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Abstract

In July 2000 the diurnal cycle of analyses was conducted in order to determine variation in the
concentrations of nitrogen and calcium compounds as well as dissolved gases in surface microlay-
ers of a shallow coastal barrier lake located at the Baltic Sea coast. Water for analyses was col-
lected in a diurnal cycle for the period of 24 h from lake Dołgie Wielkie. The analyses were con-
ducted on the surface microlayer with a thickness of approx. 100 µm, a layer with a thickness of
approx. 250 µm and a layer of subsurface water from a depth of 15 cm. Based on the analyzed
data, information was collected on the migration of nitrogen compounds between the analyzed layers.
Changes were observed in nitrogen forms reduced to oxidized forms and vice versa.

Key words: surface microlayer, lagoon lake, nitrogen, daily changes

INTRODUCTION

The analyzed surface microlayer is a thin layer found at the contact zone of the two
environments: the hydrosphere and the atmosphere (Estep et al. 1985, Trojanowski
et al. 2001). Knowledge on subsurface water microlayers is based on marine studies
and relatively few studies are carried out in freshwater environments. This type of
layers is formed at the surface of all aquatic ecosystems. The surface microlayer
of water bodies is a unique chemical and physical environment, different from sub-
surface water. Among other factors, adhesion forces, formed as a result of molecular
attraction at the boundary of the two media, i.e. hydrosphere and atmosphere, to-
gether with their surface tension forces, are responsible for the physical stability of
the surface microlayer. This surface water layer is the boundary layer of extreme
importance for both environments (Falkowska 1996, Hilbricht-Ilkowska et al. 1997).
Exchange processes of gases and matter, variable in time and spare, occur through
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this layer (Falkowska 1996, Hilbricht-Ilkowska et al. 1997, Trojanowski et al. 2001).
The exchange of substances and energy is a crucial process in the biogeochemical
cycle of chemical elements, as it is the case in the aquatic environment. The surface
microlayer affects gas exchange (Quinn and Otto 1971, Liss 1977) and transport
mechanisms from the column of water to the atmosphere and vice versa (Norkrans
1980). Transport of substances occurs simultaneously between individual layers
forming the surface microlayer. Dissolved substances, particles and microorganisms
are transported to this zone by simple diffusion, convection by gas bubbles, convec-
tion movements from bottom deposits and subsurface water, as well as with migra-
tion organisms; moreover, the surface microlayer is fed by dusts and aerosols in pre-
cipitation (Norkrans 1980, Falkowska 1996). All these above mentioned processes
lead to the accumulation of chemical substances and microorganisms.
Concentrations of various chemical and microbiological components found in this mi-
crolayer usually exceed their concentrations in subsurface water (Trojanowski et al.
2001). Among other things, markedly higher concentrations were found for heavy
metals (Lion and Leckie 1981, Maki and Hermansson 1994), phosphorus and nitrogen
compounds (Trojanowski et al. 2001, Mudryk et al. 2002, Falkowska 1999), sulphur
compounds (Yang et al. 2005), fatty acids, esters, alcohols (Kozarec et al. 2003), pro-
teins (Lion and Leckie 1981), chlorophyll (phytoplankton) (Hillbricht-Ilkowska et al.
1997, Falkowska 1999) as well as microorganisms (Maki and Remsen 1989, Mudryk
et al. 2002, Hillbricht-Ilkowska and Kostrzewska-Szlakowska 2004).
Concentrations of nitrogen compounds found in the surface microlayer may undergo
changes in the seasonal cycle, which is connected with the alternating seasons of the
year (Antonowicz et al. 2008), as well as the diurnal cycle (Antonowicz 2008a, b).
These fluctuations result from the activity of microorganisms responsible for these
changes, e.g. redox changes and bioaccumulation, release, but also the above men-
tioned phenomena of transport of substances between water layers.
The aim of the study was to investigate the accumulation capacity of nitrogen forms,
calcium and dissolved gases in relation to variation in concentrations of these sub-
stances throughout 24-hour variability in the surface microlayers of a lagoon lake
situated in the Baltic coastal zone.

MATERIAL AND METHODS

Studied lake

A shallow and eutrophic lake Dołgie Wielkie (Fig. 1) is localized at 54o20.5' and
181o31.6'. The area of both basins in the lake is 156.4 ha, while the maximum depth
is 2.9 m (Atlas jezior... 1997). The water table is located at 1.5 m a.s.l. The lake is
situated in the Slovinski National Park (Poland).

Sampling

Samples of the surface water microlayer from the lake were collected over the pe-
riod of 24 hours in June 2000. Sampling stations were established on the lake Dołgie
Wielkie (Fig. 1) in a small bay. The selected sampling stations are shielded by trees
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Fig. 1. Location of sampling stations on lake Dołgie Wielkie

growing at the lake shore, which reduces the effect of winds on the water surface at
the sampling stations, and thus enhances the stability of the surface microlayer.
Samples of surface water were collected by three methods:

1. The plate method (PM) – (Harvey and Burzel 1972) was applied to the sam-
ple of surface water microlayer of 80-115 µm in thickness. For this purpose
a glass plate of 30 x 30 cm and a thickness of 3 mm was used. A plate
was immersed in water at an angle of 45o and then taken out at a rate of
5 to 20 cm.s-1. The water sample was removed from both sides of the plate to
a container using a rubber wiper.

2. The Garrett method (SM) – (Garrett 1965) was used to collect the surface mi-
crolayer with a thickness of 250-300 µm. A polyethylene net of 75 x 75 cm
and mesh size of 0.14 mm was mounted on a frame. The net was immersed in
water in a similar manner as it was in case of the glass plate and next a wiper
was used to collect water to a container (Garrett 1965, Piotrowicz et al. 1972).
In order to avoid the dilution of the surface microlayer by the expansion of
the material to the layer of subsurface water the boat used during sampling
was allowed to float in the sampling area (Estep and Remsen 1985).

3. Subsurface water (SSW) was collected at a depth of about 15 cm from the
water surface by immersing the container (Hermanowicz et al. 1999).

Chemical analyses

Total nitrogen according to Kjeldahl, organic nitrogen, ammonia nitrogen, carbon
dioxide and dissolved oxygen were assayed according to Hermanowicz et al. (1999).
Concentration of nitrite nitrogen was determined using a MERCK test.
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Statistical analysis

In order to compare both investigated media, i.e. water from the surface microlayer
and subsurface water, enrichment factors (EF) were applied, which were calculated
from the following formula:

EFPM = CPM/CSSW, EFSM = CSM/CSSW,

where: CPM or CSM – concentration of the analyzed component in a respective
surface microlayer;

CSSW – concentration of the same component in subsurface water
(Estep et al. 1985, Guitart et al. 2004), counting in terms of
the partial values:
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where: successive unit indexes were calculated according to individual partial values,
e.g. CSML1 – concentrations in season 1 in microlayer PM or SM, SSW1 – con-
centrations of a component at the same hour and at the same sampling sta-
tion in the subsurface water layer and analogously the 2nd results up to the
i-th result.

When analyzing correlations of two variables Pearson’s linear correlation coefficient
r was calculated and next its significance was verified. If at least one distribution
was significantly different from the normal distribution, the Spearman rank test rs

was applied. In order to determine the power of the relationship of correlated vari-
ables a scale presented by Stanisz (1998) was used. Based on the analysis of corre-
lation, linear regression curves were selected and plotted.

RESULTS AND DISCUSSION

In the thinnest analyzed surface microlayer the highest concentrations of analyzed
chemical substances were recorded, for nitrogen according to Kjeldahl it was a mean
1.01 mg dm-3, that of organic nitrogen was by approx. 1% lower, the ammonia form
of nitrogen was observed at 84.75 µg dm-3, while the nitrite form accounts for
2.42  µg dm-3 (Table 1). Calcium concentration was 9.80 mg dm-3. In the GM layer
the following mean values were observed: Kjeldahl nitrogen at 0.91 mg dm-3, or-
ganic nitrogen at 0.90 mg dm-3, ammonia nitrogen at 79.92 µg dm-3, nitrite nitrogen
at 2.33 µg dm-3 and calcium at 9.22 mg dm-3 (Table 2). The lowest values were re-
corded in the subsurface water layer for each of the analyzed components (Table 3)
and this result is consistent with those reported in studies by e.g. Trojanowski et al.
(2001), Mudryk et al. (2002), Estep and Remsen (1985), Hillbricht-Ilkowska et al. (1997).
In the neighbouring estuarine lake Gardno recorded concentrations of ammonia ni-
trogen in the surface microlayer were comparable (Trojanowski et al. 2001, Mudryk
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Table 1
Contents of selected forms of nitrogen and calcium in surface microlayer

sampled by glass plate

SM N-T Norg N-NH4 N-NO2 Ca

Min. 0.74 0.74 65.00 1.50 8.82

Med. 0.90 0.89 81.00 2.60 9.85

Max. 1.82 1.82 133.00 2.60 10.62

Mean 1.01 1.00 84.75 2.42 9.80

SD 0.28 0.29 14.64 0.42 0.50

SE 0.06 0.06 2.99 0.09 0.10

CV 28.09% 28.80% 17.27% 17.33% 5.10%

Min. – minimum, med. – median, max. – maximum, SD – standard deviation,
SE – standard error

Table 2
Contents of selected forms of nitrogen in surface microlayer sampled

by the Garrett net

GM N-T Norg N-NH4 N-NO2 Ca

Min. 0.59 0.59 66.00 1.50 8.02

Med. 0.90 0.83 76.50 1.50 9.35

Max. 1.51 1.51 102.00 3.70 10.02

Mean 0.91 0.90 79.92 2.33 9.22

SD 0.23 0.23 10.58 0.99 0.57

SE 0.05 0.05 2.16 0.20 0.12

CV 25.16% 25.90% 13.24% 42.43% 6.18%

Table 3
Contents of selected forms of nitrogen, calcium and dissolved gases in surface microlayer

sampled by the Garrett net

PW N-T Norg N-NH4 N-NO2 O2 CO2 Ca

Min. 0.53 0.53 61.00 1.50 5.00 2.50 8.42

Med. 0.76 0.76 76.00 1.50 9.80 3.90 9.22

Max. 0.95 0.95 99.00 3.70 12.9 5.10 9.42

Mean 0.77 0.77 78.75 2.05 9.22 3.93 9.11

SD 0.09 0.09 11.85 0.79 1.99 0.65 0.26

SE 0.02 0.02 2.42 0.16 0.41 0.13 0.05

CV 11.76% 11.76% 15.04% 38.76% 21.61% 16.60% 2.81%

Table 4
Enrichment coefficients calculated for analyzed substances

N-T Norg N-NH4 N-NO2 Ca

EFSM 1.33 1.32 1.09 1.31 1.08
EFGM 1.20 1.18 1.03 1.21 1.01
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et al. 2002). A significant value showing the difference in the concentrations of sub-
stances in the subsurface water layer and their concentrations in the surface micro-
layer is offered by enrichment factors presented in Table 4. It results from that table
that each of the analyzed components enriched more the PM surface microlayer
rather than SM microlayer. In the PM microlayer for nitrogen compounds there were
values ranging from 1.09 for the reduced form of nitrogen (N-NH4) to 1.33 for ni-
trogen according to Kjeldahl (N-T). In the SM layer located slightly deeper these co-
efficients ranged from 1.03 (N-NH4) to 1.21 (N-NO2). These values coincide with the
lower threshold for enrichment factors recorded for N-NO2 and N-NH4 by Estep and
Remsen (1985) in ponds, which may be considered comparable to the small lake of
Dołgie Wielkie. For calcium this factor was the lowest and this means that the ac-
cumulation of this element in the surface microlayer was slight. This result is con-
sistent with the findings from analyses conducted in three objects, i.e. Dołgie Wiel-
kie, Jasień and Gardno, lakes located in the Polish Central Pomerania region (An-
tonowicz 2008c).
Concentrations of dissolved carbon dioxide and oxygen showed a negative signifi-
cant correlation (Fig. 2). It is a result of oxygen uptake by microorganisms and re-
lease of carbon dioxide. This is confirmed by the analysis of graphs of diurnal con-
centrations of oxygen and carbon dioxide. In their case we can observe maximum
concentrations of oxygen at time points of 10:00, 12:00, 17:00, 22:00, 2:00, 4:00 and
9:00 (the recorded time of sampling was approximated to the full hour), at which re-
duced values of carbon dioxide were found, and conversely – at time points, in which
minimum oxygen concentrations were observed, maximum concentrations of dis-
solved carbon dioxide were recorded.

Fig. 2. Diurnal variation in the concentration of dissolved oxygen and carbon dioxide (mg dm-3)
in subsurface water of lake Dołgie Wielkie

In case of the analyzed forms of nitrogen, calcium and dissolved gases a trend may
be seen for similar concentrations in each of the investigated layers at the time of
study onset and 24 h after that time, which suggests cyclicity of the observed
changes.
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Nitrogen according to Kjeldahl showed similar changes within the period of 24 h as
those for organic nitrogen (which accounts for 99% N-T), which is markedly evident by
the occurrence of common maxima in the surface microlayer observed at 22:00-24:00
(Figs 3 and 4). In that time frame in the subsurface water layer these forms of nitro-
gen showed a downward trend and were correlated with the decreasing level of oxygen
(Fig. 2). This suggests that organic nitrogen forms migrate at that time to the microlay-
ers. At the same time a decrease in oxygen concentration was accompanied by a de-
crease in the concentration of the nitrite form (Fig. 5) and the increase in the content of
the reduced ammonia form N-NH4 (Fig. 6) due to the enhanced reduction conditions.
Observed maximum concentrations of total nitrogen (N-T and Norg) indicate an ac-
cumulation of organic matter, dying and decaying probably after 24:00, which in
turn is connected with mineralization and the appearance of successively increasing
amounts of the reduced forms of N-NH4 and N-NO2 in the PM microlayer, which

Fig. 3. Diurnal variation in the concentration of nitrogen according to Kjeldahl (mg dm-3) in
surface microlayers and subsurface water of lake Dołgie Wielkie

Fig. 4. Diurnal variation in the concentration of organic nitrogen (mg dm-3) in surface micro-
layers and subsurface water of lake Dołgie Wielkie
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Fig. 5. Diurnal variation in the concentration of nitrite nitrogen (µg dm-3) in surface micro-
layers and subsurface water of lake Dołgie Wielkie

Fig. 6. Diurnal variation in the concentration of ammonia nitrogen (µg dm-3) in surface mi-
crolayers and subsurface water of lake Dołgie Wielkie

could have been formed in the ammonification stage processes or possibly nitrifica-
tion of the formed ammonia nitrogen. When analyzing this situation we need to fo-
cus on the low oxygen content in the subsurface water layer in the period of 3:00-
6:00, which promotes reduction processes. This explains the simultaneous highest
concentration in the PM microlayer recorded for the reduced form of N-NH4 and
a decrease in the N-NO2 concentration. At that time considerable amounts of N-NO2

migrate from microlayer PM to SM. Since in the SM microlayer a reduction is ob-
served in the amounts of N-NH4, at the simultaneous increase in the concentration of
this component in the PM microlayer and in the SSW layer, it may be assumed that
the thicker microlayer was left by ammonia-forming microorganisms, which mi-
grated to the water closer to the surface or to the depths, or in the SM layer the dis-
cussed ammonification occurred to a lesser degree, since at that time an increased
concentration of organic matter was observed in the SM layer.
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Fig. 7. Diurnal variation in the concentration of calcium (mg dm-3) in surface microlayers and
subsurface water of lake Dołgie Wielkie

When analyzing the diurnal variation in calcium concentration we need to stress the
observed minimum (8 mg dm-3) concentration of this element in layer SM at 22:00
(Fig. 7). In that time frame it was correlated with an increase in the concentration of
organic matter (Norg) in that layer. Probably calcium is absorbed by organisms mi-
grating to the depths of the water lake or it is precipitated in the form of sparingly
soluble compounds. After 22:00 calcium concentration was reduced in the subsur-
face water layer and its marked increase was found in surface microlayers, i.e. cal-
cium is transported in the opposite direction. At the same time we need to remember
that an increase in calcium concentration starting from 1:00 a.m. is correlated with
a decrease in the concentration of organic matter in the microlayers. Probably the
limited capacity and the ability to accumulate substances in the surface microlayer
led to a situation when calcium compounds displaced organic matter (Norg) from the
surface microlayer to the SSW layer.
In literature there is a limited body of materials referring to diurnal variation. Scarce
papers were published, some studies conducted in the marine environment (Fal-
kowska 2001), while other conducted also in lakes of the Central Pomerania region,
the latter concerning diurnal variation in the contents of metals, nutrients and
phytoneuston (Antonowicz 2008a, b), as well as publications concerning bacterial
activity (Walczak 2008).
Analysis of investigations conducted in October 2000 on the neighboring lake
Gardno showed similarities in the course of diurnal variation in concentrations of
total and organic nitrogen. Both in lake Gardno (Antonowicz 2008b) and lake Dołgie
Wielkie in the diurnal cycle in the night hours maximum N-T concentration was ob-
served in the surface microlayer. Moreover, in lake Gardno in the SM microlayer
a maximum was recorded in the early morning hours (after 4:00). In case of ammo-
nia nitrogen in both analyzed testing cycles maximum concentrations of ammonia
nitrogen were found in the SM microlayer (lakes Gardno and Dołgie Wielkie). In the
conducted investigations simultaneous maxima were observed on calcium concen-
trations found after 14:00 as well as at 4:00-5:00, similarly as in lake Gardno (An-
tonowicz 2008b) and the neighbouring lagune lake Dołgie Wielkie.



Józef Antonowicz, Jan Trojanowski, Czesława Trojanowska46

REFERENCES

Antonowicz J., 2008a. Daily changes in concentrations of selected heavy metals in relation to
chlorophyll content in surface water microlayer of lake Gardno. Ecol. Chem. Eng., 15, 4,
473-481.

Antonowicz J., 2008b. Daily dynamics of biogenic substances migration in the subecosystem
of the lake water surface microlayer. Ecologic Problems, 5, 260-266.

Antonowicz J., 2008c. Quantity of selected physical and chemical parameters in surface mi-
crolayers and subsurface water according to example of three lakes. Balt. Coast. Zone, 12,
5-19.

Antonowicz J., Mudryk Z., Trojanowski J., Dwulit M., 2008. Concentrations of heavy met-
als and bacterial numbers and productivity in surface and subsurface water layers in
coastal lake Dołgie Wielkie. Ecol. Chem. Eng. A, 15, 9, 873-880.

Atlas jezior Polski. (The atlas of Polish lakes) 1997. (Ed.) J., Jańczak IMGW, Poznań.
Estep K.W., Remsen C.C., 1985. Influence of the surface microlyer on nutrients, chlorofill

and algal diversity of a small eutrophic bog pond. Hydrobiol., 121, 203-213.
Estep K.W., Maki J.S., Danos S.C., Remsen C.C., 1985. The retrieval of material from the

surface microlayer with screen and plate samples and its implications for partitioning of
material within the microlayer. Freshwater Biology,15, 15-19.

Falkowska L., 1996. Mikrowarstwa powierzchniowa morza. (Sea surface microlayer). UG
Gdańsk, (in Polish).

Falkowska L., 1999. Sea surface microlayer: a field evaluation of teflon plate, glass plate and
screen sampling techniques. Part 2. Dissolved and suspended matter. Oceanol., 41(2), 56-63.

Falkowska L., 2001. 12-hour cycle of matter transformation in the sea surface microlayer in
the offshore watersea of the Gdańsk Basin (Baltic Sea) during spring. Oceanol., 43(2),
201-222.

Garrett W., 1965. Collection of slick forming materials from the sea surface. Limnol.
Oceanogr., 10, 602-605.

Guitart C., Garcia-Flor N., Dachs J., Bayona-Termens J., Albaigés-Riera J., 2004. Evaluation
of sampling devices for the determination of polycyclic aromatic hydrocarbons in surface
microlayer coastal waters. Mar. Pollut. Bul., 48, 961-968.

Harvey G., Burzell L., 1972. A simple microlayer method for small samples. Limnol. Oceanogr.
17, 156-157.

Hermanowicz W., Dojlido J., DoŜańska W., Koziorowski B., Zerbe J., 1999. Fizyko-chemicz-
ne badanie wody i ścieków. (Physico-chemical studies of water and waste water). Wyd.
Arkady Warszawa, (in Polish).

Hillbricht-Ilkowska A., Kostrzewska-Szlakowska I., 2004. Surface microlayer in lake of dif-
ferent trophic status: nutrients concentration and accumulation. Pol. J. Ecol. 52, 461-
478.

Hillbricht-Ilkowska A., Jasser I., Kostrzewska-Szlakowska I., 1997. Air-water interface: dy-
namic of nutrients and picoplancton in the surface microlayer of a humic lake. Verh. In-
ternat. Verein. Limnol., 26, 319-322.

Kozarec Z., Ćosević B., Frka S., Mobius D., Hacke S., 2003. Complex methodological ap-
proach to the studies of natural microlayers at the air/water interface. Colloids and Sur-
faces A: Phisicochem. Eng. Aspects, 219, 173-186.

Lion L., Leckie J., 1981. The biogeochemistry of the air-sea interface. Ann. Rev. Earth
Planet. Sci., 9, 49-86.

Liss P., 1977. Effect of surface films on gas exchange across the air-sea interface. Rapp. P.V.
Reun. Cons. Int. Explor. Mer., 171, 120-124.

Maki J., Hermansson M., 1994. The dynamics of surface microlayers in aquatic enviroments.



24-hour cycle of variability in contents of nitrogen forms... 47

The biology of particles in aquatic systems. (Ed.) R.S. Wotton, Lewis Publishers., 7, 161-
-181.

Maki J., Remsen C. 1989. Examination of a freshwater surface microlayer for diel changes in
the bacterioneuston. Hydrobiol., 182, 25-34.

Mudryk Z., Trojanowski J., Antonowicz J., Skórczewski P., 2002. Chemical and bacteriologi-
cal studies of surface and subsurface layers in estuarine lake Gardno. Polish Jurnal of En-
viromental Studies, 12, 199-206.

Norkrans B., 1980. Surface Microlayer in Aquatic Enviroments.  Adv. Microb. Ecol., 4, 51-
85.

Piotrowicz S., Ray B., Hoffman G., Duce R., 1972. Trace metals enrichment in the seasurface
microlayer. J. Geophys. Res., 77, 5243.

Quinn J., Otto N., 1971. Carbon dioxide exchange at the air-sea interface: Flux augmentation
by chemical reaction. J. Geophys. Res., 76, 1539-1549.

Stanisz A., 1998. Przystępny kurs statystyki w oparciu o program STATISTICA_PL na
przykładach z medycyny. (Statistic course based on medicine examples supported by
STATISTICA_PL software). StatSoft Polska Sp. z o.o., Kraków, (in Polish).

Trojanowski J., Trojanowska C., Antonowicz J., 2001. Nitrogen and phosphorus in surface
microlayers of estuarine, shallow lake (north Poland). Ecohydrobiology & hydrobiology,
1, 457-463.

Yang G., Tsunogai S., Watanabe S., 2005. Biogenic sulfur distribution and cycling in the sur-
face microlayer and subsurface water of Funka Bay and its adjacent area. Continental
Shelf Research, 25, 557-570.

Walczak M., 2008. Day-to-night activity of bacteria in the surface microlayer of eutrophic
lake. Pol. J. Ecol., 56, 379-389.

24-GODZINNY CYKL ZMIENNOŚCI STĘśENIA FORM AZOTU
W MIKROWARSTWIE POWIERZCHNIOWEJ W LAGUNOWYM JEZIORZE

MORZA BAŁTYCKIEGO (PÓŁNOCNA POLSKA) – CZĘŚĆ I

Streszczenie

W lipcu 2000 roku przeprowadzono dobowy cykl badań w celu określenia zmienności
stęŜenia związków azotu oraz wapnia i rozpuszczonych gazów w mikrowarstwach po-
wierzchniowych płytkiego jeziora lagunowego usytuowanego na wybrzeŜu Morza Bałtyckie-
go. Wodę do analiz pobierano w cyklu godzinnym przez okres 24 godzin z jeziora Dołgie
Wielkie. Poddano analizie mikrowarstwę powierzchniową o grubości ok. 100 µm, warstwę
o grubości ok. 250 µm oraz warstwę wody podpowierzchniowej z głębokości około 15 cm.
Na podstawie zanalizowanych danych uzyskano informacje dotyczące migracji związków
azotu między analizowanymi warstwami. Zaobserwowano przemiany form azotu zreduko-
wanych do utlenionych i vice versa.
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