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Introduction

Lake oxygen content is one of the basic factors 
affecting lake ecology. A variety of aqueous organisms 
considered to be aerobes limit their reproductive ac-
tivity and may even suffer physical elimination in the 
face of oxygen deficits or a complete lack of oxygen 
in water. At the same time, lake water oxygen levels 
determine the number and vertical distribution of 
many species. Furthermore, oxygen content in water 
is a control factor of the redox state of other important 
elements in a lake ecosystem, such as carbon, nitrogen, 
phosphorus, iron, and manganese. Consequently, oxy-
gen levels determine conditions of their circulation in 
a water body. 

Relationship between areal hypolimnetic oxygen depletion rate 
and the trophic state of five lakes in northern Poland

Dariusz Borowiak1, Kamil Nowiński2, Jacek Barańczuk1, 
Włodzimierz Marszelewski3, Rajmund Skowron3, Adam Solarczyk3

1 Department of Limnology, University of Gdańsk, Bażyńskiego 4, 80-952 Gdańsk, Poland; e-mail: geodb@univ.gda.pl
2 Department of Lakelands Geography, University of Gdańsk, Bażyńskiego 4, 80-952 Gdańsk, Poland; e-mail: geokamil@univ.gda.pl

3 Department of Hydrology and Water Management, Nicolaus Copernicus University, Gagarina 9, 87-100 Toruń, Poland; 
e-mail: marszel@umk.pl

Abstract: The oxygen content in a lake is a fundamental factor in lake ecology. In stratified lakes, deep waters are isolated from the 
atmosphere for several months during the summer; therefore, oxygen (substantially consumed by biological and chemical processes at 
this time) cannot be replaced before the autumnal mixing period. Hypolimnetic oxygen depletion has been considered an indicator of 
lake productivity since the early twentieth century. Many recent studies have been in opposition to this view by showing that the areal 
hypolimnetic oxygen depletion rate (AHOD) is poorly correlated with seston biomass and/or phosphorus concentration. The objective 
of this study is to show relationships between the mean values of total phosphorus (TP), total nitrogen (TN), chlorophyll a, and water 
transparency (Secchi disk depth, SDD) during the thermal stratification formation period and the AHOD rate. Hypolimnetic oxygen 
conditions in five dimictic lakes in northern Poland were examined in 2009 and 2010. Two of them were studied in the previous year. 
Monthly oxygen profiles taken from April to August, midsummer temperature profiles, and morphological data of the lakes were used 
to determine the AHOD rate. Standard water quality parameters such as concentrations of chlorophyll a, TP, and TN, as well as water 
transparency measured at the same time were used to calculate the trophic state indices (TSI) according to the Carlson-type formulas. 
On the basis of the collected data it is shown that AHOD is highly correlated with the TSI value for chlorophyll a, and poorly correlated 
with the TSI values for water transparency and phosphorus content. The best correlation between AHOD and TSI has been found for 
chlorophyll a (r2=0.702; p<0.001), as well as for overall TSI, determined by averaging separate component indices (r2=0.826; p<0.000). 
No correlation was found between AHOD and total nitrogen concentration. The research also confirmed previous observations, which 
pointed to a significant role of the hypolimnion depth in increasing oxygen deficits.
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In the stratified lakes, the deep and virtually de-
void of sunlight hypolimnion waters remain cut off 
from the atmosphere throughout summer months. 
The oxygen in the layer used up in biological and 
chemical processes cannot be restored before the au-
tumn circulation period begins. The quantity of oxy-
gen remaining in the hypolimnion at the end of the 
summer stagnation period depends both on the quan-
tity of oxygen present prior to the onset of lake strati-
fication, and the rate of influx of the matter undergo-
ing oxidation (mainly organic matter) from the lake’s 
upper layers, and the quantity of such matter already 
present in the hypolimnion. 

Research published in the early twentieth cen-
tury connected the subject of hypolimnetic oxygen 
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depletion to biological production and lake trophic 
state (Birge and Juday 1911; Thieneman 1926, 1928; 
Strøm 1931; Hutchinson 1938, 1957; Mortimer 1941; 
McColl 1970). However, later research has shown that 
biological production explains less than fifty percent 
of the differences in the rate of areal hypolimnetic 
oxygen depletion (AHOD) (Cornett and Rigler 1979, 
1980; Rutherford 1982). 

This is the result of the oversight of the role of 
the hypolimnion temperature, which affects decompo-
sition rate of microbiologic matter turning into sedi-
ment (Charlton 1980; Rosa and Burns 1987), as well as 
the oversight of the role of the hypolimnion thickness, 
which affects the effectiveness of oxidation – a process 
that intensifies with increasing hypolimnion thickness 
(Charlton 1980; Cornett and Rigler 1980). 

In light of the conflicting views found in the lit-
erature on the role of different trophic factors in the 

observed oxygen depletion rates in the hypolimnion, 
the study attempts to assess the impact of total phos-
phorus, total nitrogen, chlorophyll a, and water trans-
parency on the areal hypolimnetic oxygen depletion 
rate (AHOD) in the lakes of northern Poland. 

Study area

Five dimictic lakes located in northern and 
northeastern Poland were selected for the research 
purposes. The morphometric parameters of the lakes’ 
basins, smaller areas of the water tables and the maxi-
mum depths above 19 m (Table 1, Fig. 1), cause that 
these lakes naturally tend to maintain permanent 
summer stratification, which normally lasts from end 
of April to late August or mid-September. At its peak 
stage, the maximum hypolimnion thickness in these 
lakes ranges from 10-11 meters (Lake Kępno) to over 

Table 1. Morphometric characteristics of the studied lakes

Parameter
Lake

Białe Kępno Łazduny Raduńskie Górne Szurpiły

Area , A (ha) 51.2 65.0 10.6 387.2 80.9

Volume, V (dam3) 2,508.8 4,223.6 964.6 60,158.7 8,168.0

Maximum depth, mz (m) 31.0 19.0 22.4 43.0 46.2

Mean depth, z (m) 4.9 6.4 9.1 15.5 10.0

Depth ratio ( mzz / ) 0.16 0.34 0.41 0.36 0.22

Relative depth*, rz  (%) 3.84 2.09 6.10 1.94 4.55

* Relative depth is the ratio of maximum depth and mean lake diameter, Azz mr /886.0=

Fig. 1. Location of studied lakes (circles) on a map of Polish geographic regions
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30 meters (lakes: Raduńskie Górne and Szurpiły). 
The hypolimnion layer makes up between 2% (Lake 
Kępno) and 40% (lakes: Raduńskie Górne, Szurpiły, 
and Łazduny) of the lakes’ total volume. In Lake Białe, 
the hypolimnion constitutes about 25% of the lake’s 
total volume. 

Materials and methods

The limnological data used in the study were 
acquired between April and August of 2009 and 
2010. The measurements were normally performed 
once a month. In the case of two of the lakes (Kępno, 
Raduńskie Górne), data from 2008 covering the same 
time period were also analyzed. 

Water temperature, dissolved oxygen content, 
and chlorophyll a concentration were measured at 
the deepest place in each lake. Thermal and oxygen 
profiles were generated using a multi-parametric YSI 
6820-M (YSI Inc., USA) probe at one-meter intervals 
from the lake surface to the bottom. A Mini-Tracka II 
fluorimeter (Chelsea Instruments Ltd., UK) was used 
to measure chlorophyll a concentration at one-meter 
intervals up to the depth of 15 m. The Secchi disk 
depth (SDD) was used to determine water transpar-
ency. Water samples for total phosphorus (TP) and to-
tal nitrogen (TN) analysis were obtained at a standard 
depth of 1 meter. 

The location of the hypolimnion was estimated 
graphically using thermal profiles from July and Au-

gust. The upper boundary of the hypolimnion was de-
termined at the point of the intersection of the trend 
lines fitted to the thermal profiles running through 
the metalimnion and the upper hypolimnion (Wetzel 
1983). 

The areal hypolimnetic oxygen depletion rate 
was determined from the inclination of the regression 
line of the mean hypolimnion oxygen content per unit 
area (the upper surface of the hypolimnion) with re-
spect to time (Lasenby 1975) (Fig. 2). 

The concentration of chlorophyll a was deter-
mined based on profile measurements as an average 
value for a column of water found within the tropho-
genic zone (the photic zone). 

Total phosphorus was determined spectropho-
tometrically using the phosphomolybdenum blue 
method (PMB) after the mineralization of the sam-
ple, which involved converting phosphorus-bearing 
compounds in the collected water samples into ortho-
phosphate and. Total nitrogen was also determined 
spectrophotometrically using the reaction between 
nitrate ions and a derivative of benzoic acid in the 
presence of concentrated sulfuric acid. This reaction 
produces a dark red nitro compound, which is then 
analyzed photometrically. As this method is used to 
mark nitrate ions, the organic and inorganic nitrogen-
bearing compounds had to be reduced to nitrate first, 
using a strong persulfate oxidizing agent (the Koroleff 
Method). Nutrients were analyzed using non-filtered 
water samples. 

Fig. 2. Average dissolved oxygen content in the hypolimnion per unit area of the upper boundary of the hypolimnion following thermal 
stratification (Lake Raduńskie Górne, 2009)
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The mean values of selected water quality pa-
rameters (Chl a, SDD, TP, TN) for the pre-stratifica-
tion and thermal stratification periods (April  – Au-
gust) were converted to the Carlson-type trophic indi-
ces (Carlson 1977; Kratzer and Brezonik 1981). 

Results

The trophic state indices and the water trophic 
parameters used to calculate them suggest that the 
lakes studied are good examples of mesotrophic lakes 
(40<TSI<60) (Table 2). 

The regression analysis shows that the strongest 
statistical correlation between qualitative character-
istics exists between AHOD and average chlorophyll 
a concentration in the trophogenic layer (Fig. 3). The 
trophic state index based on chlorophyll a (TSI(CHL)) 
explains 70% of inter-lake variability in the areal hy-
polimnetic oxygen depletion rate at a significance 
level of p<0.001. This relationship may indicate that 
the principal form of matter undergoing oxidation in 
the hypolimnion layer is dead organic matter precipi-
tating out of the trophogenic zone. The oxidation of 
compounds that have been stirred from the lake bot-
tom sediments and re-suspended in the water plays a 
smaller role. 

The relationship between AHOD and the Sec-
chi disk depth also turned out statistically signifi-
cant (p<0.016) (Fig. 4). The independently analyzed 
TSI(SDD) index explains over 45% of observed differ-
ences in AHOD. 

The concentration of total phosphorus 
(TSI(TP)) has also a limited impact upon oxygen de-
pletion in the hypolimnion layer of the studied lakes 
(Fig. 5). The same is true of the mean depth of the hy-
polimnion layer ( hz ). Both the characteristics may ex-
plain the inter-lake differences in AHOD in the 47% to 
51% range, respectively. However, the statistical signif-
icance of these relationships was quite small (p<0.010-
0.020). This points to the existence of an observable 
trend of AHOD to increase along with increasing TP 
concentration and the mean hypolimnion depth. Yet, 
both relationships are not very useful for forecasting 
purposes. 

No statistically significant relationships were 
identified between AHOD and total nitrogen con-
centration TSI(TN) (r2=0.096, p<0.35).The lack of a 
clear relationship between AHOD and total nitrogen 
concentration and the strong relationship between 
AHOD and TSI(CHL) are indications that nitrogen 
is not a limiting agent in primary production in the 
studied lakes. 

Table 2. Ecological characteristics of the water column listed as the mean values for the time period from April to August (2008-2010)

Parameter

Lake

Białe Kępno Łazduny Raduńskie Górne Szurpiły

2009 2010 2008 2009 2010 2009 2010 2008 2009 2010 2009 2010

Total phosphorus, TP (µg dm-3) 11 14 15 10 16 14 16 – 17 32 21 27

Total nitrogen, TN (mg dm-3) 0.64 0.55 0.69 0.58 0.59 0.29 0.32 – 0.63 0.80 0.28 0.24

Chlorophyll a, CHL (µg dm-3) 9.3 8.5 16.9 10.3 11.4 6.7 11.4 21.9 17.0 14.5 11.3 15.0

Secchi disk depth, SDD (m) 4.7 4.9 2.7 3.6 2.9 4.3 4.0 2.6 3.0 3.2 3.0 2.9

TSI (TP) (dimensionless) 39 42 43 37 44 42 44 – 45 54 48 52

TSI (TN) (dimensionless) 48 46 49 47 47 37 38 – 48 51 36 34

TSI (CHL) (dimensionless) 52 52 58 53 54 49 54 61 58 57 54 57

TSI (SDD) (dimensionless) 38 37 46 42 45 39 40 46 44 43 44 45

Mean TSI (dimensionless) 44 44 49 45 48 42 44 54 49 51 46 47

Mean hypolimnion depth, hz  (m) 5.3 5.3 3.6 3.2 3.6 6.9 7.0 11.4 10.9 11.4 9.1 9.2

Maximum hypolimnion depth, hz  (m) 25.5 26.0 10.9 10.2 11.1 14.4 14.7 33.4 30.7 33.6 37.0 37.3

AHOD (g m-2 d-1) 0.286 0.414 0.774 0.268 0.297 0.147 0.080 1.750 0.993 1.088 0.712 0.721
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Fig. 3. Relationship between the mean value of the trophic state index for chlorophyll a (TSI(CHL)) during the period of thermal strati-
fication and AHOD (n=12, r2=0.702, p<0.001)

Fig. 4. Relationship between the mean value of the trophic state index for the Secchi disk depth (TSI(SDD)) during the period of thermal 
stratification and AHOD (n=12, r2=0.457, p<0.016)

Fig. 5. Relationship between the mean value of the trophic state index for total phosphorus (TSI(TP)) during the period of thermal 
stratification and AHOD (n=11, r2=0.472, p<0.020)
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Though the different trophic state indices ex-
hibited different levels of correlation with the oxygen 
depletion rate for the hypolimnion layer, the mean 
trophic state index (TSI) appeared to be the best pre-
dictor (r2=0.826, p<0.000) (Fig. 6). This index is an av-
erage of all the component indices produced for this 
study.
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2
=0.907, p < 0.0001).  (2) 

 

Fig. 6. Relationship between the mean value of the trophic state index for overall TSI (determined by averaging component indices) 
during the period of thermal stratification and AHOD (n=12, r2=0.826, p<0.0001)

The multiple regression analysis confirmed the 
significance of the role of the hypolimnion depth as a 
powerful factor in total oxygen consumption in the hy-
polimnion layer. The AHOD prognostic models based 
upon the mean values of the trophic state index (TSI) 
and the hypolimnion depth (mean – hz , and maximum 
– zh) as independent variables are the following: 

Discussion

The analysis of selected water quality parameters 
for five mesotrophic lakes in northern and northeast-
ern Poland as well as the assessment of the influence 
of these parameters upon the rate of oxygen depletion 
in the hypolimnion layer have produced satisfactory 
results. The principal factors affecting the rate of hy-
polimnetic oxygen consumption were shown to be the 
mean chlorophyll a concentration in the trophogenic 
zone and the depth of the Secchi disk. 

The role of biological production has been fre-
quently identified as the key driver of hypolimnetic 
oxygen depletion. Yet, earlier research publications on 
the larger groups of lakes pointed out that this vari-

able explains less than 50% of observed AHOD vari-
ability (Cornett and Rigler 1979, 1980). In the case of 
a smaller group of lakes – and more importantly, a 
group of lakes more homogeneous in terms of trophic 
state – the TSI(CHL)-AHOD relationship is more sig-
nificant, with changes in chlorophyll a concentration 
explaining over 70% of the inter-lake differences in 
AHOD. 

Some of the possible explanations for this in-
consistency may include the fact that the lakes studied 
(except for Lake Kępno) possess hypolimnion layers 
of a similar depth (8.7 ±2.5 m; hence, similar oxida-
tion capabilities) and no significant changes in the 
mean hypolimnion temperature were detected in the 
lakes during the period of stratification. 
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The studied lakes can be classified as mesotro-
phic based on virtually all the available water quality 
parameters and are characterized by an AHOD range 
of 0.15-1.75 g O2 m

-2 d-1 (Table 2). The AHOD range 
determined for mesotrophic lakes by Hutchinson 
(1938) and Mortimer (1941) – 0.33-0.50 and 0.25-0.55 
g O2 m

-2 d-1, respectively – clearly does not match the 
AHOD range determined for the five lakes analyzed 
in northern Poland. Even when the TSI(x) criteria 
used for mesotrophic lakes are more rigorous (e.g. 

50,40)( ∈xTSI  ) than those in this study, the results 
still suggest that the AHOD range for mesotrophic 
lakes should be 0.15 to 0.99 g O2 m

-2 d-1. 
The significance of the relationship between 

AHOD and the Secchi disk depth (SDD) has been 
shown in other publications. Lasenby (1975) identi-
fied SDD as the factor best correlated with oxygen 
depletion in the hypolimnion relative to other com-
monly used indicators of lake trophic state (e.g. seston 
biomass). 

The significant explanatory value of both the 
above mentioned indices of the lake trophic state in 
the process of estimating the inter-lake AHOD vari-
ability clearly demonstrates the need for such explana-
tory variables in the prognostic models. The variables 
of this type should be either averaged for the entire 
trophogenic zone (chlorophyll a) or should at least 
be indirectly representative of the entire trophogenic 
zone (Secchi disk depth). 

The role of phosphorus in the TSI(TP)-AHOD 
relationship has also been confirmed, as did Cornett 
and Rigler (1980). The relationship between these two 
variables indicates that it can only explain about 47% 
of the observed AHOD variability. 

The research also confirmed earlier observa-
tions, which pointed to a significant role of the hypo-
limnion depth in the oxygen depletion rate (Welch et 
al. 1976; Charlton 1980). The importance of the role 
of the mean hypolimnion depth is underscored by its 
readable relationship with AHOD and the increase in 
the prognostic power of AHOD when analyzed using 
multiple regression, where the variables are the mean 
trophic state index (TSI) and the mean hypolimnion 
depth.

AHOD, being the standardized relative to the 
mean hypolimnion depth ( hz ) volumetric hypolim-
netic oxygen depletion rate ( hzVHODAHOD ×= ) 
should be independent of the so-called dilution effect 
of the settling material (Strøm 1931; Hutchinson 1938, 
1957). In spite of this, AHOD is not completely inde-

pendent of the influence of the hypolimnion depth on 
the rate of oxygen depletion in this layer during the 
summer stratification period. The lakes with deeper 
hypolimnion layers provide a longer sedimentation 
pathway, which creates favorable conditions for com-
plete oxidation of matter undergoing sedimentation 
(Charlton 1980; Cornett and Rigler 1980). 
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