
ABSTRACT: The mineralization (expres-
sed as O2 consumption and CO2 release) of Sce-
nedesmus quadricauda detritus was investigated in
homothermal (spring, autumn) and stratified
(summer, winter) conditions, using the Micro-
Oxymax respirometer. In experiments, the rate
of O2 consumption and CO2 release, sedimenta-
tion rate and time of mineralization of phycode-
tritus in water from 2.5, 7.5 and >17 m depth
were determined. It was found that 41% and
100% of detritus carbon (31.4 mg C dm–3)
added to the water could be mineralized in who-
le water column in time 28 days during spring
and 37 days during autumn homothermal condi-
tions. In summer stratification periods 61% of
the detritus carbon during 29 days, and in winter
100% during 35 days, could be mineralised down
to the depth 18 m. The rate of mineralization of
phycodetritus depends on temperature and
activity of microflora. The differences in the rate
of O2 consumption and CO2 release between
particular layers of water and seasons were stati-
stically significant in the majority of cases.

KEY WORDS: algal detritus, mineraliza-
tion, respiration, sedimentation

1. INTRODUCTION

The state of surface water quality, and
particularly the effect of uncontrolled
growth of productivity (eutrophication)
are still in centre of attention of freshwater
ecologists. The water bloom formation and
the phenomena accompanying them, as
production of toxins, activity of microorga-
nisms, and others, are the most frequently
subjects of investigations (Chróst 1977,
Andersen and Jacobsen 1979, Alhgre-
en 1984, Hansen et al. 1986, Fulton and
Pearl 1987, Weisse et al. 1990, Chri -
stoffersen et al. 1990, Sarazin et al.
1995, Bucka and Wilk-Woêniak 1998,
Mallet and Debroas 1999). However,
the greet part of algal biomass and its
mineralization in situ as well as sedimenta-
tion rate is not frequently represented in
publications (Poremba 1994, Burssaard
et al. 1996). These observations mainly
refer to marine environments (Poremba
1994, Burssaard et al. 1996, Chen and
Wangersky 1996, Duineve ld et al.
1997, Kunnis 1998, Boon et al. 1999,
Grossa rd 2001, Fu j i i et al. 2002,
Moodley et al. 2002), and in much smal-
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ler degree to the freshwaters (Afi et al.
1996,Wehr et al. 1999). It is believed that
the mineralization of the biomass created
during water bloom undergoes mainly in
water column. Only a part of the produced
mass, or the remnants refractory to the
decomposition are settled on the bottom
(Amblard et al. 1992, Lampert and
Sommer 1996).

The aims of our work were: the determi-
nation of the mineralization rate of phycode-
tritus in the water column of the submoun-
tain dam reservoir, the evaluation of phyco-
detritus quantities that could be mineralized
on the bottom and the prediction of the
time, when after a collapse of water bloom
a decline of oxygen content and an increase
in mineral salts concentration in the near
bottom water could be expected.

2. STUDY AREA

Samples of water were taken up from
the submountain Dobczyce dam reservoir
(49º57’N, 20º02’E, 270 m a. s. l), being
a source of drinking water for Cracow city,
located at 60 km of the Raba River course,
in middle part of the river, about 25 km
south-east of Cracow, (Fig. 1). The
Dobczyce dam-reservoir lies on terrain of
the Wieliczka Plateau that is built of Sile-
sian flysch of various ages and mosaic-like
distribution. The surrounding area of the
reservoir is chiefly in agricultural use

(Pasternak 1969). The Raba River brings
88.6% of the total water inflow, and the
remaining water (11.4%) is supplied by the
drainage basin and by atmospheric precipi-
tation on the surface of the reservoir. The
capacity of the reservoir is 120 million m3,
surface – 1000 ha, maximum depth – 28 m,
mean depth – 16 m and the average frequ-
ency of water exchange is 3.6 times a year.
It has hypolimnial release outlet. The reser-
voir is thermally stratified and its water is
mixed twice a year during homothermal
conditions, usually in April and in October
(Mazurkiewicz-Boroƒ 2000).

3. MATERIAL AND METHODS

Samples (5 dm3 in volume) of the
water of the reservoir were collected
4 times during the years 2001 and 2002,
from 2.5, 7.5 and >17 m depth, in spring
homothermal conditions (April), thermal
stratification period (July), autumn homo-
thermal condition (October) and in the
winter thermal stratification (January), at
the station localized in the deep part of the
Dobczyce Reservoir (Fig. 1).

Temperature of water in all the investi-
gated water layers was measured in situ,
with accuracy of 0.1ºC. The content of
organic carbon in the water was determi-
ned, using the wet combustion method,
according to APHA (1992) (Table 1).
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Fig. 1. Dobczyce dam reservoir (near Cracow, southern Poland) – location plan and study area.



Measurements of respiration (O2 con-
sumption detected by Pb-O fuel cell and
CO2 release detection by infrared adsorp-
tion) of the water samples were carried out
at the laboratory during 24 hours exposition
at 3-hour intervals, with accuracy of 1 µg O2
or CO2 cm–3 of water, using Micro-Oxymax
Columbus Instruments, Columbus, Ohio,
USA. The apparatus, besides measuring
parallelly the rate of consumption of oxygen
and carbon dioxide release, permits also to
define the sum of oxygen consumed and
sum of carbon dioxide released during expe-
riment. The measurements were carried out
at the same temperature, like in the water
column of the reservoir, keeping the samples
in thermostatized water-bath. After 24 h
exposition of water samples (150 cm3 of wa-
ter samples in chambers, volume 250 cm3),
the algal detritus into the samples of water
was added, in the concentration of 31.4 mg
C dm–3 (appointed by wet combustion
method, according to APHA (1992)) that
corresponds to 63 µ dm–3 of chlorophyll a,
i.e. the value often appearing during water
blooms. Algal material added was originated
from laboratory cultures of Scenedesmus
quadricauda (Turp.) Breb., and was previo-
usly thermally killed (80ºC). Respiration of
water samples with algal detritus added was
measured during 48 h of the exposition with
the same accuracy and the same intervals
and the temperatures the same as in sam-
ples water alone. All the experiments were
carried out in parallel three repetitions.

The differences in the rate and the
accumulation of O2 consumption and CO2
release between water samples with phyco-
detritus and water samples without the
algal material addition (considered as
a blank) were treated as mineralization of
phycodetritus added. The mean (± SD)
and maximal rates of phycodetritus mine-
ralization (expressed in O2 and in CO2 mg
dm–3 of water h–1) were calculated.

The rate of sedimentation of the algal
detritus suspended in the water taking up
from particular layers of the reservoir water
column was determined at laboratory con-
ditions using cylinders (40 cm high), kept
at the same temperature as it was in the
reservoir; the rate was expressed in cm h–1.
A height of the column of clear water above
the green suspension was estimated. It per-
mitted to assess the time of residence of
algal detritus in water column of the reser-
voir. The time of residence of algal detritus
in water column and amount of phycode-
tritus mineralised during 48 hours (recal-
culated as mg C dm–3) were used to calcu-
late the quantities of phycodetritus mine-
ralized in the water column.

The significance of differences in the
rate of the respiration between the particu-
lar water column layers and the periods of
year were statistically tested (t-test).

4. RESULTS

4.1. Organic carbon content in the water
of the dam reservoir

Organic carbon content in the Dobczy-
ce Reservoir water varied from 3 mg C dm–3

in spring to 30 mg C dm–3 in autumn. The
concentration of carbon in autumn preva-
iled over 5–7 times the carbon concentra-
tion found in the water of other periods. In
particular layers of water concentration of
carbon varied between 0.4 and 3 mg C m–3

and was greater in the surface layer than
that near the bottom, with the exception of
summer period, when it was the greatest in
the deepest layer of water (>17 m). In
autumn homothermal period temperature
was 2.5 times greater than in spring homo-
thermal conditions. In summer stratifica-
tion period temperature of water varied
from 10ºC in hypolimnion (>17 m depth)
to 15ºC in metalimnion and 20ºC in epilim-
nion. In winter stratification period the
greatest temperature was noted near the
bottom (3.8ºC) and the smallest one
(2.5ºC) in surface water (Table 1).

4.2. Mineralization rate of phycodetritus

The rate of mineralization of phycode-
tritus added to samples of water taken up
from 2.5, 7.5 and >17m depth, that is the
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Table 1. Organic carbon content (mg C dm–3)
and temperatures (ºC) in Dobczyce Reservoir
water (see Fig. 1) in SP(ring), SU(mmer),
AU(tumn) and W(inter).

Organic carbon Temperature

Depth SP SU AU W SP SU AU W

2.5 m 3 3.7 30 3.8 6 20 15 2.5
7.5 m 2.6 4.13 27 3.4 6 15 15 2.8
>17 m 2.6 5.25 27.75 3.4 6 10 15 3.8



measured quantities of oxygen consumed
and carbon dioxide released during one
hour, was the most differentiated in sum-
mer and in autumn, and the smallest in
winter period (Figs 2 and 3).

The greatest mean rate of oxygen con-
sumption in all the investigated water layers

was found in summer, and the smallest in
winter, especially in the water sampled
from 7.5 m depth (Fig. 4). In spring homo-
thermal conditions, similarly as in summer
thermal stratification, the differences in
oxygen consumption between particular
water layers were statistically insignificant
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Fig. 2. Mineralization rate of Scenedesmus quadricauda detritus as oxygen consumption in water
taken up from three depths of water column, during 48 hours at different (as in situ) temperatures
(see Table 2).



(t-test). However, in autumn homothermal
conditions the differences between the
deepest and surface layers of the water and
between both deep layers of water were
significant, at P ≤0.05.

The greatest mean rate of carbon dio-
xide released was found in summer period

in surface layer of water and the smallest
one in spring in water taken up from the
deepest layer (Fig. 5). Statistically signi-
ficant differences in rate of CO2 release
were found in spring between surface and
both deeper layers of water, as well as in
summer between surface and 7.5 m deep
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Fig. 3. Mineralization rate of Scenedesmus quadricauda detritus as carbon dioxide released in water
taken up from three depths of water column, during 48 hours at different (as in situ) temperatures
(see Table 2).



layer of the water. In autumn, significant
differences appeared only between surface
and the deepest layer of water, whereas in
winter they appeared between all the inve-
stigated layers of water column.

When comparing the mean rate of the
phycodetritus mineralization in the water
taken up from the same layers of the water
column in particular periods it was found
that the differences in the rate of oxygen
consumption were statistically significant
in all periods. However, the insignificant

differences were found in values of the rate
of carbon dioxide released between winter
and summer and winter and autumn
periods (Figs 4 and 5).

4.3. Accumulation of oxygen consumption
and carbon dioxide release

After 48 hours of phycodetritus minera-
lization the greatest accumulation of oxygen
consumed was found in the all samples of
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Fig. 4. Mean (±SD) and maximal rate of mineralization of Scenedesmus quadricauda detritus expres-
sed as oxygen consumption in water from different depths (temperatures like in situ, Table 2).



water taken up in autumn, and the smallest
one in winter. In summer thermal stratifica-
tion period and in autumn homothermal
conditions, the accumulation of oxygen con-
sumption in surface water decidedly preva-
iled over oxygen consumption in both deep
layers of water (Fig. 6). However, the accu-
mulation of carbon dioxide release was the
greatest in autumn in the surface and
deepest layers of water and also in winter in
water taken up from 7.5 m depth (Fig. 7).

The quantities of carbon dioxide rele-
ased from detritus added to the water

taken up from all layers of water column
usually was greater than quantities of oxy-
gen consumed, with the exception of
autumn homothermal conditions, when
these values were similar (Figs 6 and 7).

4.4. Sedimentation of phycodetritus

The sedimentation rate of Scenedesmus
quadricauda detritus in reservoir water was
differentiated and dependent on the water
temperature (Table 2).
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During spring homothermal condi-
tions, at 2.5 times lower temperature of
water and slower sedimentation rate than
during autumn homothermal condition,
phycodetritus could be settled on bottom
during 37 days i.e. in time longer by 9 days
than in autumn. During winter thermal stra-

tification, at about 3–8 times lower tempera-
ture of water and thereby smaller sedimen-
tation rate than during summer thermal
stratification, phycodetritus could be set-
tled on the bottom after 47 days, i.e. in time
longer by 17.6 days (Table 2).
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4.5. Mineralization of phycodetritus
in the water column

Based on the data of carbon dioxide
accumulated during 48 hours period of
phycodetritus mineralization (Fig. 7) and
recalculated as carbon, and the time of
phycodetritus sedimentation in water from

particular layers of water column at diffe-
rent periods (Table 2), the amount of phy-
codetritus carbon mineralized in water
column was calculated. During spring
homothermal condition in the whole water
column 12.75 mg C dm–3 and in autumn
32.27 mg C dm–3 could be mineralized that
corresponded to 41% and 100% of the car-
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bon in phycodetritus added, in time 37.1
days and 28.1 days, respectively.

In summer thermal stratification period
5.92 mg C dm–3 could be mineralized in epi-
limnion; 2.8 mg C dm–3 – in metalimnion
and 10.4 mg C dm–3 – in hypolimnion.
However, in winter thermal stratification
13.62, 3.78 and 26.79 mg C dm–3 could be
mineralized from analogical layers of water.
It means that in summer period phycodetri-
tus in water column could be   mineralized in
61% during 29.4 days, and 39% of it was set-
tled on the bottom. In winter period phyco-
detritus could be completely mineralized
during 35 days in water column 18 m deep.

5. DISCUSSION

In the Dobczyce Reservoir periodically
appearances of algal and cyanobacterial wa-
ter blooms were found especially in spring
and in autumn periods (Bucka and Wilk-
Woêniak 1998, Wilk-Woêniak 2000).
The mineralization of produced blooming
mass and its settlement on the bottom cau-
sed distinctly the decrease of oxygen
content and the increase in mineral salts
concentration in water near the bottom. In
the deepest places of the reservoir the con-
tent of oxygen dissolved in water usually
varied between 6 and 12 mg O2 dm–3, but it
decreased to 0.6 mg dm–3 during water
bloom (Mazurkiewicz-Boroƒ 2000).

Data presented by us suggest that in all
the investigated periods (spring homother-
mal conditions, summer thermal stratifica-

tion, autumn homothermal conditions and
winter thermal stratification), the time of
sedimentation of algal material in the Do-
bczyce Reservoir water exceeded 28 days,
and in winter even 47 days. In this time
41–100 % of algal material could be minerali-
zed in water column, and 0–39% of blooming
material could penetrate into the bottom se-
diments. Total mineralization of phycodetri-
tus in water column occurred in the periods
of autumn homothermal conditions and win-
ter thermal stratification. For this reason,
especially dangerous for the reservoir are blo-
omings that appear during spring homother-
mal conditions and in summer thermal stra-
tification, when the mineralization of phyco-
detritus in water column is incomplete.

In general, the opinion prevails that
mineralization of blooming mass proceeds
in water column (Amblard et al. 1992,
Burssaard et al. 1996), and only a little of
its part is settled on the bottom, or it rests
refractory to mineralization (Amblard et
al. 1992, Lampert and Sommer 1996).
The similar opinion was given by Starzec-
ka and Bednarz (1998) who investigated
the sediments of deep zone of Dobczyce
Reservoir. The authors found 3 times smal-
ler carbon content in sediments of deep part
of the reservoir than in shallower ones.
However, in other investigations it was sho-
wed that during spring water bloom, caused
by diatom Nitzschia palea, dead or decayed
algal mass was settled in profundal and was
mineralized there. In consequence, the con-
tent of oxygen dissolved decreased in water
near the bottom (Bednarz and Starzec-
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Table 2. Sedimentation rate of phycodetritus in particular layers of water and sedimentation time
calculated for whole water column in seasons.

Period Depth Temperature Sedimentation Time of Sedimentation
of year of water rate sedimentation time from whole

column of water
(m) (ºC) (cm h–1) (day) (day)

Spring
homothermal 24 >6 2.66 37.1 37.1
condition

Summer 2.5 20 3.90 8
thermal 7.5 15 3.48 5.4 29.4
stratification >17 10 2.99 16

Autumn
homothermal 24 15 3.48 28.1 28.1
condition

Winter 2.5 2.5 2.18 14.3
thermal 7.5 2.8 2.13 8.8 47
stratification >17 3.8 2.09 23.9



ka 1998, Starzecka and Bednarz 2000,
Bednarz et al. (in press).

Simulated laboratory investigations car-
ried out by other authors (e.g. Poremba
1994, Burssaard et al. 1996, Kunnis
1998) and by us indicated that mineraliza-
tion of blooming material in water column
could be incomplete and depended on its se-
dimentation rate. The activity of microflora
and longer presence of the material in the wa-
ter column promoted the complete minerali-
zation of phycodetritus. On the other hand,
as showed in present investigations, the high
rate of sedimentation occurring especially in
summer period, caused that even 40% of
non-mineralized blooming material could be
transported into the sediments.

Microbial degradation of detritus, origi-
nated from Skeletonema costatum thermally
killed culture (the analogical method used in
present work), as a substratum for marine
microbial community, was studied experi-
mentally by Kunnis (1998) during 11 days
at the summer water temperature (20ºC).
The author calculated that the detritus
could be completely utilized by pelagic
microbial community within a period of
8–11 days. In our investigations, the sum-
mer mineralization of Scenedesmus quadricau-
da detritus in the water column was calcula-
ted as 61% of organic carbon in the original
mass at time 29.4 days, i.e. during the time
of sinking of detritus towards the bottom.

Biodegradability of DOC in three diffe-
rent layers of deep Soyang Lake, Korea,
during thermal stratification season was
investigated by Choi et al. (2001). In their
opinion relatively labile compounds, which
might originated from phytoplankton, are
characteristic for dissolved organic carbon in
epilimnion. In metalimnion, DOC was varia-
ble in its composition (possibly affected by
turbid water inputs to the reservoir during
the summer monsoon season). In the hypo-
limnion DOC always showed refractory cha-
racter, with low decomposition rate. In our
experiment the rate of the decomposition of
Scenedesmus quadricauda detritus as O2 con-
sumption and O2 accumulation in summer
stratification period were higher in epilim-
nion and distinctly lower in metalimnion
and in particular in hypolimnion. It indica-
ted that in these layers of water the activity
of microflora was  distinctly discriminated.
Probably the type of organic matter presen-
ted there affected the composition of micro-
flora and its activity.

Based on the DOC concentration and
assuming bacterial growth yield as 20% in
the River Danube, Berger et al. (1995)
calculated mean DOC turnover times of
around 69 days in winter and less than
8 days during summer. In our work, we cal-
culated the time of total mineralization of
Scenedesmus quadricauda phycodetritus
around 35 days in winter and in 61%
during 29 days in summer. Despite that
above data refer to two different environ-
ments (river, reservoir) they indicate that
the seasonally changed conditions similar-
ly affected the length of the time of mine-
ralization of organic matter.

Decomposition experiments were con-
duced by Fuj i i et al. (2002) on cultured
Skeletonema costatum in seawater conta-
ining decomposers and consumers. During
experiment the decomposition was equal
to 2.4–71 mg C dm–3 and the decomposi-
tion rate estimated at 20ºC was 0.008 and
0.13 mg C day–1. In our experiments mean
decomposition rate estimated for tempera-
ture range 2.5–20ºC was 0.028–0.349 mg
C day–1 (data recalculated from CO2).

The rate of biological degradation of
organic matter was usually positively corre-
lated with biological activity of water. The
maximum values in freshwaters occurred
in the autumn (Thomas 1997). Similar
observations were found in presented inve-
stigations.

The data mentioned above indicated
that mineralization rate of phycodetritus is
strongly connected with temperature. High
temperature of water accelerates the
decomposition rate. However, in presented
materials we found the higher rate of mine-
ralization of phycodetritus in autumn
period than in the summer, despite of
lower temperature of water. The results
obtained were probably an effect of high
activity of water bacterioflora, which
accompanied the autumnal water bloom
with Cryptomonas share (Wilk-Woêniak,
personal communication). The presence of
water blooming in this time caused that
the concentration of organic carbon in
water was 5–7 times higher than that found
in spring, summer and winter (Table 1).

It is generally known that among many
factors the concentration of dissolved pho-
sphorus affects the metabolic activity of
aquatic organisms. Bacteria and algae usu-
ally very quickly uptake dissolved phospho-
rus and utilized it to produce their bio-
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mass. In situation of deficit of mineral
forms of phosphorus in water, bacteria and
algae synthesize phosphoesterases, which
deliver PO4 from organophosphorus com-
pounds. Among other parameters, the
deficit of phosphorus in the water, especial-
ly in the summer stratified period, could
affect the decrease of respiratory activity of
microorganisms, despite that the phycode-
tritus added was for them the source of
both the carbon and phosphorus. The
question whether phycodetritus addition
can affect the phosphatases activity, will be
the subject to further work.

6. SUMMARY

Mineralization (expressed as O2 con-
sumption and CO2 release rate) of Scenede-
smus quadricauda phycodetritus added to
the water taken up from the depths 2.5, 7.5
and >17 m of the Dobczyce dam reservoir
(southern Poland) during 2001 and 2002
years (Fig. 1) was investigated in simulated
laboratory experiments, using the Micro-
Oxymax respirometer. Organic carbon con-
tent in the water of the reservoir varied
from 3 to 30 mg C dm–3 (Table 1).

The rate of mineralization of phycode-
tritus added was more differentiated in sum-
mer and in autumn, and smaller one in win-
ter (Figs 2 and 3). The greatest mean rate of
O2 consumption in all the investigated layers
of the water column was found in summer
and the smallest one in winter (Fig. 4). The
greatest rate of CO2 release in surface layer
of water and the smallest one in the   deepest
layer was found in spring (Fig. 5). The diffe-
rences in the rate of O2 consumption or CO2
release between the particular layers of water
and seasons were statistically significant in
the majority of cases.

In summer and in autumn the accumu-
lation of O2 consumption in surface water
prevailed over O2 consumption in both deep
layers of water column (Fig. 6). Accumula-
tion of CO2 released was the greatest in
autumn in surface and the deepest layer of
water and in winter at 7.5 m depth (Fig. 7).
The sedimentation rate of Scenedesmus
quadricauda detritus in the reservoir water
was differentiated and depended on the tem-
perature of water (Table 2). We calculated
that in summer and winter stratification
periods about 61% and 100% of detritus
added could be mineralized during 29 and

35 days in water column. During homother-
mal conditions 41% of detritus through 37
days in spring and 100% – through 28 days
in autumn could be mineralized (Table 2).
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