 0.69-1.53 4.90-10.66 ~ PII m 
508.4 0.37 0.39 1.27 'A 14.91 • Q) 

321-940 0.18-0.58 0.14-0.57 0.48-3.17 7.37-25.50 . 
PIII en . 

• 

1Group o and o are taken together because of a small numbe~ of lakes. 2
In the surface 1 11 

2 cm layer. 

https://7.37-25.50
https://0.48-3.17
https://0.14-0.57
https://0.18-0.58
https://4.90-10.66
https://0.69-1.53
https://0.-15-0.33
https://0.15-0.47
https://2.3Q-6.17
https://0.60-1.04
https://0.12-0.23
https://0.12-0.25
https://0.75-1.54
https://0.18-0.93
https://0.22-0.89
https://0.23-4.87
https://0.54-1.46
https://0.15-1.11
https://0.21-1.28
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The ratio of phosphorus concentration in summer to that in 

spring (Table I) shows that the phosphorus load from bottom sedi

ments in polymictic lakes increases with the trophic state, which 

is undoubtedly due to the simultaneously increasing phosphorus 

content in bottom sediments of these lakes {Table II). There were 
• 

very few exceptions from this rule, i.e., polymictic la~es of a 

summer/s~ring phosphorus concentration in the epilimnion below1~0. 

Within dimictic lakes (which essentially had the opposite regu-
. 

larity - lower or similar epilimnetic Ptot concentration in. sum

mer than in · spring) the exceptions are quite numerous {Table · r ·). 
· In both mictic types of lakes analysed the phosphorus content 

in bottom sediments in summer, and the ratio of phosphorus con-

centratioh in epili~nion to that in bottom sediments in summa r, 

increase significantly with the increasing trophic state (Table 

II). Thus, phosphorus concentration in lake epilimnion increases 
• 

together with increase of the trophic state at a higher rate than 

its concentration in bottom sediments. One must, however, remem-
• . 

bar that the majority of phosphorus resources in the lake are cu-

mulated in bottom sediments (1< a j a k ·1978, 1979-, 1981 ). 

The phosphorus content in bottom sediments of . dimictic . lakes 

is on the average higher than in s~diments of polymictic lakes 

(Table II). This would point to better defence mechanisms against 

eutrophication - more phosphorus leaves the surface waters for 

bottom sediments in dimictic lakes than in polymictic tines (which 

is correct, assuming that sediment samples taken at maximal depth 

of the lake are representative for .sediments in the .whole lake) • 
. 

High phosphorus concentrations are recorded in bottom sediment& 

of lakes of both low and very high trophic state (Table II, 

z d a n owe k 1 1983b). In the former, it is probably due to 

effective transfer of phosphorus from tKe epilimnion to bottom 

sediments, where it remains. 
In surface sediment layers of less fertile lakes of both 

mictic types there is slightly less phosphorus in summer than in 

spring (probably more goes into the wat·e r), whereas in the most 

fertile lakes there is more phosphorus in sediments in summer {Ta

ble II). However, this defence mechanism against excessive fer

tility of surface waters in summer (by means of phosphorus t .rans

fer to bottom sediments) is weak as the differences in concen

trations in bottom sediments in spring and in summer are slight. . . 
This fact (that differences are small) may, however, be due to 
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. 
other mechanisms·; for example, nothing is known about possible 

phosphorus movements within the bottom se·diments. 

The main mechanisms of the transfer of phoephoru• from bottom 
sedimente to water in both miotic types of lakes differ: in di
mictic lakes phosphates are released mostly chemically under oxy
gen deficit, in polymictic lakes the phosphorus is released main
ly by decomposit~on of organic matter. This is proved .bY the fact 

. that between spring and 
. 

summer in bottom sediments of dimictic 
lakes mainly . the amount of miner~l phosphorus, whereas in poly-· 

· mictic lakes - of ~rganic phosphorus decreases (z d a n o w s k i 

1983b). In dimictic lakes the phosphorus from bottom deposits 
. 

reaches the surface layers duriRg .the circulation, but a con-
• 

siderable part of this 
• 

phosphorus sediments soon, thus getting 
out of circulation in epilimriion for the whole p~riod of summer 
stagnation, i.e., the most important period considering the water 

• 

purity. In · polym1ctic lakes high phosphorus concentrations in su~ 
face water layere are maintained or increased by constani supply 
of phosphorus from bottom sediments which is especially intensive 
in summer. The bottom fauna is also significant in the phosphorus 
transfer from bottom eedimente to water {G r a n e 1 1 1979, 
R. J. Wisnieweki ~ unpublished data). In polymictic lakes it is 
usually more abundant per surface area unit (w i s n i e w s k 1 
and o u a o g e 1983), but first of all it. is more active (due 
to higher temperature and be~ter oxygen conditions), on the en-

. tire bottom surface area, otherwise than in dimictic lal<es. 

3. THE PERCENTAGE OF VARIOUS FORMS 
OF PHOSPHORUS AND THE OXIDABILITY IN SURFACE WATER 

. 
The concentration and percentage of phosphate phosphorus in 

Ptot depend distinctly on the trophic state: the percent~ge in
creases with the trophic state {measured by Ptot) in both mictic 
types of lakes. Thus the p~rcentage . of the complementary compo
nent, namely organic phosphorus {sestonic and dissolved), and also 
the percentage of dissolved organic phosphorus in the total phos• 
phorus concentration, decrease with the increasing trophic state. 
But the percentage of seetonic organic phosphorus concentration 
in the total phosphorus concentration increases together with the 
trophic state {undoubtedly due to increasing phytoplankton abun-



Table III. Percentage of various forms of phosphorus and oxidability in the epilimnion of lakes 
of different trophic state in summer (data ace. to Z d a n o w s k i 1982) 

Trophic !roups % P tot % P org 
Mictic type of lakes ace. Oxidability of lakes -1 Ptot Pd. Pd. 

to Ptot pg·l P04-P l.SS P part ~ss Ppart 
mg o2 • 1-1 

. org org org org org 

36 9.4 31 69 42 27 60 40 N 20-44 6.4-12.8 a. 
91 .... N 

Dimictic 11.2 29 71 20 51 29 71 (/j 59-147 9.~-16.0 };.a 

326 . m 
~ 13.4 45 55 11 44 20 80 175-506 9.9-19.9 

. 

79 12.5 34 66 30 36 44 56 54-92 8.0-20.5 
169 . 

. 17.5 37 63 17 46 26 74 Polymictic 134-285 
• 

9.9-27.8 
526 18.9 67 33 14 20 39 61 321-940 . 16.2-22.7 

~he division used by Z d a n o w s k i {1982) • 

• 
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dance) up to relatively high concentration of Ptot' and decreases 

only at maximum Ptot concentrations for each mictic type. The same 

regularity stands for the percentage of sestonic organic phospho

rus in the total organic phosphorus concentration {Table ·III). 

The oxidability increases consequently with the increasing 

trophic state, but much slower {maximum value is only 3.5 times 

higher than the minimum) than the phosphorus concentration and 
· many other indices.(Table III). 

4o OEPENOENCES OF VARIOUS ENVIRONMENTAL 
. 

AND BIOCENOTIC PARA1'1ETERS ON THE TROPHIC ST·ATE AND MIXIS 

4.1. Environmental indices and phytoplankton 
. 

The Secchi disc visibility[expressed also for the purpose of 

better comparison by C a r 1 s o n ' s {1977) index of t rophi·c 

stat~, phytoplankton biomass and chlorophyll concentration (r = 
= 0.867 and 0.770) show high positive correlation to the conc.en

summer . t ration of total phosphorus in the epilimnion in (Figs. 2, 

3, Table IV). This relationship, for the above ment~oned trophic 

state .indices (especially for phytoplankton biomass and chloro~ 

phyll ), is much more distinct ·for lower · phosphorus concentrations 

- up to about 90, and then a~ou~ 170 pg Ptot • 1-1 (Figs. 2-4, 

Table IV); as the phosphorus concentration increases its effect 

becomes less limiting for the three above-mentioned parameters. 

80 .. 
+ 

+ r= 0.484(0.05) 
++ + ...J----------

+ __.,. ---- r= 0.758(0.05) • + 
,.+----

+• _,.,. + • ¥+.__., + 

/ •+ :.r • + 
• • 

• 

.JO 
400 · soorf4o 0 100 !00 300 

Ptot in summer r pg·t-t) 

Fig. 2. Relationship between car 1 so n 1 s · (1977 trophic 
state index (TSI) based on Secchi disc visibility (so and total 

phosphorus concentration in the epilimnion in summer 
Explanations as for Figure 1 

https://0.758(0.05
https://0.484(0.05
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+ 

r=0.52Jraos) 

• 
I 100 200 JOO 400 500 

Ptnt in summer {pg· ;-t) 

Fig. 3. Relationship between phytoplankton biomasa and total 
phosphorus concentration in the epilimnion in summer 

Apart from relationships for the entire material relationships 
for lower ranges of trophic state (indicated by a vertical broken 

lines) are also shown. Other explanations as for Figure 1 

+ 15.5 
+ 

3.8 + ~ 

§ 
~ J + 
t.;) 

6 
·~ 
~ 
c..... 5 
~~ 
• ....._ I , ......... 4 
~· r=0.8J.Jf0.05) 
''::i 3 • ~·~ 
(')<-) 

2 ~~ + + ~~ 1 ::::;'-...: 
~ 

0 100 200 900 400 
Ptot in summer (J.J!l· ;-t) 

Fig. 4. Relationship between the number· of rotifere and total 
phosphorus concentration in the ep1limnion in summer 

Explanations as for Figure 1 . 

Mean and maximal values of phytoplankt~n biomass at high phos
phorus concentrations are nevertheless much higher in polymictic 
lakes than in dimictic ones. In the former, the phytoplankton bio
mass increases with phosphorus concentrations to its highest val-

• 

ues, in the latter, it remains on a similar level in groups of 
mean and the highest fertility (Table IV). One may think that be-
sides the main nutrients, which at a high trophic state do not 

. 
affect the phytoplankton biomass~ there are perhaps other eigni
ficant substances {microelements, vitamins, etc.) provided by bot
to~ sediments and occurring more abundantly in polymictic lakes. 

than in dimictic ones. 

https://r=0.8J.Jf0.05
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Despite a general regularity concerning the parameters dis
cussed and their strong ~ositive correlation, there is a consid
erable scatter of definite data for particular lalces at approxi
mate values of total phosphorus. This scatter is especially great 
for data on phytoplankton - very low values besides very 

. 
high 

onee at high conc~ntrations of total phosphorus in hypertrophic 
lakes (Table IV)~ . 

The ratio of concentration of total nitrogen to total ph os
phorus in the epilimnion of both mictic types of lakes in summer . 

and in spring decreases as t.he trophic state increases (r = 
. 

= -0.959 and -0.819 in summer; -0.808 and -0.816 in spring). In 
groups· hav~ng the highest trophic state its values are below 10.0 
(Table I). This shows that in these lakes nitrogen, not phospho
rus, may at certain· periods decide (limit) ~he phytoplank~on pr~-
duction, providing the light is not the limiting factor because . 

of the rich phytoplankton. 
In summer, the chlorophyll content in phytoplankton biomass 

shows a considerable scatter without a distinct dependence on 
• 

phosphorus concentration in both mictic types of lakes (r = 0.168 
and -o.oos). The greatest differentiation and the highest values 
are in the group of lal<es of the low~st trophic state {Table rv). 

The ratio of phytoplankton biomass to total phosphorus con
centration is treated as the ability to use {efficiency) phospho-

. 
rus by algae for the production of th~ir biomass. In summer, this 
rati~ increases distinctly with the trophic state and decreases 
again at a . very high trophic state, especially in dimictic lakes. 
In polymictic lakes, at a much higher trophic state, this index 
is much higher 

. 

than in dimictic lakes, and its decrease in rela
tion to the previous trophic group is slight. Also nitrogen util-

. 
ization by phytoplankton in summer -is greater and increases with 
the trophic state, attaining the highest values in polymictic 
lakes (Table IV). This results from the fact that in polymictic 

• 

lakes· (otherwise than in din;ictic ones) phytoplankton biomass in-
creases up to the highest phosphorus concentrations recorded. 

Only in the group of the least fertile lakes the phosphorus 
utilization for phytoplankton biomass production is similar in 

• 

spring and in summer. In remaining lakes thie utilization is 
greater in summer, but the differences between the spring and the 
summer are smaller . in polymictic lakes than in dimictic ones. 
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Table IV. Phytoplankton and its dependence on Ptot and Ntot concentration in 
• 

trophic groups of lakes 
CO 

within two mictic types (trophic groups as in Table I, number of lakes in brackets) 

Trophic groups within mictic types of lakes 
Parameters 

Phytoplankton biomass in summer, 
mg • 1-1 

Secchi disc visibility in summer, 
(m) 

Phytoplankton biomass in spring, 
mg • 1-1 . 

Phytoplaokton biomass in summer 

Ptot 

_P_h..;...y_t _o _P l_a_n_k_t_o_n_b_i_o_m_a_s_s 1 n s P ri n 9 
Ptot 

_P_hy_t o_p_l_a_n_k_t_o_n_b_i_o_m_a_s_s in summer 

Ntot 
.. Chlorophyll J..n summer, 

};J9. l-1 . 

dimictic lakes polymictic lakes 

(5) 

2.7 17.2 
. 

13.6 14.3 33.5 71.5 
0.4-7.8 6.6-29.4 4.6-29.8 1.3-27.5 9.8-68.7 1.6-121.9 • N 

. 

4.6 1.7 1.3 1.5 0.7 N 
c.. 
.... 
(I) 2.0-6.9 0.9-2.8 0.6-2.2 0.9-2.4 0.5-1.1 ..... 
m 

2.1 1.9 5.2 4.6 20.8 13.8 
~ 

0.2-4.5 0.4-3.3 0.3-14.6 1.1-10.8 3.3-59.7 3.0-33.5 
• -56.2 244.6 66.3 168.5 216.1 162.3 " 

11.2-178.299.9-402.3 9.1-17Q.LL4.5-3QS.~S5.7-437.6 3.2-290.2 

69.4 33.2 13.2 103.7 166.6 55.3 
. 

4.2-227.2 4.7-72.2 0.7-34.4 19.3-225.(39.1-338. 16.9-109.8 

2.0 14.7 6.9 9.7 19.2 26.6 
0.2-8.3 10.2-29.4 1.9-14.9 2.1-16.6 6.7-40.1 0.4-39.2 

-
6.0 18.0 51.4 17.9 65.5 115.7 

1.5-11.7 5.4-36.6 22.3-109.7 3.6-31.1 22.7-110.714.0-236.7 

Chlorophyll 5.6 1.3 4.6 1.5 ·2.1 ' 

%o in summer 
Phytoplankton biomass 1-20 0.5-2 1-9 1-3 1-4 1-9 

1 

3.0 



Chlorophyll in summer 0.16 0.25 -0.20 0.22 0.33 0.28 I · 

0.1-0.3 0.1-0.4 0.04-0.3 0.1-0.3 0.1-0.5 0.03-0.7 Ptot 
Chlorophyll in summer 5.1 15.1 12.2 37.1 43.6 . 

Ntot 1.2-11.7 4.8-20.9 5.8-18.9 15.5-62.9 3.7-92.5 

Chlorophyll in spring, 6.4 19.0 23.9 10.9 9.8 38.5 
~g • 1-1 2.9-12.6 4.6-38.0 2.1~77.6 2.9-24.0 2.5-15.8 5.9-108.4 

m 
Biomass of blue-green algae in summer 6 0.3 2.2 4.9 3.3 13.1 45.6 0 

0 

.... 
mg • 1-1 

0.01-1.4 0.3-5.7 o.3-17.8 o.o-9.4 o.1-21.o o.o-110.2 (Q 
0 

.... 
Biomass of blue-green algae % in summer 18.0 17.2 29.0 18.5 36.7 43.9 m 

0 

..... 
Phytoplankton biomass 0.01-62 0.9-44 2.0-66 o.o-42 0.2-67 o.o-93 n 

::T 

Biomass of blue-green algae in summer 9.2 29.2 22.8 39.6 84.6 90.3 ., Q) 

m 
0.1-32.6 3.8-65.3 1.2-101.s o.0-104 • .4 o.7-201.5 o.o-262.4 Ptot 

' 

n 
rt ., CD 

Nannoplankton biomass in summer, 1.1 5.5 5.7 4.6 7.1 4.1 .... 
CD mg • 1-1 

0.1-3.3 1.4-15.6 1.8-13.6 0.5-11.1 1.4-17 .o 0.2-10.2 rt 
..... 
n Nannoplankton biomass 52.3 34.3 45.1 39.8 23.9 23.8 % in summer . 
(J) 

Phytoplankton biomass 13-90 11-78 14-93 9-86 3- 48 0.2-88 -h 
0 

..., 
Ql 
';\" 

• (I) 
(I) 
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In dimictic lakes the utilization of phosphorus by phyto
plankton in spring definitely decreases as the trophic state in
creases, in polymictic lakes it increases and then decreases (in 
the group of most fertile lakes) (Table IV). Perhaps, this dif
ference is due to varying light conditions; in deep dimictic 
lakes, already at medium fertility, the light conditions are 
a limiting factor because of a considerable depth of mixing during 
circulation, whereas in polymictic lakes the phytoplankton growth 

(and the ·utilization of phosphorus by phytoplankton) is limited 
by light only at the highest fertility and resulting from it poor 
light conditions. 

The ratio of chlorophyll con cent ration to total phosphorus 
concentration in summer shows the same regularity as the ratio of 
phytoplankton biomass to total phosphorus in summer (Table IV), 
although the differences of the first index among particular 
trophic groups are much smaller. The ratio of chlorophyll to to
tal nitrogen . (utilizati~n of nitrogen for chlorophyll production) 
increases systematically with the increase of trophic state in 

• both mictic types of lakes {Table IV). 
The biomass of blue-green algae - extremely unfavourable and 

• • 
undesirable phytoplankton ·component - distinctly increases with 

the trophic state (r = 0.565 and 0.478), attaining much higher 
. 

values in polymictic lakes. This may be caused by soma of the 
above-mentioned substances or by generally more favourable con
ditions f~r blue-gr·een algae in shallow lakes (s i r e n k o and 
G a v r i 1 e n k o 1978)~ As the trophic state increases the 
mean contribution of blue-green algae to phytoplankton biomass in
creases. The utilization of phosphorus for the production of 
blue-green algae in aumrner {ratio of blue-green algae biomass to 
Ptot concentration in .epilimnion) increases with the tr~phic 
state, but it is much higher in polymictic lakes than in dimictic 
ones (Table IV). 

Nannoplankton biomass is the lowest in the group of dimictic 
lakes having the lowest trophic state; it increases \ftJi th the 

trophic state and decreases again in lakes having a very high 

trophic state (PIII -Table IV). The contribution of nannoplank
ton to phytoplankton biomass does not show .a distinct dependence 
on the t ·rophic state, it is greatly differentiated in its entire 
range {the highest in the group of the most fertile polymictic 
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lakes), but high v~lues frequently occur at a low trophic state 
(Table IV). 

4.2. Zooplankton and benthos 

The biomass of zooplankton, a potential factor for phyto
plankton control, is relatively little differentiated {Table V). It 

~s the lowest in the group of lakes of the lowest trophic state 
(oi and P1 ) within a given mictic type {but· the · trophic state of 
group PI is much higher than of DI! ). This is ~ue to the fact that 
in some of these lakes zooplankton biomass is very lo\V, although 
in other - it approximates maximal biomass in other trophic 
groups. The same regularity applies for the biomass of non-pre-
datory zooplankton. . 

The numbers of crustaceans {Table v) are the lowest in the 
group of lakes having the lowest trophic state, whereas the 
greatest variations in numbers are in groups, where the trophic 
values are extreme (oi and PIII). The average numbers for parti
cular trophic groups are similar, the maximal being only twice 
h~gher than .the minimal one. 
1 The numbers and biomass of rotifers increase distinctly as 
the trophic state increases. At an approximate trophic state the 
numbers and biomass of rotifers are much higher in polymictic 
lakes (Fig. 4, Table V). This is probably due to greater phyto
plankton abundance (this and resuspending of bottom sedimente re
sult in greater amounts of rotifer food - detritus) in polymictic 
lakes than in dimictic ones. 

The ratio of zooplankton biomass {also of non-predato.ry zoo
plankton) to phytoplankton biomass is the highest at the lowest 
t~ophic state (group DI). This shows that zooplankton ability to 
control phytoplankton decreases as the trophic state increases. 
(This is probably connected with the increasing contribution of 
blue-green algae to phytoplankton biomass as the trophic state in-
creases). The great scatter of values of this index, both at low 
and high trophic state, shows that the trophic state is not the 
only factor deciding about the possibilities of controlling the 
phytoplankton abundance by zooplankton. The highest values of the 
index for particular lakes are reGorded in the group having the 
lowest trophic state, although in groups of the highest trophic 
state, of both mictic types, the values are sometimes also high 

(Table V). . 

https://non-predato.ry


Table v. Zooplankton and its quantitative relations with ·phytoplankton in . trophic groups of lakes with
in two mictic types (trophic groups as in Table I, number of lakes in brackets) 

Trophic groups within the mictic types of lakes 
Parameters dimictic lakes polymictic lakes 

Zooplankton biomass in summer, 3.6 4.7 4.6 3.3 5.5 5.3 
mg • 1-

1 
0.6-6.2 3.5-6.4 2.7-9.3 1.2-5.3 2.7-8.6 2.4-8.5 

Non-predatory zooplankton biomass in sufl11ler. 3.2 3.8 3 ft7 2,5 3,8 4.1 1 mg • 1- 0.6-5.8 2.6-6.0 1.7-8.7 0.7-4.4 1.7-5.5 1.0-6.8 

Predatory zooplankton biomass in summer, 0.4 . 0.9 - o.a 0.7 1.7 1.3 
mg • 1-1 o.os-o.7 0.7-1.5 0.4-1.3 0.4-1.4 1.0-4.6 0.01-1.8 

Biomass of macrofiltrators in summer, o.a 1.6 1.0 o.a 1.6 0.9 
mg • 1-1 · 0.2-2.2 o.e-2.4 0.4-1.6 0.2-1.9 o.1-3.o o.oos-2.9 

. Biomass of big Cladocera in summer, 1.9 1.6 2.1 0.7 1.2 1.9 
-1 

• mg • 1 0.1-2.8 0.3-3.3 1.7-8.4 0.1-1.6 0.03-2.3 0.05-4.0 

Biomass of rotifers in summer, 0.06 0.11 0.21 0.26 0.32 0.61 
• 

mg • 1 -1 
0.03-0.26 0.05-0.15 0.04-0.40 0.09-0.63 0.02-0.84 0.18-1.10 

-Numbers of rotifers in summer, 0.3 0.7 1.8 1.1 3.9 6.5 
thous. ind. • 1-1 

0.06-1.74 0.11-1.15 0.22-4.08 0.36-2.31 0.19-8.80 0.36-15.62 
• 

Numbers of crustaceans. 175 290 245 317 347 
. ind. • 1-1 

35-409 204-423 161-328 182-634 205-486 49-661 

309 

https://0.36-15.62
https://0.19-8.80
https://0.36-2.31
https://0.22-4.08
https://0.11-1.15
https://0.06-1.74
https://0.18-1.10
https://0.02-0.84
https://0.09-0.63
https://0.04-0.40
https://0.05-0.15
https://0.03-0.26


• 

Zoo plankton biomass 2.7 0.4 0.6 0.4 0.2 0.6 • 
~n summer . 

Phytoplankton biomass . 0.2-7.5 0.1-1.0 0.2-2.0 0.1-0.9 ·o .1-o .4 0.04-2.6 

Zooplankton biomass 5.5 1.4 1.4 1.3 1.5 9.7 in summer . 
Nannoplanktor:t biomass 0.5-13.5 0.3-3.2 0.2-3.9 0.4-2.8 0.4-3.5 0.2-42.5 

Non-predatory zooplankton biomass 2.4 0.3 o.s 0.2 0.2 0.6 
' in summer 

Phytoplankton biomass 0.2-6.3 0.1-0.9 0.1-1.9 0.1-0.6 0.1-0.3 0.02-2.6 

predatory zooplankton biomass in summer 11.6 21.5 21.7 25.2 30.5 27.2 

Zooplankton biomass 5.5-25.5 5.8-32.1 4.8-37.2 11.8-38.3 18.2-52.9 ·. 0.3-59.7 

Predatory zooplankton biomass . 0.14 0.29 0.30 0.36 0.48 0.50 
J.n summer 

Non-predatory zooplankton biomass o.o5-0.34 o.oG-0.47 o.os-0.59 o.13-0.62 0.22-1.12 o.o1-1.48 

Non-predatory ·zooplankton biomass . . 5.0 1.1 1.2 1.0 1.1 7.8 m summer 
Nannoplankton biomass 0.4-12.8 0.3-2.4 0.1-37 0.3-2.3 0.2-2.8 0.1-34.0 

https://o.o1-1.48
https://0.22-1.12
https://o.13-0.62
https://o.os-0.59
https://o.oG-0.47
https://o.o5-0.34
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The ratio of biomasa of non-predatory zoopl~nkton to nanno
plankton biomass is also high in the group of lakes of the lowest 
trophic state (o1 ), and is low at the high ~rophic state, but in 
the group of most fertile lakes (PIII)' in some cases this index 
is very high and (at a great scatter in this group) produces a 
very high arithmetical mean (Table v). .. 

The contribution of macrofiltrators to the biomass of crusta
ceans is relatively little differentiated, but on the average dis
tinctly smaller {at a broad range of values for particular lakes) 

in the group of the most fertile lakes (PIII) {Table v) • . 
The biomase of predatory zooplankton is distinctly smaller at 

a lower trophic state (especially in dimictic lakes) and increasoo 
with the trophic state; it has the greatest scatter of values in 
the group of the most fertile lakes (PIII) (Table v). Also the 
contribution of predatory zooplankton to total biomass of zoo
plankton and the ratio of predatory to non-predatory zooplankton 
are much smaller in dimictic lakes of the lowest trophic state 

{oi)' and on the average slightly higher in polymictic lakes {this 
may be due to greater numbers and biomass of rotifers). Therefore; 
at a higher trophic state, the non-predatory zooplankton is con
trolled (reduced) to .a greater extent than at a lower trophic 
state; this, apart from the effect of phosphorus and nitrogen con
centration, may additionally favour the development of phyto

plankton. 
The index of zooplankton diversity is relatively similar in 

various groups of lakes; it is lower only in the group of poly
mictic lakes of the highest trophic state; the highest value of 
the index range in this group is similar to that for other lakes, 
whereas the lowest value is exceptionally low (Table v). This may 
be due to either excessive fertility or to the fact that some 

lakes receive the toxic wastes. 
Comparison of the biomass of benthoe in the sublittoral of 

dimictic lakes and in the middle of polymictic lakes {as environ
ments of a similar depth), shows that at a moderate trophic state 
the biomass is much higher {but greatly differentiated) in poly-

mictic lakes than in dimictic ones. In groups having the highest 
trophic state (in both mict1c types), the biomass is smaller than 
at a moderate trophic state (W 1 s n 1 e w a k 1 and D u s o-

. 
g e 1983), possibly as a result of periodical oxygen deficits. 



Table VI. The rate of phosphorus and nitrogen regeneration in trophic groups of lakes (as in Table I) in the epilimnion in summer 

. . 
Ptot Ntot Rate Zoo plankton Regeneration Regeneration Ptot Ntot concentration concentration p N : p of regeneration biomass rate of rete of N m Groups! in the concentration concentration in the in summer in products 0 d-1 of lakes epilimnion cpilimnion ~g • 1-1 Zooplonkton Zooplankton Regeneration Regeneration of excretion . . 0 in summer in summer ....... 

-1 N mg • 1-1 biomass biomass rate rate p 
tJ9 • 1-1 mg · 1 

(Q 
0 

..,. . 
0 

DI (9) 36.3 1.3 7.6 25.6 3.6 2.2 7.2 5.9 74.9 3.3 m 
...... 

20-44 0.9-1.7 2.1-12.0 6.3-40.9 0.6-6.2 1.6-3.5 5.9-10.4 2.6-13.7 24.5-269.8 3.0-3.6 
0 0 
~ .... (6) 70.2 • 1.4 . 14.6 38.5 4.7 3.3 8.4 

. 
5.1 36.4 2.8 ~

0 
011 Q) 

~ 
E 59-87 1.0-1.9 9.5-18.1 29.8-46.8 3.5-6.4 1.5-4.6 5.6-10.4 3.3-7.0 28.2-48.6 2.5-3 .a , 
•ri . 0) 
0 

(7) 284.0 2.0 23.3 49.3 4.6 6.1 11.8 13.5 41.3 2.3 0 0III rt 
137-506 1.3-27 10.0-44.5 33.4-71.4 2.7-9.3 1.7-10.9 6.2-17.5 4.5-25.0 26.1-57 .o 1.6-3.6 

. , ~ 
. ...,.. 

(J) 

PI (6) 78.8 1.4 16.2 36.2 3.3 4.8 22.8 6.6 46.8 2.4 rt . ,...... 
53-92 0.6-1.7 6.7-31.6 16.4-60.5 1.2-5.3 2.2-6.9 8.8-76.4 2.9-11.1 21.8-89.4 1.9-2.9 

0 
..... 0 CD 
.... (a) 169.5 2.0 43.6 75.3 5.5 9.0 15.4 6.1 32.5 2.1 
0 PII 

..... 0 134-285 1.1-3.3 9.5-92.2 35.4-133.5 2.7-8.6 1.1-14.9 4.1-25.3 1.5-15 .o 9.7-92.1 1.5-3.7 e -h 
~ 

r-4 
0 (5) 508.4 2.9 76.5 111.0 5.3 13.7 19.9 21.0 52.8 1.9 0. PIII 

321-940 1.8-3.8 8.2-88.6 27.o-231.3 2"4-8.5 2.Q-38.0 6.4-46.5 2.2-61.5 15.4-139.3 1.2-3.3 

1Number of lakes in brackets • 

.. 
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The concentrations of phosphorus and nitrogen - the main con
ditions for phytoplankton development, depend largely on the ex-. 
cretion of these elements by zooplankton. The rate of phosphorus 
and nitrogen release by zooplankton per unit of time and water 
volume increases considerably with the trophic state in both 
mictic types of lakes (Table VI). The comparison· of extreme troph
ic groups DI and PIII shows that this increase is 1D-fold for phos
phorus and over 4-fold for nitrogen. The rate of excretion per unit 
of zooplankton biomass also increases (about 6 times for phos-
phorus and almost 3 times for nitrogen), mainly because of the 
numbers and biomass of rotifers. The N : P ratio in excretion pro-
ducts decreases (almost twice) together with the trophic state 
{Table VI). 

The ratio of phosphorus and nitrogen concentration in water 
to the rate of excretion of these elements by zooplankton, i.e., 
the number of days necessary for the excretion of pho.sphorus and 
nitrogen in amounts equal to their concentration in \¥ater, is much 
higher for phosphorus in lakes having the highest trophic state 
within a given mictic type (Diii and PIII) but the differentiation 
in group PIII is almost 30-fold, much higher than in other groups. 
For nitrogen this ratio is the highest in the group of the lo11vest 
trophic state (o1 ) (Table VI). 

5. BIOLOGICAL INDICES OF THE TROPHIC STATE 

There are many publications, where species or communities of 
species characteristic of a specific trophic state are given. 
The idea of indices has been born together with the concept of 
trophic types of lakes. However, these indices usually deal with 

• 

· lakes between ultra-oligotrophy and eutrophy. This is not so sim-
ple for the range between the advanced mesotrophy and hypertro~ 

phy, to which the lakes discussed belong. For this range of 
trophic state, practically no indices can be found in the litera-
ture. On the basis of lakes examined in the present paper the fol-

• 
lowing regularities can be indicated: 

1. Ceratium hirundinella (o. F. M.) Bergh. frequently domi-
nates in phytoplankton biomass in mesotrophic and in moderately 
eutrophic lakes; the phytoplankton biomass, and also the biomass 
of blue-green algae and its coritribution to total phytoplankton 
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increases together with the trophic state {s p o d n i e w s k a 
1983; Table IV). 

2. Three groups of species have been distinguished among ro

tifers and planktonic crustaceaAs (K a r a b i n 1983 ): {a) with 
decreasing dominance in a given taxonomic group as the trophic 

state increases, {b) with the dominance increasing together with 

the trophi~ state, (c) having no connection with the trophic state. 

Communities characteristic of lakes of a low trophic state (group 
I) are formed within the rotifer community by:· Chromatogaster ova

lis (Berg.), Conoc~ilus hippocrepis (schr.), Ascomorpha ecaudis 

Party, Gastropus stylifer Imhof, Polyarthra major Burck; within 
crustacean zooplankton by: Heterocope ~ppendiculata Sars, Bytho

trephes longimanus Leydig, Bosmina beriolensis Imhof, Daphnia cu

cullata Sars., o. cristata Sars, and o. longispina galeata Leydig. 
Communities ch~racteristic of lakes of the strong trophic state 

(II group) are formed by Keratella cochlearis f. tecta Gosse, K. 
quad rata Muller, Pompholyx sulcata Huds., Filinie longiseta 

{Ehrb.), Trichocerca pusilla (~enn.), Anuraeopsis fissa (Gosse), 

species of the genus Brachionus, and also Microdidae and Bdelloi

dae (rotifer community) and Mesocyclops leuckarti Claus, M. oitho

noides Sars, Diaphanosoma brachyurum Lievin, Chydorus sphaericus 

{Mull.), Bosmina longirostris (Mull.), a. coregoni thersites 

Baird. (crustacean community). 
Morphological changes of K. cochlearis are closely connected 

•w·i th the trophic state of the lakes (K a r . a b i n 1983 ). In 
mesotrophic lakes the ••tecta" form occurs sporadically, whereas 

in polytrophic lakes it makes 90-100).-b of biomass of 
• 

I<. cochlea ris 

population. As this species commonly occurs the morphological 

chang.es of I<. cochlea ris can be con side red as a good index of the 

trophic state of lakes. 
Two groups of organisms - Cyclopoida and Cladocera - decide 

about the character of changes in the community of Crustacea. 

THese changes are expressed by an increase in dominance {and bio-
• 

mass) of Cyclopoida and a decrease in dominance of Cladocera in 

the biomass of this community. In dimictic lakes the biomass ra

tio of Cyclopoida to Cladocera is a good index of changes in the 

structure of crustacean zooplankton during the eutrophication. 

The numbers and biomass of rotifers are positively correlated 

with the increasing trophic state, whereas this kind of relations-
• 

hip is not displayed by crustaceans. With the increasing trophic 
• 

https://chang.es
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state the individual size of rotifers and crustaceans decreases 
as wall as the number of species {K a r a b i n 1983). 

3. A good index of high .trophic state, especially in poly-
mictic lakes, is Dreissena polymorpha {Pall.)~ which does not oc
cur in environments of this type { > 100 (J9 P tot • 1-1 ) (s t a n
e z y k o w s k a, J u r k i e w i c z - I< a r n k o w s k a and 
Le wand o w s k i 1983). 

4. Among the littoral and sublittoral fauna the Mollusca can 
be used as an index of the trophic state; the number of their 
species increases to a certain trophic level, but decreases . at a 
further increase; this is also true for the numbers and biomaas 
of molluscs (s t an c z y k O · W s k a, ~ u r k i e w i . c z
- K a r n k o w s k a and Le w a n do w s k i 1983). 

5. Benthos (apart from molluscs) is not a good index of the 
trophic state; only the number of Chironomidae and Oligochaeta 
species decreases with the increase of the trophic state in all 
environments examined, but at the same trophic state is higher in 
polymictic lakes. In the profunda!, the increase of the trophic 
state is simultaneous with the increasing dominance of Chaoborus, 
but the contribution ,of Chironomidae and Oligochaeta to benthic 
biomass decreases accordingly (w i ~ n i e w s k i and D u s o-
9 e 1983 ). 

6. All above regularities of the occurrence of organisms may 
be used as indices of trophic state. They cannot, of · course, be 
applied mechanically. They should be confronted with other indi
ces, and especially with total pf1osphorus, phosphate phosphorus, 
total nitrogen and its forms, the Secchi ·disc visibility, etc. One 

should also remember that under special circumstances, e.g., 
strong hypertrophy or the presence of toxic substances, untypical 
species may occur (quit.e frequently single species occur) and they 
cannot be treated as indicators of trophic state. This applies 
both for phyto- and zooplankton. These circumstances require an 
especially thorough analysis. 

6. GENERALIZATION OF RESULTS 

The polymictic lakes examined have in summer on the average a 
higher trophic state {measured by the concentration of total phos-, 

phorue in epilimnion, or by other indices such as Secchi disc vis-
ibility, chlorophyll concentration, etc.) than dimictic lakes (Ta

bles I , IV, V ) • 
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· This is first of all due to the fact . that surface waters of 
polymictic lakes are enriched with nutrients, especially phospho
rus, from the bottom sediments. Besides, because these lakes have 

less water than deep lakes, the loads from the drainage basin are 
less diluted. 

In polym1ctic lakes the concentration of total phosphorus in 
summer is usually higher than in spring (and the ratio of the 
first to the second increases with the troph~c state), opposite to 
that in dimictic lakes in which it is lower in summer than in 
spring {and the ratio decreases slightly with the increasing 
trophic state) (Table I). In both mi~tic types of lakes the pho~
phorus is transferred from bottom sediments into the water, how
ever, in deep, dimictic lakes the majority of this phosphorus re
mains in deep water layers, being inaccessible for phytoplankton. 
In polymictic lakes the phosphorus transferred from bottom sedi
ments is directly available for planktonic algae. 

Assuming the phytoplankton biomass 10 mg • 1-1 as· the lo\ver 
limit of water blooms, the spring blooms occurred in 1~h of di-

• 

mictic lakes and in 509~ of polymictic lakes, and the summer blo-

oms in 4056 of dimictic lakes and in 8C1J6 of polymictic lakes. In 
summer in 5 polymictic lakes the phytoplankton biomass exceeded 

. 50 mg • 1-1 (in 2 lakes - 100 mg • 1-1 ); these lakes had summer 

phosphorus concentrations over 100 pg • 1-1 (s p o d n 1 e "'' s k a 

1983 ). 

Several of the indices applied are distinctly correlated with 
low and moderate -trophic states, whereas quite indistinctly with 

- the high trophi~ state (Tables I, III, IV). In polymictic lakes 
as compared to dimictic ones of a similar trophic state the phyto

pla'nfctor). biomass {including blue-green algae), numbers and bio
mass of rotifers and the number of zoobenthic species are gr.eater. 
In summer, the phytoplankton biomass in dimictic lakes becomes 
.stable already at average concentrations of phosphorus in the epi
limnion, whereas in polymictic lakes it increases to the highest 
phosphorus concentrations. 

The increase in the trophic state is accompanied by a number 
of distinct regularities: 

Dinoflagellates {mainly Ceratium hirundinella) begin to do
minate in phytoplankton, and blue-green algae at a further in
crease of the trophic state (s p o d n 1 e w s k a 1983). 
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Apart from an increase in total phosphorus concentrations, as
sumed as a measure of the trophic state, the total nitrogen con
centration also increases (but the ratio . of nitrogen to phospho
rus decreases) as well as phytoplankton biomass, chlorophyll con
centration, bi~mass of blue-green algae and their contribution to 
phytoplankton biomass, utilization of phosphorus for the produc
tion of biomass of blue-green algae (the ratio of biomass of 
blue-green algae to total phosphorus concentration in summer), the 
ratio of chlorophyll to total nitrogen concentration, the ratio of 
phytoplankton biomass to total nitrogen concentration, numbers and 
biomass of rotifers, transparency expressed by Carlson's index of 

trophic state, excretion of nitrogen, and especially of phospho-
·rus, per unit of zooplankton biomass and unit of water volume and 
time. Some indices have high values only in lakes of the lowest 
trophic state (group DI): these are, e.g., contribution of nanno
plankton biomass to phytoplankton biomass, the ratio of zooplank
ton biomass to phytoplankton biornass (i.e., utilization of phyto
plankton for production of zooplankton biomass). . . 

Some indices decrease as the trophic state increases, e.g., 
numb~r of mollusc species, numbers and biomaes of molluscs 
(s t a ~ c z y k o w s k a, ~ u r k i e w 1 c z - K a r n k o
w s k a and L e w a n do w s k i 1983), the number of species 
from main groups of profunda! benthos - Chironomidae and Oligo~ 

chaeta (w i ' n i e w s k i and D u s o g e 1963), the ratio 
of phosphorus to nitrogen in the epilimnion and also in the pro
ducts of zooplankton excretion. 

The values of some indices increase with the trophic state to 
a certain degree, and then, at the highest trophic state, decra~e 
again; e.g., the ratio of phytoplankton biomass and also chloro
phyll concentration to total phosphorus concentration (i.e., uti
lizat~on of phosphorus for the biomass production of phytoplanlc
ton and chlorophyll). However, the maximal values of these in
dices occur at much higher concentrations ·of total phosphorus in 
polymictic lakes as compared with d~mictic lakes.· 

Although these tendencies of changes of indices according to 

changes in the trophic state are distinct, it should be pointed 
out that for particular lakes the scatter of values of these in• 
dices is great. (This scatter may be to some extent due to ac
cidental fluctuations of parameters analysed .- in summer the ma
terial was sampled only o~ce. · ) Therefore, there is a definite 
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probability of structural and functional characters of particular 

lakes of a given degree of trophic state, but considerable devia

tions have to be taken into consideration. 

Several publicat_ions present lists of species characteristic 

of various levels of trophic state. These data are, of course, re

liable, but of little use for the region examined, where the ma-
• 

jority of lakes have a high or very high trophic state, whereas 

only few have a moderate or low trophic state • . And the above

-mentioned indices concern as a rule lakes of a very low, low and 

at the utmost moderate trophic state. For the lakes examined one 

can point out only few species characteristic of a definite troph

ic level. For example, Dreissena polymorpha is not found in sum

mer in lakes of a total phosphorus concentration in the epilim

nion over 100fg• 1-1 (s tan . c z y k o w s k a, ~ u r k 1 e

w i c z- K a r n k o w s k a and L e w a n d o w s k i ~983); 

the crustacean Heterocope appendiculata does not go beyond the 

moderate eutrophy, i.e., up to several tens of pg Ptot • 1-1 {and 

this species does not occur abundantly). As for rotifers, in more 

fert~le lakes occurs Keratella cochlearis f. tecta, and in less 

fertile lakes- K. cochlearis f. typica (K a r ab in 1983). 

' Among rotifers there is a group, which distinctly dominates in 

lakes of a low trophic state, and another, which distinctly domi-
. 

nates in lakes of a high trophic state, both dimictic and poly-
mictic. This regularity has been also observed for crustaceans, 

but only in dimictic lakes. Perhaps this is not connected with 

the mixis, but with the averagely lower trophic state of these 

lakes. As regards higher taxonomic units the Cladocera .are an in

dicator of relatively lower trophic state, and Cyclopoida are an 

indicator of relatively high trophic state; Calanoida do not show 

any connection with the trophic state of lakes {K a r a b 1 n 
• 

1983 ). . 

The"food conditions are significant here. In lakes of a lower 

trophic state dominate species feeding to a considerable extent on 

nannoplankton - big filtrating species, in very fertile lakes -

species feeding mainly on the detritus-bacteria suspension. To a 

certain trophic state the intensity of phosphorus excretion by 
, 

zooplankton per unit of its biomass increases (mainly due to de-
. 

creasing mean biomass of a zooplankton individual), the time ·of 

phosphorus circulation in epilimnion is being shortened - up to a 

relatively high trophic state. At a very high trophic state 
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(trophic groups DIII and PIII) the phosphorus turnover time is 

several times longer than at a lower trophic state (E j s-
m on t- K a r ab in 1983; Table VI) • 

. 

The intensity of phosphorus and nitrogen excretion by zoo-

plankton which increases with the increasing ·trophic state, ex

cretion of ammonia nitrogen {whereas in the epilimnion usually 

nitrate nitrogen dominates among inorganic forms), and the high 

~ : N ratio in products of zooplankton excretion, ·may affect sig

nificantly the development and dominance relations of phytoplank

ton, includi~g stimulation of the growth of blue-green algae 

{E j s m on t - K a r a bin 1983). 
With consideration to all these regularities, it can be said 

that zooplankton i~ a factor intensifying the eutrophication (in 
polymictic lal<es this is cumulated with greater excretion of phos

phorus from the bottom sediments as the . trophic state increases). 

Only in hypertrophic lakes this is no longer significant. In these 
• 

lakes phosphorus concentrations are, however, so high that its 

possible regeneration by zooplankton would not be so significant. 

Dimictic lakes have the mechanism which neutralises or rather 

slows down the rate of eutrophication - sedimentation of matter, 

including phosphorus, which increases with the trophic state of a 

lake. 
As the trophic st~te increases the trophic relations also 

undergo significant· changes. In lakes of the 10\~est trophic state 

(group DI) nannoplankton dominates in phytoplankton, and it can 

be efficiently controlled by numerously occurring big filtrating 

species, feeding ,directly on algae. Phytoplankton biomass is used 

there by zooplankton to the greatest extent {Table II). In lakes 

of a high trophic state, among planktonic phytophages, dominate 

species of small filtrators, which feed on detritus and bacteria 

and thus cannot control the phytoplankton directly. Big filtrat

ing crustaceans (cladocera) are perhaps limited in their numbers 

in lakes of a high trophic state due to competition with small 

filtrators, for which the abundance of suitable food {bacteria 

and detritus) makes the competition easier for them. Also the 

phytophagous zooplankton in these lakes is probably reduced to a 

greater extent by predatory zooplankton, which is proved by an in

creasing quantitative ratio of the latter to the former as the 

trophic state increases {Table V). 
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Excessively hypetrophic lakes. have specific and sometimes su~ 

prising characters. The water blooms there are usually heavy and 

long lasting, but sometimes the phytoplankton biomass is very low 

and single species, mainly blue-green algae, distinctly dominate. 

Sometimes nannoplankton, including green algae, occurs abundantly 

and dominates (s p o d n i e w s k a 1983). As for · rotifers, 

species rare in other lakes occur, e.g., Brachionus rubens Ehrb. 

and Polyarthra dolichoptera Idelson {considered as a cold-water 

species), out of crustaceans- Cyclops colensis Lillj. and Daph

nia pulex Leydig (considered as a mesosaprobic species) {K a

r a bin 1983). Perhaps, extremely high trophic state and toxic 

substances from the wastes disturb the biocenotic bonds, weaken 
. 

or destroy the competition, and thus allow for the occurrence of 

species not typical of these environments. 

Thus, up to the moment when the lake reaches the stage of 

moderate eutrophy, it has effective mechanisms for controlling the 

rate of eutrophication. Past this stage these mechanisms no long

er work, and other mechanisms come to head, which stimulate the . 

process of eutrophication. So in order to have clean lakes this 
I 

critical point should be avoided as afterwards not only alloch-

thonous but also intensive auto-eutrophication takes place. This 

can be avoided by stopping the inflow of wastes and by rational 

management in the drainage basin (including the construction or 

maintenance of soil-plant barriers which counteract excessive sur

face flows of nutrients from the drainage basin to surface \'la

tars). 

• 
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7. SUMMARY 

The obtained in team research physical, chemical and biolog

ical data for 42 (23 dimictic and 19 polymictic) lalcas, ranging 

between moderate eutrophy to strong hypertrophy - 20-940 ~g 

Ptot • 1-1 , during spring circulation and summer stagnation, allow 
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to characterize the structural and functional characters of their 
ecosystems according to their trophic status and mixis. Total 
phosphorus concentration in summer in the epilimnion is · on the 
average higher in polymictic lakes (Table I), because of their 
smaller. volume and the greater phosphorus loads transferred from 
bottom deposits into water as compared with dimictic lakes. The 

latter have lower phosphorus concentrations in the epilimnion in 
summer than in spring, whereas in polymictic lakes it is the op-
posite - the trophic state in summer increases in relation to the 
spring (Fig. 1, Table I), mainly as a result of phosphorus load 
from bottom sediments. 

As the trophic state (measured by total phosphorus concentra
, 

tion) increases the percentage of phosphate phosphorus in Ptot 
increases as well as total nitrogen concentration (whilst the N : P 

ratio decreases), chlorophyll concentration, biomass of phyto-
. 

plankton and blue-green algae, the contribution of blue-green 
algae to phytoplankton biomass, efficiency of phosphorus utiliza
tion by blue-green algae and of nitrogen .by phytoplankton, num
bers and biomass of rotifers. But the numbers and biomass of cru
staceans undergo very little changes. Of course, Secchi disc vis
ibilit~ number of species, numbers and biomass of molluscs, num
ber of species of Chironomidae and Oligochaeta in environments 

• 

beyond the littoral- decrease (Tables I, IV, V). 
. . 

Polymictic lakes of a similar trophic state as the dimictic 
ones have a higher phytoplankton biomass, including blue-green . 
algae. This increase is observed up to the highest phosphorus con
centrations recorded, whereas in dimictic lakes the biomass be
comes rather stable already at mean concentrations. Thus the ef
ficiency of phosphorus utilization by phytoplankton is better in 
polymictic lakes (Fig. 1, Table IV). As the trophic state in
creases the possibility of controlling phytoplankton by zooplank-
ton decreases because of changes in the qualitative composition 
of the latter and the connected with it changes of food consumed, 
and also bacause . of probably higher reduction of non-predatory 
zooplankton by the predatory one. 

Despite all these regularities connected with changes of to
tal phosphorus concentration in epilimnion the scatter of values 
(around the mean) is very high for particular lakes. 

Not many species can be treated as definite ~ndicators of the 
trophic state. And so, e.g., the .crustacean Heterocope appendicu-
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lata occurs in summer in lakes of Ptot concentrations in the epi
limnion not higher than several tens of pg • 1-1 , the mollusc 
Dreissena polymorpha - up to about 100 ~g · 1-1 • But the dominance 
of particular . groups of rotifer and crustacean species depends 
distinctly on the trophic state. Among other things, with the in
creasing trophic state the contribution of Cyclopoida to the bio
mass of crustaceans 'increases and of Cladocera decreases, a l so 
the size of rotifer and crustacean specimens decreases. 

The greatest differentiation and some surprising characteris
tics are observed in the most hypertrophic lakes. The phytoplank
ton biomass is sometimes low and the dominance of single species 
very strong. Sometimes nannoplankton including green algae occurs 
abundantly and dominates, or not typical of high trophic state 
zooplankton species occur. 

In both mictic types of lakes the ratio of phosphorus concen-
... 

tration in the epilimnion in summer to its concentration in bot~ 
tom sediments greatly increases with the trophic state (Table II). 
This, of course, does not change the fact, that phosphorus re

sources in bottom sedirnents exceed many times the amount of . . 
phosphorus in water • . In polymictic lakes the phosphorus concen-
tration in bottom sediments increases parallelly to its increase 
in water. However, in the most fertile dimictic lakes, the phos
phorus concentration in bottom sediments is not higher than in the 
group of lakes of a lower trophic state. In the most l1ypert_rophic 
lakes oj both mictic types the phosphorus concentration in bottom 

' 

sediments in summer is slightly higher than in spring. 
Together with the increase of the trophic state phosphorus is 

more intensively excreted by zooplankton per unit of its biomass 
and unit of water volume, the ratio of phosphorus concentration 

• 

in water to its amount excreted by zooplankton decreases (Table 
VI). But these regularities do not concern the excessively hyper
trophic lakes, because some of them have unexpectedly low zoo
plankton biomass and as a result of this - small amounts of phos
phorus excreted by zooplankton. Phosphorus is excreted by zoo
plankton relatively more intensely than nitrogen and this causes 
the lowering of the N : P ratio as the trophic state increases. 
This is undoubtedly significant for the qualitative composition 
of phytoplanl<ton and favourable for the growth of blue-green 
algae. 

19 - Ekol. pol. 31, 2 
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Intensive phosphorus and n~trogen excretion by zooplankton as 
the trophic state increases is cumulated with intensive phospho
rus release from bottom sediments, especially in polymictic lakes. 

8. POLISH SUMMARY 

Na podstawie - uzysf<anego w badaniach zespolowych - zbioru pod
stawowych danych fizycznych, chemicznych i biologicznych z 42 je
zior (23 dymiktycznych i 19 polimiktycznych), od umiarkowanej eu
trofii do silnej hypertrofii (20-940 (19 calkowitego P • 1-1), 

w okresie cyrkulacji wiosennej i stagnacji letniej scharakteryzo
wano cechy strukturalne i funkcjonalne ich &kosystem6w na tle tro
fii i miksji. W jeziorach polimiktycznych st~zenie fosforu calko
witego latem w epilimnionie bylo przeci~tnie wyzsze {tab. I) ze 
wzgl~du na ich mniejsz' obj,to,6, a tak~e wiQksze ladunki fosforu 
przechodzQce z osad6w dennych do toni wodnej ni~ w jeziorach dy
miktycznych • . Te ostatnie wykazujQ nizsze st~zenia fosforu w epi-

. 
limnionie latem niz wiosn@, podczas gdy jeziora polimiktyczne od
wrotnie - \Vzrost trofii latem w ·stosunku do wiosny {rys. 1, tab. 

I), gl6wnie na skutek ladunku fosforu z osad6w dennych. 
Wraz ze wzrostem trofii (~ierzonej stQ±eniem fosforu calkowi

tego) ro,nie udzial fosforu fosforanowego w calkowitym, ro~nie 
takze st~zenie azotu calkowitego {ale maleje stosunek azotu do 
fosforu), st~zenie chlorofilu, biomasa fitoplanktonu oraz sinic, 
a takze udzial sinic w biomasie fi toplanktonu, efektyv1nosc wyr<o
rzystania fosforu ·przez sinice 1 azotu przez fitoplankton, liczeb
nosc i biomasa wrotk6w. Bardzo malym zmianom ulega natomiast li
czebno'c i biomasa skorupiak6w. Maleje oczywi,cie widzialno~6 

krQzka Secchi 1 ego, liczba gatunk6w oraz liczebnosc i biomasa mi~
czak6w, liczba gatunft6w Chironomidae i Oligochaeta w ~rodowiskach 
pozalitoralnych {tab. I, IV, V). 

Przy podobnej trofii jeziora polimLtyczne cechuja wyzsza niz 
• 

dymiktyczne biomasa fitoplanktonu, w tym sinic. wyl<azuj~ one 
wzrost do najwyzszych stwierdzonych st~zen fosforu~ podczas gdy w 

jeziorach dymiktycznych ulegaj~ w zasadzie stabilizacji juz przy 
~rednich st~~eniach. Tal< WiQc w jeziorach polimiktycznych lepsza 
jest efektyr1nos6 wykorzystania fosforu przez fitoplankton (rys. 1, 
tab. IV). Wraz ze wzrostem trofii maleje mozliwosc kontroli fito
planl<tonu przez zooplankton ze wzgl~du na zmiany skladu jakoscio
wego tego ostatniego i zwiQzane z tym zmiany pobieranego pokarmu, 
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. 
a tak~e ze wzgl~du na ~ilniejszQ prawdopodobnie redukcj~ zoo-
planktonu niedrapie~nego przez drapie±ny. 

Mimo istnienia wyzej om6wionych prawidlowosci zwi~zanych ze 
zmianami st~zenia fosforu calkowitego w epilimnionie, rozrzut war
tosci z poszczeg6lnych jezior wok61 przeci~tnej jest bardzo duzy. 

Tylko niewiele gatunk6w mozna traktowac jako zdecydowane 
wskazniki t .rofii. Tak np. skorupiak Heteroqope appendiculata wy

st~puje w jeziorach o st~zeniach calkowitego P latem w epilimnio
nie nie Wifi)kszych niz kilkadzieSiQt }J9 ·1-i, malz Dreissena poly
morphs - do ok. 100 /-19 • 1-1 • Natomiast wyraznie zalezy od t rofii 
dominacja okreslonych grup gatun~6w wrotk6w i skorupiak6w. Mi~dzy 
innymi wraz ze wzrostem trofii rosnie udzia~ Cyclopoida. a maleje 
Cladocera ~ biomasie skorupiak6w, maleje takze wielkosc osobnik6w 
wrotk6w i skorup1ak6w. 

. 
Najwi~ksze zr6znicowanie 1 cechy nieraz zaekakujQce obserwuje 

si~ w jeziorach najbardziej hypertroficznych.Niekiedy biomaea fi
toplanktonu jest tu niska, z bardzo silnQ dom1nacjQ pojedynczych 
gatunk6w. Niekiedy wyst~puje obficie 1 dominuje nannoplankton, w 
tym zielenice, bQdZ. tez nietypowe dla wysokiej trofii gatunki zoo-

planktonu. . 
W obu . typach miktycznych jezior etosunek st~zenia fosforu w 

epilimnionie latem do j .ego st~zenia w osadach d.ennych powaznie ro
snie wraz z trofiQ {tab. II). Nie zmienia to oczywiscie faktu, ze 
zasoby fosforu w osadach dennych wielokrotnie przewyzszajQ jego 
ilosc w wodzie. Ze wzrostem st~zenia fosforu w wodzie jezior po
limiktycznych systematycznie rosnie jego st~zenie w osedach den-. 
nych. Natomiast w najzyzniejezych jeziorach dymil<tycznych st~ze-

. 
nie fosforu w osadach dennych nie . jest wyzsze niz w grupie jezior 
o nizszej trofii. w najbardziej przezyznionych jeziorach obu ty
p6w miktycznych latem st~tenie fosforu w osadach dennych jest nie
co· wyzeze niz wiosnQ. 

Wraz ze wzrostem trofii rosnie intensywnosc wydzielania fosfo
ru przez zooplankton na jednostk~ jego biomasy oraz jednostkQ ob
jQtosci wody, ulega obnizeniu stosunek st~zenia fosforu w wodzie 
do jego ilosci wydzielanej przez zooplankton {tab. VI). Prawid~o

wosci te nie dotycza jednak jezior najbardziej przezyinionych, ~ 

, f<t6re z nich wyl<azujQ bowiem niespodziewanie niskie biomaey zoo-
planktonu, a w l<onsekwencj i - male ilosoi fosforu wydzi~lanego 
przez zooplanf<ton. Poniewaz zooplankton wydziela stosunf<owo znacz
nie 1ntensywn1ej foefor niz azot, wplywa to ne obnizenie stosunku 
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N : P wraz ze wzrostem trofii. ~est to niewQtpliwie istotne dla 
skl:adu jakosciov1ego fitoplanktonu, korzystne dla roz\-voju sinic. 

\~Jzmozone vvydzielanie fosforu i azotu przez zooplankton ~vraz ze 

wzrostem 't rofii kumuluje si~ ze wzmozonym wydzielaniem fosforu z 
osad6w dennych, zwlaszcza w jeziorach polimiktycznych. 
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