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Introduction
The Danube Delta is one of the main components of the Danube River system, and represents the natural interface between a vast drainage area (817,000 km2) and the inland-receiving basin of the Black Sea. The delta is fluvially dominated, and shows a typical triangular shape, having 65 – 85 km distance from apex to coast and up to about 70 km width between the branches. This is the second largest deltaic area in Europe, after the Volga Delta, covering more than 4,150 km2 of complex water systems and emerged land belts. There are about 3,500 km of natural streams and artificial canals, connecting more than 450 lakes, all these water bodies representing closely interacting ecosystems. A series of interdistributary depressions, with specific hydrographic networks consisting of interrelated systems of lakes and channels, may be outlined between the main Danube branches and south of the Sf. Gheorghe Branch. Two depressions (Sireasa and Pardina) have been wholly transformed in agricultural polders and their water systems include now only some artificial drainage canals. Southwards, there is the Razim – Sinoie lagoonal complex, a large lacustrine area (1,015 km2) supplied with water and sediments from the Sf. Gheorghe Branch. Throughout this group of lakes can be observed a slow general water flow, from north to south, which at the end discharges to the Black Sea through the Periboina outlet, located in the southernmost part of the lacustrine complex. The depths of the deltaic and lagoonal lakes don’t usually exceed 3.5 m.  

The anthropogenic activities developed within the Danubian hydrographic basin, populated by 85 million inhabitants, made the Danube River the most important eutrophication and pollution source, both for the Black Sea and for the Danube Delta. The riverine influence and the human interference carried out inside the Danube Delta itself have disturbed the natural equilibrium of this highly dynamic, but particularly sensitive, assemblage of biocoenoses and ecosystems. There are only 15,000 inhabitants in the delta, but more than 300,000 people are living around the Danube Delta and Razim – Sinoie lacustrine complex, exerting an important anthropogenic pressure over the whole deltaic and lagoonal biome.   

This study is an attempt to identify and outline some environmental problems and to provide a general evaluation of the current status and tendencies concerning sediment and water contamination in the Danube Delta, as was evidenced by the observations and analytical data obtained after the cruises organized by GEOECOMAR in 1995 - 1998. The main objectives are to assess the sediment and water quality, to obtain up-to-date information on contaminant sources and fluxes and to detect patterns and trends in contaminant input and dispersal within the Danube Delta water systems. A central goal is to identify the areas under stress by assessing the impact of the anthropogenic activity, in general, and of the Danube river, a major source of nutrients and mineral/organic contaminants, in particular, over the biogeochemistry of the main aquatic ecosystems.

The monitoring activities were done beginning in 1997 with investigations on biogenic gas emissions. The research work started in 1997, as part of an international project concerning the fluxes of greenhouse gases in the northwestern region of the Black Sea coastal zone. The main goals of the project were to record the emissions of selected greenhouse gases (N2O, CH4 and CO2), to assess the current gas fluxes and the physical, chemical and biological changes across the Danube Delta, and to extrapolate the obtained data to similar areas around the Black Sea. The project was carried out under the INCO-Copernicus Programme and complemented previous and ongoing international projects such as EROS 2000, and EROS 21, devoted mainly to the Black Sea.

Materials and Methods

The field research activities carried out during the period 1995 – 1998 were organized in the framework of a monitoring program, using the same sampling network each year, in order to assess the spatio-temporal variability of selected lithological, physical, chemical and biological parameters. In 1998, the strategy of sample collection was changed, and the field activity focused on less numerous, but more representative aquatic ecosystems, which were investigated in detail. The whole sampling and measurements program has been achieved in various hydrological conditions, in 472 stations, during 8 sampling campaigns. Sediment, water and biota sampling was carried out within the main lakes and channels of the deltaic water systems, as well as within the Razim – Sinoie lagoonal complex. Beginning with September 1997, emissions of greenhouse gases (CO2, CH4 and N2O) have been measured, using an up-to-date in situ gas analyzer. Three supplementary cruises have been performed during 1998, only for biogas studies, covering a large area, including the Ukrainian part of the Danube Delta, and a variety of hydrological and seasonal conditions. In this way, the study covered a spring period (May 11- June 3), with high water levels and medium temperature values (18-20oC), a summer period (August 16-27), with low water levels and high temperature values (30-33oC), and a cold autumn period (November 15-23), with increasing water levels and temperatures between 0 and 10oC. The last campaign was devoted mainly to soil/air measurements. The biogas determination has been performed in fixed stations on land and in various lakes; when the local hydrological conditions permitted, longitudinal continuous profiles were carried out within some lakes and along numerous channels, including the main distributaries of the Danube Delta. 

The sampling of bottom sediments was performed using Van Veen grabs and plastic corers. The samples were sub-sampled aboard for various types of analyses: grain size, mineralogy, chemistry, total organic carbon, magnetic susceptibility, radioactivity and benthic biota. Suspended mineral and organic particulate matter was collected by filtration and/or centrifugation. The obtained sediment samples were subsequently prepared and stored in specific conditions (refrigerated, oven dried), in view of future analyses.   

The biologic samples have been collected using Van Veen grabs, bottom dredges and plankton nets. For phytoplankton analyses, water samples were stored and preserved with formaldehyde.

Surficial and bottom water samples have been obtained using plastic buckets and Nansen type bottles. Usually, composed and/or integrated surficial water samples have been collected from the lakes and along the channels, but individual samples were obtained as well, mainly from the bottom water. Selected samples have been vacuum-filtered on glass fiber  (0.7 (m) and/or teflon filters (0.45 (m) and stored (refrigerated or treated with HNO3) for mineral and organic pollutant analyses (heavy metals, ammonium, MBAS, pesticides). Bulk water samples have been also stored for heavy metals and total organic carbon analyses.  

The gas measurements have been completed using a portable multi-gas monitor (“INNOVA” – Bruel & Kjaer type 1312) based on the photoacustic infrared detection method.

Main physico-chemical parameters (including nutrient concentrations) have been measured in situ, aboard, on raw and/or filtered water samples, using field equipment. Heavy metals, total organic carbon and pesticide concentrations in water and sediments, ammonium and chlorophyll in water, and grain size, mineralogy, magnetic susceptibility, chemistry and radionuclide contents of the sediments were determined in Bucharest and Constanta laboratories. Studies on planktonic and benthic populations have been achieved also in laboratories on land.

Results

Due to their particular position, the Danube Delta and the Razim – Sinoie lagoonal system may be considered as a natural filter, interacting between the Danubian inputs, rich in contaminants collected from a huge catchment area, and the western Black Sea region.  Most of the water is entering the deltaic area between March and July (60%), via the magistral channels, through levee crevasses, or over the riverbanks. During these spring floods, important supplies of suspended load sink behind the levees and are filtered through the developing fen vegetation, being trapped and gradually sedimented in the backswamps, lakes and secondary channels. The modification of the water circulation inside the delta, produced by several channelisation phases, caused an artificially augmented water transfer and produced strong filling up processes in many lakes and channels, even if the solid discharge of the Danube decreased because of the damming works done upstream on the river. As a direct consequence, the role of environmental buffer played by the delta was seriously altered.

The cruises performed in the last four years provided a huge quantity of data concerning various aspects of the delta’s environment quality and involved analyses of numerous physical, chemical and biological parameters. Since an exhaustive presentation of this information cannot be made, this presentation will focus only on the most important results gathered from the examination of some selected physical and geochemical parameters of sediment and water samples collected within the aquatic ecosystems of the Danube Delta and Razim - Sinoe lagoonal complex. A summary of biogas studies is also included. More details concerning sediments, water and biogas emissions from the Danube Delta will be presented in several specialized papers.

Quality of Sediments

The bottom sediments were investigated in detail only after the first cruise. The monitoring of their quality requires longer time intervals between successive determinations of various parameters (grain size, mineralogy, chemistry) in order to prove possible tendencies in their evolution. Suspended sediments have been also collected during several campaigns and analyzed for clay mineralogy (1/1995) and for chemical composition (3/1996), but only the bottom sediments will be presented now.

Lithology. The modern sediments of the Danube Delta lakes and channels show moderate variability, from mineral clayey - silty muds, consisting largely of allogenic silicate minerals of detrital origin, to more organic and/or calcareous muds, rich in authigenic components. Usually, the lakes influenced by more or less direct supplies from the Danube River (i.e. Lungu, Mesteru, Fortuna, Uzlina, Iacub) exhibit grey - blackish mineral muds, with soapy appearance, rich in bioturbations, showing a grey - yellowish (oxidized) fine and fluffy layer on top, containing mainly Unio, Anodonta, Dreissena and Viviparus shells and living specimens. Sometimes, fine sands and sandy muds are encountered in the channel-mouth fan areas. The lakes protected by direct riverine input (i.e. Baclanesti, Bogdaproste, Trei Ozere, Babina, Matita, Raducu, Isacova, Rosu) are characterized by black and grey - brownish to yellowish loose (porous) muds, which lacks cohesiveness, sometimes with saprogenic or hydrogen sulfide smell, very rich in authigenic calcium carbonate, coprogenic and vegetal organic matter, at places with reed fragments and rare shells and living mollusks (Anodonta, Unio, Viviparus etc.). There are also numerous lakes with intermediate conditions (i.e. Cutetchi, Tataru, Durnoi, Puiu) and intermediate sediments. 

The active channels contain sands and sandy muds when are directly connected with the main branches of the delta (Mila 36, Crisan, Dunavat, Dranov), and show commonly heterogeneous deposits consisting of shells, living mollusks, vegetal (wood) fragments and grey - blackish sandy - muddy matrix, when are farther of the riverine inputs (i.e. Litcov, Isac, Sontea). 

The Razim - Sinoe lagoonal complex contains generally grey - blackish silty muds, oxidized and non-cohesive on top, with large bioturbations, showing usually at about 10 cm under water/sediment interface a shelly layer (5 - 10 cm) consisting almost exclusively of Cardiida shells and shell fragments. Sandy bottom sediments are common for the peripheral parts of the Lake Sinoe. Mainly Anodonta and Unio sp represent living mollusks. In the lakes Razim and Golovita and Corbula sp. In the Lake Sinoe. Mya arenaria shells are very widespread along the eastern side of the Lake Sinoe.

Grain size. Granulometric composition of the Danube Delta sediments pointed out the prevalence of silty and silty-clayey sediments in about all lacustrine areas. Sandy deposits were identified mainly in channels, marking sometimes the channel-mouth fans in the lakes directly influenced by the Danube River loading (Mesteru, Lungu, Iacub, Puiu, Rosu), and superimposed on the beach ridges in lagoonal belts (Lake Sinoe).    

Clay mineralogy. The clay mineral association is dominated by smectite and illite in comparable amounts (25 - 55%), followed by subordinate kaolinite and chlorite (5 - 15%). There is an evident mineralogical differentiation between the danubian inputs and the deltaic bottom sediments. The mineralogy of the Danube River suspended sediments is influenced by the seasonal hydrodynamic conditions, but the average smectite/illite ratio is commonly sub-unitary (S/I = 0.60 - 0.90). Instead, the bottom sediments of the farther deltaic lakes show increasing tendencies of smectite contents, leading to smectite dominated clay mineral associations (S/I = 0,98 - 1,38). The process of relative enrichment in smectite by differential transport and sedimentation was identified within the Danube Delta lake system and inside the Razim - Sinoe lacustrine area as well. The rather high contents of smectite suggest the importance of adsorption phenomena for transport and accumulation of heavy metals and organo-metallic compounds in sediments.

Magnetic susceptibility. Usually, the mineral muds show higher magnetic susceptibility, well correlated with the riverine sediment input. All the lacustrine areas evidenced on LANDSAT imagery as receiving elevated amounts of suspended silt have been identified as containing bottom sediments with high magnetic susceptibility. A special case is represented by the sediments of the Lake Dranov, protected from direct Danubian supplies, where relative high magnetic susceptibility values may be induced by a certain level of pollution, proved by chemical composition, as well.

Chemical composition. The distribution of some selected major elements (Al, Fe, Ca) and of the total organic carbon (TOC) within the bottom sediments of the Danube Delta correlates very well to their lithological and grain size constitution. 

Al2O3 and Fe2O3 show the highest contents in clayey - silty mineral muds from lacustrine areas controlled by more or less direct inputs from the Danube River (i.e. Mesteru - Fortuna and Gorgova - Uzlina depressions, Razim - Sinoe complex). Clay minerals and Fe oxides and hydroxides have an important adsorption potential for heavy metals and other polluting compounds.  Thus, both Al2O3 and Fe2O3 exhibit strong positive correlation to various heavy metals. Al2O3 represents a proxy for the grain size variation of the aluminosilicate minerals, particularly the clay fraction of the sediments, so it has been used for reference metal normalization. 

CaO and TOC are significant components mainly in the organic - calcareous muds, widespread within more sheltered areas, that are protected against direct riverine supplies (i.e. Matita - Merhei, Raducu - Raduculet and Lumina - Rosu depressions). These parameters show negative correlation coefficients with all heavy metals, even if the organic matter can concentrate some trace elements.

Heavy metals and other trace elements. The trace metals are incorporated in sediments in various forms, more or less mobile, interacting with the water and biota during and after transport and sedimentation. Anthropogenic contribution to the final or momentary composition of the sediments can lead sometimes to dangerous concentrations, exceeding the normal levels, specific for each watershed. At present, the natural background of the sediments provided by the Danube River basin is not well determined, so the evaluation of trace metal contamination of the Danube Delta sediments was carried out using the average natural concentrations estimated by Turekian and Wedepohl (1961) for shales, and French standards for the Rhone-Mediterranean-Corse basin (in Naffrechoux, 1992).  Normalization procedures, using Al2O3, TOC and clay contents have been applied, as well, in order to identify anomalous metal concentrations (UNEP/IOC/IAEA, 1995). Bottom sediments have been analyzed for As, Ba, Cd, Cr, Cu, Hg, Mn, Ni, Pb, and Zn, using ICP-MS techniques. 

The trace elements contents show highest concentration in the mineral muds of the Danube influenced lakes, and correlate positively with Al2O3, Fe2O3 and magnetic susceptibility, and negatively with CaO and TOC, as a consequence of the abundance of clay minerals, iron oxides and hydroxides, whose retentive properties are very strong. 

The concentrations of Hg and Cd, the only metals included on the List I (“Black List”) of the Paris Convention and EC Directives (76/464/EEC) are not at dangerous levels. The other analyzed elements, As, Ba, Cr, Cu, Mn, Ni, Pb and Zn, classed as List II (“Grey List”) substances, are not exceeding, usually, the “normal” values, but may show increasing trends in areas controlled by riverine inputs. Therefore, many lakes from Mesteru - Fortuna depressions, or Iacub, Uzlina and other lakes which receive important Danubian sediment supplies, show high contents in almost all trace elements. Consequently, the calcareous - organic muds from the Matita - Merhei depression and from other lakes with more confined conditions, are poor in trace metals.  

Some increased values, showing suspect situations, were recorded for As, Cr, Ni, Mn in various sediments (mainly silty - clayey muds). In addition, the examination of the Al-normalized values for the same areas suggests that some of the elements  (Cr, Ni, Mn) could have higher levels of natural abundance in Danubian sediments than the French standards, so the state of metal contamination could be reconsidered. 

The distribution of trace elements in Razim - Sinoie lake system sometimes shows gradual increases of metal abundances from northern stations (lake Razim) to southern ones (lakes Golovita, Sinoie). It is the case for Ni, Cr, Zn, Cu, Cd, which could accumulate by differential transport and sedimentation, that the finest particles are transported and sedimented furthest from the source. This fine particulate matter, consisting of clay minerals associated with organic matter and hydrous oxides, have usually the highest adsorption capacity, and could therefore concentrate and transport high amounts of trace metals. Leaching of the tailing dumps of the flotation plant for Cu ores from Baia (1 km west of Lake Golovita), and atmospheric inputs from the same area, but also from southern industrial sources (Midia - Navodari), could be taken into consideration, as well.

Al-normalized values of various trace metals (Ni, Cr, Mn, and possibly Pb) show preferential concentrations in lakes with calcareous-organic muds, poor in clayey material: Cutetchi, Bogdaproste, Babina, Trei Ozere, Raducu, Rosu. Two possibilities might be considered: affinity for organic matter and/or atmospheric inputs, which are not related to clay mineral adsorption.

Quality of Water

The principal characteristics of the Danube Delta aquatic ecosystems are controlled by an association of natural and anthropogenic factors which induce sometimes important changes of the normal physical and chemical conditions of the water bodies and may lead to a differential dispersal of the pollutant load originated from the initial Danube River water input. The study of water quality has been achieved using various data sets of measurements, obtained in several campaigns, performed during different meteorological and hydrological conditions, which reflect the momentary situation of the water characteristics. The differences recorded during various cruises for some of the measured parameters are usual, but even then, some clear trends in water quality evolution within sundry morpho-hydrographical units were evidenced. For evaluation of water quality we used the five classes classification system, elaborated for the Danube riparian countries within the framework of the PHARE Project EU/AR/203/9, which try to harmonize the methods of monitoring and evaluation with those applied in the EC countries (Pinter, 1997).

A general outlook will be presented only for the parameters involved in evaluation of the aquatic environment quality. The use of the same sampling network during 1995 – 1997 campaigns allowed identifying seasonal changes and some trends in water quality evolution by analyzing the average values of various parameters in distinct periods and in different hydro-morphological units.

Sources and pathways of contaminants in the Danube Delta. Mainly the liquid and solid supplies from the Danube River control contaminant influxes within the aquatic deltaic environment. This is the main source and carrier of the major part of dangerous substances toward the interior of the delta, through its branches and the deltaic channel network. Sources of environmental degradation within the Danube Delta include navigation, agricultural activities in polders, and fish farm basins.  

Around the Danube Delta, direct inputs of municipal and industrial waste waters from numerous rural and urban settlements, mining activities, surface erosion/runoff and ground water flows from large agricultural areas, untreated slurry discharges from pig-rearing farms etc. are to be considered. In this respect, the town of Tulcea, the Danube Delta water gate, represents the most dangerous point source, with huge plants for ferro-alloys and alumina, food factories and shipyards. Close to the Razim – Sinoie lagoonal complex, there is the flotation plant of Baia (1 km west of Lake Golovita), which processes Cu ores and holds three decantation dumps containing tailings rich in Cu, Zn, Cd, Fe.  A second potential pollutant source is Midia – Navodari industrial platform (10 km south of Lake Sinoie) which includes refineries, plants for production of sulphuric acid and superphosphates. Here there are some dumps of phosphogypsum and pyritic cinders containing S, Pb, Cd, radionuclides. Atmospheric inputs of various pollutants provided by these industrial areas cannot be neglected.

General distribution of main parameters. The spatial distribution of various physical and chemical characteristics within the Danube Delta water systems points out some specific trends controlled by interrelated natural and anthropogenic factors. The areas directly influenced by the riverine inputs show generally normal levels for the physico-chemical parameters, but have increased concentrations of nutrients (except ammonium), Cr and Fe. This is the case for many lakes from the Mesteru – Fortuna Depression (Lungu, Mesteru, Fortuna) and certain lakes from other depressions (Uzlina, Iacub). More distant lakes and channels can follow a differentiated evolution. The most eutrophicated ecosystems, characterized by frequent algal blooms, exhibit higher oxygen concentrations, raised pH and decreasing nitrite, nitrate and phosphate levels, due to the nitrite oxidation and phytoplankton uptake. Other fairly isolated lakes or standing aquatic bodies that contain rich macrophyte vegetation and usually clear water (i.e. Cutetchi, Tataru, Baclanesti) are oxygen deficient and consequently preserve higher concentration of nitrites. The Razim – Sinoie complex, where the eutrophication phenomena are important, is characterized by high pH and oxygen concentration, increasing levels of conductivity, total dissolved solids, chloride and sulphates from north to south, following the water flow direction and the transition to a more brackish environment.

The dispersal of trace metals in the Danube Delta waters is controlled by various mechanisms. Fe and Cr show increased values in areas controlled by riverine inputs, pointing out their lithogenic origin. Mn, Zn, Pb show an irregular distribution, determined by lithogenic, organic matter or other influences. Mn, Zn and Cu concentrations decrease from the fluvial delta plain to the marine delta plain, suggesting a filtering mechanism. Some random distribution trends registered in areas situated inside the delta, could be fortuitous, generated by the temporal distance between different measurements, or might reflect atmospheric inputs. Regarding the trace metals in Razim – Sinoie waters, As and Mn show commonly lower average concentrations than in the deltaic lakes, while Cr, Fe, Ni, Pb and Zn are more abundant and can manifest increasing trends from north to south. Differential transport of particulate matter and/or the intervention of eolian pathway could be an explanation for the gradually increasing values registered southwards in the Razim – Sinoie lake system. The Baia and Midia-Navodari industrial sites mentioned above are to be taken into consideration.

A vertical distribution was evidenced in some lakes only for few parameters, when the atmospheric conditions were calm and the water mixing reduced. There is a general decreasing trend from surface to bottom waters for temperature, oxygen, pH and Eh; the conductivity and dissolved solids increase frequently bottomward, mainly during high water periods.    

The cruises have been organized in various hydrological conditions and this fact allowed proving a seasonal distribution of the main parameters. The variability is a common fact for dynamic environments like river – delta systems even during the same water regime; therefore the temporal trends can de evidenced sometimes only by statistical evaluation. There are two main factors influencing the seasonal variability of some parameters: hydrologic regime and biologic activity. During the flood periods, mainly in the springtime, the riverine influxes are stronger, and can be perceived within the whole deltaic and lagoonal area. The nutrient contents are usually higher, and usually, decreasing tendencies can be evidenced as regards nutrient evolution, from the danubian input areas to the farther ones.  In the summer and autumn time, when the water level is low, the algal blooms are widespread and the biological control becomes more important. Due to the phytoplankton action, the nitrites and nitrates are usually diminished, and the pH and the oxygen concentration of the surface waters are generally higher. 

The partitioning of the trace elements between particulate and dissolved phases is generally influenced by various factors (riverine sources, atmospheric inputs, biological activity etc.). The distribution coefficients pointed out that As, Cr, Cu, Fe and Mn are preferentially included within the solid phases, Ni is present mainly in solution. Other elements show dual distributions: Pb is usually bound up with particulate material, except in the deltaic water systems during low water conditions, when the major part is dissolved; particulate Zn is dominant in solution during the floods, and as solid phase at low water levels during the dry seasons. In this respect, a Zn uptake by the developing phytoplankton could be considered, as was proved for Mn. Desorption processes could be supposed during the transport through the deltaic water systems for As, Cr, Fe, and from freshwater to brackish water within the lagoonal complex for As, Cr, Fe, Ni and Mn.  

State of aquatic ecosystems. The differential transport and sedimentation of the particulate matter, adsorption and desorption phenomena, variation of the physico-chemical parameters, evaporation-crystallization processes, biological activity and the filtering role played by the complex deltaic water systems can influence the pollutant evolution and persistence in Danube Delta. 

A first evaluation concerning the state of the Danube Delta aquatic environment, which was obtained after the first cruise organized in the framework of the EROS Programme in the Danube Delta in 1995, (Radan et al., 1997) is confirmed and completed by the investigations carried out during the following campaigns performed until 1998. A general overview on the pollution state of the Danube Delta, as results from this data set, shows only moderate to small degradation of the ecosystems. The general distribution and the common tendencies put in evidence for various parameters allow drawing several conclusions concerning the distribution of contaminants in the Danube Delta.

The physical-chemical state of the Danube Delta water shows generally normal values concerning O2 concentrations, conductivity, dissolved solid concentrations, Eh and pH. The oxygen concentrations are controlled by various factors (hydrological conditions, phytoplankton, macrophyte vegetation, sediment type, water depth, seasonal parameters etc.) which can induce variable distribution patterns within lacustrine water bodies. Some very low oxygen levels, close to anoxic conditions, have been observed at the bottom of some lakes (Cutetchi, Baclanesti, Tataru) and channels (Sireasa, Sontea, Lopatna, Magearu, Litcov, Isac 2, Perivolovca, Caraorman) with locally stagnant and/or confined water bodies, and are generally not directly connected to the recent anthropogenic activities. The highest pH values characterize the Lake Dranov and the Razim – Sinoie lacustrine complex. Suspended solid contents are influenced both by mineral particulate matter inputs of riverine origin, and by phytoplankton blooms. Anomalous concentrations of sulphate and chloride and, consequently, very high conductivity and total dissolved solids were found in Lake Dranov. Higher values of these parameters in the southern area of the lagoonal complex are naturally justified.

The nutrients are transient compounds through a very dynamic environment – Danube Delta; thus the range of their concentrations shows high spatial and temporal variability. These concentrations generally consist of low or normal values for nitrites and nitrates and usually higher values for phosphates. Values exceeding 0.100 mg/l for nitrites and 5 mg/l for nitrates have been usually found within areas controlled by direct Danubian inputs or situated near agricultural lands. The ammonium and phosphate evolution seems to be more influenced by local conditions: point sources (phosphate) and reducing environments (ammonium). Detergents containing phosphates may be discharged even from the boats.  The high phosphate values measured in lakes Razim, Golovita and Sinoie, far from the direct riverine inputs, could be the effect of some point sources (pig-rearing farms, mining industry) located on the western border of the lacustrine complex. The strong eutrophication phenomena observed in numerous areas, including the lakes Razim – Sinoie, emphasize the impact of these nutrient inputs. Usually, the concentrations are lowered after the developing of spring and summer plankton blooms, following the utilization cycle of these nutritive compounds by phytoplankton. 

The dispersal of trace metals in the Danube Delta waters is controlled mainly by riverine supplies, filtering mechanisms, including adsorption and desorption phenomena, and subordinately, by atmospheric inputs. The heavy metal concentrations infrequently exceed the EC environmental quality standards, but some distribution trends could suggest some potential dangers. The areas receiving direct water and sediment supplies from the Danube show generally increased concentrations for some elements (As, Cr, Fe, Mn), even if the normal limits are not exceeded. Some trace metals appear more concentrated in Lake Dranov (As, Ni, Pb, Zn, Fe), or in Razim – Sinoie lakes (Cr, Cu, Pb, Zn, Fe). As regards the lagoonal complex, some of the increased metal concentrations could be an effect of the leaching of waste dumps of the copper ore flotation station from Baia (close to Lake Golovita).  

The areas, which cumulate the most anomalous parameters, and could be considered under stress, are the Mesteru – Fortuna depression, Lake Dranov and partly the lakes Golovita and Sinoie. Special attention must be paid to Lake Dranov, where most of the measured parameters show atypical values as compared with other lakes in the Danube Delta: low Eh, high pH, abnormal concentrations of SO42-, Cl-, and among the highest As, Cr, Ni, Pb, Zn, Mn and Fe abundance. The enrichment mechanism is natural, but the cause is anthropogenic: the Lake Dranov was isolated in the sixties and transformed in a semi-natural fishing pool. The evaporation-crystallization phenomena prevail, or are in equilibrium with the slight riverine inputs, and this prevalence leads to a dangerous salt content increase. Disappearance or diminution of valuable fish species has been observed in this lake.

Greenhouse gases emission

The greenhouse gases are generated by natural biochemical mechanisms taking place mainly in sediments, and also in the water column. The processes acting at the sediment/water interface, in the surface waters and at the air/water interface lead to important gas transfer to the atmosphere, if the specific level of saturation for each individual gas is exceeded by comparison with the water-air equilibrium. As it is well known, because of their specific biogeochemical characteristics, the deltas represent very important producers of biogases. Gas productivity of these areas and of other wetlands was amplified during the last decades because of the anthropogenic impact. The increase of the nutrient input, enhanced by human activities within the deltaic aquatic ecosystems, led to a continuous degradation of the natural environment, induced by the high productivity rate of phytoplankton, which intensifies the eutrophication phenomena, anoxia, nitrification and denitrification processes, and, among other consequences, an important increase of greenhouse gas emissions.

The initial phase (1997) of this project provided the first quantified evidence of the importance of the Danube Delta as producer of biogases. The field activities carried out afterwards, during 1998, have been focused on seasonal monitoring of greenhouse gas fluxes, and on the enlargement of the measurement network, in order to obtain a better knowledge of the temporal and spatial variation of the gaseous emissions. Four main cruises have been organized in various hydrological conditions (high and low water levels) and in different seasons (spring, summer, autumn). The results showed rather clear differences from place to place within the deltaic water systems, between emissions from the emerged vegetated areas and the wetlands, and between warm and cold seasons, etc. 

Usually, the gas fluxes measured within water covered areas keep the same general trends (at different levels) each season, showing well outlined zones, controlled by organic matter and nutrients inputs in lakes and in main channels and branches. The evolution of gas concentrations and gas fluxes (Figure 1) along the main channels or branches of the Danube Delta is controlled by water inputs from interrelated aquatic ecosystems and by the seasonal conditions. The distribution patterns of gas fluxes values within the lacustrine areas show a clear link between the more productive zones, corresponding to the channel-mouth fans in the lakes (directly influenced by riverine loading), and the maximal areas of emission.  The position of the measurement areas within the various morpho-hydrological units of the Danube Delta system is an important factor that controls the sediment characteristics and further, the gas production and fluxes. There are significant spatial variations both locally, in the same lake or channel, and regionally, as shown by the mean gas fluxes values. These lateral variations can be generally interpreted to be the result of complex biological, physical and chemical interactions. As concerns the general seasonal variations, all the determined biogas species showed maximal activity in spring and minimal in summer (Figure 2). 

On vegetation covered areas, the most important factors influencing the gas fluxes, besides the environmental temperature, are the general water level within the Danube Delta, soil type and weather conditions. The presence or absence of a water layer contributes to add or not the diffusive transported gases inside of the water column which floods the vegetated zones, to the gases transported by vegetation. The gaseous emissions at soil/air interface show important seasonal variations. The N2O production diminishes from spring to summer and to autumn, CO2 is practically missing in spring and summer time (only daylight measurements), and CH4 is maximal in summer, followed by spring emissions (Figure 2). Commonly, the atmospheric mixing ratios of N2O and CO2 within the Danube Delta are in accordance with the global measurements and the Black Sea area determinations, while the CH4 level is significantly higher.  

The water saturation in carbon dioxide is usually directly proportional with the methane saturation, and furthermore both gases indicate reverse proportionality with the dissolved nitrous oxide. 

There are some variances between the biogenic gas concentrations in different regions or morpho-hydrographic units of the Danube Delta. The western depressions (e.g. Mesteru-Fortuna), more influenced by Danubian water inputs and by the agricultural land proximity, show higher concentration values than the eastern ones (e.g. Matita-Merhei, Lumina-Rosu). The distribution pattern of N2O in Lake Razim presents maximal concentrations close to the entries of Dunavat and Dranov channels. Both cases point out the River Danube is a main source of nutrients and confirm the buffering effect of the Danube Delta. There are also some differences between channels and lakes. The channels are generally more concentrated in N2O and even in CO2 than are the lakes; further, the lakes are the most important producers of CH4. A quite good positive correlation can be observed between CH4 and CO2 both in lakes and channels, and sometimes between N2O and CH4 in certain lakes. Usually, the northern lakes (located between Chilia and Sulina distributaries) contain the highest concentration values of greenhouse gases. The positive polynomial correlation CH4/CO2 is the most important in the northern lakes. 
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Figure 1.   Evolution of greenhouse gas fluxes (mg/m2/h) along the Sulina Branch (September, 1997; May, 1998; August, 1998).

A general outlook regarding the distribution of gas flux intensities all over the delta, including all the measured values, both on water and on land, suggest some peculiarities concerning the distribution patterns of the investigated gaseous emissions. 

The N2O fluxes are more intense in the springtime, showing numerous important emission “centers”, distributed all over the delta, but not far from the Danube branches. During the summer, the more active area is located within the central part, and in the autumn time, the emissions diminish and are concentrated in the upstream part of the delta, close to the Tulcea Branch. The seasonal decreasing importance of the nutrient inputs are quite well evidenced. This areal and seasonal pattern is controlled by the Danubian supplies, and by increased inputs of nutrients in the springtime, associated with denitrification processes developed in sediments. These processes are more intense in suboxic and anoxic conditions. In the summer the nutrients are used by macro- and microphytes and are subsequently trapped in sediments until the next spring.
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Figure 2.   Seasonal evolution of total gas emissions (A) and mean gas fluxes (B) at soil/atmosphere and water/atmosphere interfaces.

The distribution of CO2 fluxes shows a similar trend, with high intensities during the spring, concentrated mainly within the marine delta plain, and decreasing activity toward summer and autumn, when the more active areas move upstream. This pattern is influenced by the change in the oxygen regime under the influence of the strong algal blooms of summer and early autumn, together with the concomitant productivity increase. The temperature decrease can be also a restrictive factor for gaseous emissions.

The CH4 emissions manifest more constant activity in time; the main centers seem to be more stable in space, due to the deeper location of the methanogenesis processes under the water/sediment interface. A general declining trend from spring to autumn can be observed, induced by the decreasing temperatures.

A first evaluation of the total gas emissions pointed out the water ecosystems as main generators of CO2 and CH4, and the land areas, covered with vegetation, the principal producer of N2O (Figure 2). The total amounts of biogases provided by the Danube Delta could be evaluated at 15,565 tons/year of carbon dioxide, 21.228 tons/year of nitrous oxide and 5324 tons/year of methane (Table 1). These values are only informative estimations; more precise data will be obtained after several seasonal campaigns, including day and night measurements, and covering a more complete observation network. Even then, the complexity of the deltaic territory will limit the possibilities of a very accurate computation. 

Table 1.  Total gas emissions from Danube Delta.
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Long-term productivity studies in the Ukrainian Carpathians were conducted in primary beech (Fagus sylvatica L.), spruce (Picea abies (L) Karst.), oak (Quercus robur L) forests, and secondary spruce forests, and also in subalpine and alpine meadows.  Beech forest ecosystems were studied in Beskids (four permanent sampling areas in the Skole forest region at the altitude of 560-610 m a. s. l. on cambisols over the Carpathian flish in 33, 48, 75 and 100 years old pure beech forest stands). Oak forests were studied in the Carpathian hills (sampling area at the altitude 330-360 m a. s. l. on the soddy podzolic soils in 33, 54, 75 and 106 years old stands).  The spruce study area was situated in the primary 35, 50, 80 and 120 years old forests in Chornogora (at the 1200-1400 m.a.s.l.) and in 35, 51, and 70 years old secondary spruce forest in Beskids and Gorgans (at 600-800 m.a.s.l.). 

The analyses were performed inside the 2000 m2 (40 m x 50 m) plots. The number of trees was counted within each plot. Every tree was numbered for easy identification. The breast height (1.3 m above ground on the uphill side of the tree) was permanently marked around each trunk with a point. The trunk diameter at breast height (d. b. h. in cm) was measured with a steel diameter tape exactly along the point mark.     

Eighteen test trees were chosen to represent the range of different diameters and heights for each sampling area. Those trees were cut at the end of vegetation period (August-September) in the close neighbourhood of the plots. The stem was divided into 1 m logs, which were weighed. Test discs 5 cm thick, were cut at the base of each log for annual ring analysis. Different fractions of above-ground mass (branches, leaves, fruits) were analyzed according to Utkin (1975). 

The determination of below-ground mass was carried out on trees of different diameter from each sampling area (Utkin, 1975, Lochmus and Oja, 1983). Roots of three trees were dug out and collected in groups of the diameter of below 0.5, 0.5-1.0, 1.0-5.0, 5.0-10.0, and over 10.0 mm. 

In the Ukrainian Carpathians beech forest ecosystems have been found a high total biomass stock (617 t/ha in 100 years old forest) and a high annual increment of biomass of 15.4 t/ha/year in absolute dry weight. The mass of perennial organs (stems, branches, and large roots) increases with age, while the mass of leaves and thin roots does not change. The direct correlation between the mass of thin roots and mass of leaves did not depend on the age of forests (Kozak and Holubets, 1996).

Spruce forests were more productive compared with primary beech communities only up to the age of 30-35 years. After 35 years the increment in beech stands was higher than in spruce stands. Biomass of 56 years old natural beech was 372.0 t/ha and of 51 years old planted spruce stand was 195.5 t/ha. The annual increment of biomass in beech forest equaled to 17.2 t/ha/year and in spruce stands only to 9.9 t/ha/year. The replacement of primary beech forests by planted spruce stands is not justified at the area of the Ukrainian Carpathians (Kozak, 1990).

Oak forests did not reveal high accumulation of organic matter. On the basis of data on structure and productivity of oak forests of different age (33, 54, 75, 106 year old), biomass fluctuation in the range of 120.5-239.8 t/ha were studied. Mass of stems and roots changed within the range of 66.9-146.55 and 27.9- 45.4 t/ha respectively. The main part of this mass was accumulated in stems (from 56% in 33 year old forest stand to 61% in 106 year old stand). Nineteen percent of biomass in 33 year old stand and 23% in the 106 year stand was accumulated in roots. The total above ground plant mass surface was 104-164 thousand m2/ha. 

In the meadow of the Ukrainian Carpathians the primary production was 4.6 t/ha (43% above and 57% below-ground parts) within the forest zone and 1.7-2.4 t/ha at the timberline. A more detailed study of biomass and NPP of subalpine and alpine meadows was at the Pozyzevska 1 km2 research polygon in the Chornogora (Malynowskij, 1984). 

A method of modelling forest communities (GAP Model) was used for the description of dynamics of forests in the Ukrainian Carpathians (Menshutkin and Kozak, 1996). The models were verified according to field observations (Kozak, 1990). Forest dynamics were forecasted for next 600 years.

The model was used for quantitative estimates of the effects of various factors (logging, climate changes, introduction of new tree species) on dynamics of forest communities. Any results obtained through simulation modelling, however, need to be verified by long-term field observations and experiments.  
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Abstract

The vegetation of the Slovakian Carpathians is altitudinally zonated. The lowest foothill zone (300-500 m a.s.l.) is characterised by oak and hornbeam forest stands. The lower montane zone is dominated by beech forests with admixture of fir. The upper montane zone is dominated by spruce. In higher ranges (e.g. Tatry Mountains) dwarf mountain pine, subalpine, alpine and subnival zones occur. In Slovakian Eastern Carpathians the timberline is formed by beech.
In the framework of the international project “Effect of Forests Health on Biodiversity with Emphasis on Air Pollution in the Carpathian Mountains” are included the following objectives: 1) to establish a network of biological monitoring sites along with the air pollution monitoring sites, 2) to evaluate responses of bark beetle populations to disturbance interactions related to environmental stresses with emphasis on air pollution, 3) to determine impacts of long-term pollution loading on genetic diversity of mountain forest ecosystems, 4) to examine the effects of environmental stresses on selected plant and animal indicators and 5) to use Geographic Information Systems (GIS) for spatial presentation of the air pollution and biological information.

The monitoring sites in the framework of this project are in the following localities: Geldek - Častá (Malé Karpaty Mts), Vrátna dolina - Štefanová (Malá Fatra Mts), and Biely Váh - Východná (Kozie chrbty Mts). The locality of the Malé Karpaty Mts - Geldek represents a protected landscape area. This monitoring site is located at the altitude 670 m a.s.l., on a SW slope; it is formed by Triassic dolomites, dark grey and grey limestones. Soils are represented by brown soils. The dominant tree species is Fagus sylvatica, which covers 87% of the site.   Fraxinus sp., Acer pseudoplatanus and Tilia sp. occur in admixture. The forest stand is represented by old (120 years) trees for which the health status is very good. The site in the Malá Fatra Mts - Štefanová, is located in the National Park. This monitoring site is at the altitude of 730 m a.s.l., on a N-NE steep slope (25%).   It is formed by sandstones and shales with brown Rendzina soils. The dominant tree species is Picea abies.  Fagus sylvatica, Abies alba and Fraxinus sp. occur in admixture. The age of the forest stand is 40-60 years. The health status of the site is very good. Kozie chrbty Mts - Východná is located in a protective zone of the Nízke Tatry National Park. It is located at the altitude 775 m a.s.l. on a steep (25%) N-NE slope. This site is formed by Triassic shales and fine-grained sandstones, and  soils represent brown Rendzina type. The dominant species is  Picea abies.  Fagus sylvatica, Abies alba and Sorbus aucuparia occur in admixture.

The air pollution in the region is directly reflected in the health status of forest trees and their stands. Healthy forest trees are characterized by good growth, high degree of leafage and positive growth features. Stands formed by healthy individuals usually have well closed canopies. While the stands have not been formed by man to monocultures or man has not changed their tree species composition, these “healthy stands” are characterized also by natural tree species composition.  They are not equally old and they are able to self-regenerate in a natural way.

Since the tree species are permanently under the influence of negative phenomena of air pollution, their health status is worsening. The first manifestation is the loss of leaves, decrease in canopy density, and reduced production of seeds. Air pollution also causes the reduction of potential for self-regeneration. In these stands appear a openings in the canopy. This enables the penetration of the species requiring more light and higher temperature into the herbaceous layer. At the same time these species often have features which prevent the regeneration of forest tree species from the seeds of old stands.

These changes in the forest stands of the Western Carpathians Mts. are studied within the framework of the international project “Influence of forest health on biodiversity with emphasis on air pollution in the Carpathian Mountains” in which take part the research centres of Austria, Czech Republic, Poland, Slovakia, Ukraine, Roumania and USA. The project began in 1997 and it will continue up to 2000. There have been elaborated the results from field investigation on selected sites connected with the project in “Evaluation of air pollution by ozone and its phytotoxic potential in the Carpathian forests“. On each of the selected sites were marked five permanent research plots on which were carried out complex phytocoenological investigations. Emphasis was put on the determination of the occurrence of all plant species (trees, shrubs, mosses), their number and cover. During the year there are investigated the changes of chosen properties of communities with an emphasis on the status and changes of biodiversity.

The results obtained in this investigation are preliminary ones.  They are under PC elaboration and evaluation. Because the given experiment needs are ongoing, the summary results can be evaluated only after the first stage, i.e. at the end of the year 2000.
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Abstract

High concentrations of ozone, exceeding the phytotoxic level, and high levels of nitrogen and sulfur deposition may have disastrous consequences for the biodiversity and stability of the Carpathian ecosystems. Protection against the deleterious effects of air pollution should become an essential component of the preservation policy in the Carpathian Mountains. It is necessary to establish a network of sites to monitor the air pollution systematically in the Carpathian arch to provide information on spatial and temporal distribution of ozone, sulfur dioxide and nitrogen dioxide concentrations. Results of the air pollution monitoring in conjuction with reliable and systematic forest health evaluation will provide the scientific basis for better understanding of causes of the continuing forest decline in the Carpathian Mountains.

In the framework of the international project “Evaluation of Ozone Air Pollution and its Phytotoxic Potential in the Carpathian Forests,” a network of sites has been established to monitor the air pollution (O3, SO2, NO2) and evaluate forest health in the Carpathian Mountains. This is a cooperative study involving the Czech Republic, Poland, Slovakia, Ukraine, Romania and the United States of America.  The Project started in December 1996 and it will continue to December 1999. The objectives of this three year study is to establish spatial and temporal trends of ozone distribution in the Carpathian Mountains, to estimate incidence and severity of ozone injury to vegetation, and to evaluate a potential threat to biological resources.

Ozone, SO2 and NO2 concentrations have been measured by means of passive samplers during the growing season at the following localities: Vrátna dolina (Malá Fatra Mts), Geldek - Častá (Malé Karpaty Mts) and Biely Váh - Východná (Kozie Chrbty Mts).  A Thermo Environmental Model 49 Ozone Analyzer and a Campbell Scientific Data Logger CR-10 were installed in July 1997 at the Research Station Východná. Measurement of ozone concentration was done during the growing seasons of 1997 (July - September) and 1998 (April - October). Results are preliminary. Measured data are being evaluated.

The ozone analyzer has operated during the growing season. Daily ozone concentration in 1997 fluctuated between 24,14 - 75,36 (g.m3. In 1998 ozone values fluctuated between 10,19 - 87, 64 (g.m3. 

In both cases the emmission limits for the above-ground ozone proposed by the directive of EU 92/72 EEG for the protection of vegetation (limit is 60 (g.m3/24 h) were exceeded. The maximum of one hour concentrations of ozone in 1997 was recorded at 141,43 (g.m3 and they decreased to zero values. Zero values were recorded also in 1998. The maximum value of the ozone concentration was 160,61 (g.m3. The above-ground ozone correlates with certain meteorological elements including temperature, cloudy weather and sun radiation. In our case probably the humidity and localization of the Research station Východná where the Ozone Analyzer is installed is significant. The month´s average values range from 31,45 (g.m3 (September 1998) through 57,22 (g.m3 (July 1997) to 62,13 (g.m3 (May 1998).

The ozone assession by passive samplers was carried out in the sites in the Malé Karpaty, Malá Fatra and Kozie chrbty Mountains. In the Malé Karpaty Mountains the highest value was recorded in the second half of August at 111,51 (g.m3 (1997) and at 130,12 (g.m3 in the second half of July (1998). In the Malá Fatra Mts. the ozone concentration was lower than in the Malé Karpaty Mts. In 1998 the highest value was recorded in the first half of August at 124,77 (g.m3 and in 1997 the maximum value was 83,93 (g.m3 (in the second half of June). In the locality Kozie chrbty - Východná the highest ozone concentration was recorded in the second half of June 1997 - 63,97 (g.m3 and in 1998 - 75,84 (g.m3 also in the second half of June (Fig. 3-5). 

The concentration for SO2 and NO2 measured by passive samplers in the mentioned localities were under the detectional limit. 
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Introduction

High concentrations of pollutants have resulted in large–scale forest dieback: 85% of forests in Slovakia exhibit symptoms of damage. Concentrations of 26 elements in foliage, and signs of injury in different forest tree species, foliage, and stomata, as well as differences in the content of elements in industrial areas, two National Parks, a military area, and heavy metal concentrations in the mosses (the difference 1991/95) and cover humus are presented.

Material and Methods

The foliage, mosses and cover humus were taken on monitoring plots from 3063 plots, in accordance with international methodology. The samples were taken by monitoring specialists in August 1995, and mosses were also sampled in August 1991. The accuracy of the analytical data published in this paper was verified and tested. The foliage was evaluated by scanning microscope JEOL 400 A and X–ray analyser LINK 10000. The particles deposited in the stomata of foliage (external content) were assessed as to their morphology and EDX spectra (Mankovská, 1996). The samples were evaluated by common statistical methods.

Results and Discussion

Total concentrations of the elements (mg. kg–1) studied in the foliage, external element concentration (in %) in the stomata of foliage and literature values are given in Table 1. Total content of heavy metals in mosses, statistical comparison (1991/95), and cover humus is given in Table 2. The equilibrium of individual elements in plants is a precondition of their normal growth. Surprisingly, in contrast to data presented by Markert (1993), only highly positive correlation pairs (r>0.9) of locally emitted elements were found. External concentrations and higher standard deviations in industrial areas confirm an effect of polluted air. Defined PDT present 98.5 % acid, 1.2 % alkalic and 0.3 % ammonium type of 1.77 mil ha of forest lands. 

Conclusion

Concentrations of elements are higher compared to literature values. More than 75 % of foliage surface contained Fe, Ca, Al, K. The highest values of Al, Ba, Be, F, K, Li were found in the vicinity of an aluminum plant; Co, Mg, Rb, V of an magnesite plant; As, Cu, Hg, S, Se, Zn in the region of non–ferrous metallurgy + mercury plant; Cd, Fe in the vicinity of a ferrous metallurgy plant; N, Sr from military area and Ca, Cr, Ni from the National Park Low Tatras. In comparison with the content of heavy metals excluding Cd– cover humus always contained more such elements than mosses. In comparison 1991/95 the content of Cd, Pb, Zn was reduced and the contents of Cr, Cu, Fe, Ni were increased.
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Table 1. Concentration of elements in the foliage of forest tree species on 3063 monitoring plots (in a network of 4x4 km, in mg.kg–1)

Element
Picea abies Karst.

mean (SD)
Pinus sylvestris L.

mean (SD)
Abies alba L.

mean (SD)
Fagus sylvatica L.

mean (SD)
Quercus sp.
mean (SD)
Total concentrations

mean (SD)
External concentration %
Literature limit values

Al
116 (89)
280(194)
366(181)
119(84)
92(53)
151(139)
92.7
50–150

As
0.41(1.51)
1.21(3.58)
1.15(2.61)
0.68(1.44)
0.44(1.11)
0.57(1.69)
0.8
<0.2

Ba
53.2(43.8)
15.8(25.9)
35.6(23.9)
100(83.8)
82.3(51.9)
64.8(60.9)
0.5
<100

Be
0.010(0.035)
0.012(0.013)
0.012(0.013)
0.027(0.034)
0.029(0.064)
0.024(0.066)
–
<0.04

Ca
8078(5815)
5950(2498)
12774(642)
13534(7829)
12136(5182)
11021(8066)
93.4
4000–8000

Cd
0.19(0.16)
0.22(0.21)
0.26(0.17)
0.19(0.13)
0.12(0.11)
0.196(0.199)
–
<0.5

Co
0.16(0.16)
0.22(37)
0.24(019)
0.12(0.17)
0.17(0.16)
0.175(0.239)
–
<1.0

Cr
0.68(0.96)
0.59(37)
0.61(0.76)
1.06(2.89)
0.82(1.11)
0.795(1.7677)
1.6
<1.0

Cu
5.09(.81)
8.67(12.4)
8.15(7.12)
10.0(6.15)
9.30(13.6)
7.27(7.02)
0.4
6–14

F
6.28(4.15)
7.80(1.9)
8.34(5.07)
5.84(2.56)
4.74(2.10)
6.24(4.84)
–
<2

Fe
123(370)
146(111)
246(105)
216(1635)
131(79)
159(901)
94.4
200–2000

Hg
0.10(0.10)
0.15(0.40)
0.13(0.15)
0.11(0.11)
0.08(0.09)
0.10(0.13)
–
<0.06

K
6178(3209)
5609(1356)
5639(1487)
9504(2761)
9529(2093)
7503(3564)
78.5
5000–10000

Li
0.18(0.18)
0.19(0.25)
0.17(0.25)
0.16(0.14)
0.20(0.18)
0.18(0.19)
–
<0.5

Mg
966(479)
1161(422)
1088(455)
1892(771)
2003(890)
1458(1013)
48.9
1000–1500

Mn
977(783)
635(865)
1934(1636)
1026(970)
1650((1079)
1121(1060)
20.0
1000

N
16645(5221)
16631(5431)
17921(5470)
19754(6755)
20923(6170)
18165(6432)
–
18000–25000

Na
32.2(38.5)
42.7(57.1)
43.4(48.3)
58.5(28.2)
39.8(20.8)
42.0(41.3)
15.0


Ni
2.60(2.45)
3.06(3.44)
3.80(2.38)
3.87(3.38)
4.28(3.08)
3.44(3.33)
6.8
1–2

Pb
1.73(2.70)
3.68(4.48)
2.61(3.06)
3.66(11.3)
1.80(3.85)
2.42(6.31)
–
2–6

Rb
10.2(10.0)
6.0(5.0)
6.1(7.3)
14.3(15.3)
10.5(7.5)
10.8(11.5)
–
<10

S
1959(851)
1952(1010)
2203(943)
2242(923)
2236(1088)
2163(1056)
0.4
1300–2000

Se
0.048(0.203)
0.069(0.046)
0.074(0.068)
0.058(0.043)
0.053(0.045)
0.06(0.15)
–
0.03

Sr
22.7(23.9)
10.0(35.4)
19.9(35.4)
29.3(20.3)
21.3(12.7)
25.85(25.61)
–
<10

V
0.94(3.20)
0.98(4.19)
1.03(2.10)
0.72(2.19)
0.44(1.10)
0.813(0.612)
16.1
<1

Zn
42.3(21.3)
57.7(43.8)
56.9(37.5)
41.0(46.5)
25.6(21.7)
42.7(34.9)
2.6
20–80

n
1114
105
178
574
126
3063
3063


% of forest
26.8
7.7
5
29.1
11.3
100
100


Note: mean – arithmetical mean; SD – standard deviation; n – number of samples; Total concentration – arithmetical mean element concentration in all forest tree species, External concentration of individual elements in the stomata foliage, literature limit values [(Bowen, 1979; Hunter, 1994; ICP, 1994; Innes, 1995; Markert, 1993) in Mankovská, 1996]; forest tree species % of total area 20 000 km2 of forest in Slovakia.

Table 2. Concentration of heavy metals in mosses and humus in 1995 on 111 monitoring plots (in a network of 16x16 km (in mg.kg–1)

Element
Mosses

Mean (SD)

1991
Mosses

Mean (SD)

1994
SE

1991/1994
Humus

Mean (SD)

1994

Cd
1.37(0.78)
1.29(0.52)
0.665 N
1.14(0.16)

Cr
5.18(5.30)
16.9(14.6)
6.497 **
28.4(10.2)

Cu
20.6(11.5)
21.3(19.7)
0.260 N
19.6(34.9)

Fe
1878(1198)
1459(1735)
1.669 N
11825(6251)

Hg
–
0.22(0.72)
–
0.42(1.50)

Ni
2.21(1.60)
4.33(5.20)
3.737 **
21.2(11.5)

Pb
60.9(61.6)
30.6(25.2)
3.519 **
61.4(2.70)

V
–
1.87(3.50)
–
10.5(7.10)

Zn
173(87.3)
61.8(37.1)
11.241 **
108(56.4)

Note: mean – arithmetical mean; SD – standard deviation; n – number of samples; SE – statistical evaluation of differences of arithmetical means of element concentrations in mosses between 1991 and 1995 evaluated by t–test. N – unsignificant, ** P<0.01%, mosses (Pleurozium schreberi, Hylocomium splendens, Dicranum sp.)
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The 150,000-hectare Tallgrass Prairie Preserve in Osage County, Oklahoma has been owned and managed by the Nature Conservancy, a private conservation organization, since 1989.  The goal of the preserve is to restore a seminatural grazing and fire regime to a tallgrass prairie landscape.  Although the preserve's mandate is conservation, the management can be thought of as a grand experiment in landscape ecology.  Hence, there are ample opportunities for long-term research at the preserve.

Fire: the distribution of prescribed fires throughout the year is designed to mimic the prehistoric fire regime, with the majority of fires occurring during the dormant season (winter), but a sizable minority occurring at other times (Hamilton 1996).  Burn sites are located using a randomization procedure.  Although the target return interval is 5 years (i.e. 20% of the area burnt per year), the randomization procedure will insure that some areas will remain unburned for over a decade, while others may be re-burnt in relatively short succession.

Bison: 300 American bison were released to a portion of the preserve in 1993.  The herd has since expanded to almost a thousand, and the bison area now covers a third of the preserve (with the eventual goal of covering almost the entire preserve; cattle are occupying the remaining land during the transition).  The bison unit has (and will continue to have) no internal fences, allowing the bison to choose where they graze.  Bison are ecologically quite different from cattle: their diet consists almost entirely of graminoids, and their wallowing and trails are more pronounced.  Their shedding and horning behaviors have not yet been studied, but are likely to have strong effects on the landscape.

Monitoring of Vegetation: Ecologists often treat monitoring as a separate goal from investigative research, because in monitoring one does not have complete control of the treatments.  Unfortunately, manipulative research often conflicts with the goals of nature conservation.  However, it is possible to do investigative research without manipulation of nature, IF there are a large number of replicates, the 'treatments' have a reasonably high frequency, and if sites are studied over a long time scale.  The best strategy is to have a large number of plots located objectively throughout the landscape.  We have almost completed establishing a network of 100m2 plots at every intersection of the 1km UTM grid within the preserve.  All plots will be resampled on 5-year intervals, although a random subset will be resampled annually.  

The results to date have verified that there is a tremendous habitat diversity of the preserve, and that disturbance history, soil characteristics, and hydrology have important influences on vegetation.  Although it is too early to evaluate the effects of the new fire and bison management on vegetation, preliminary analysis, the literature (e.g. Biondini et al. 1999), and casual observations reveal:

· Bison congregate on recently burned patches, and take advantage of the young growth of graminoids

· Heavy grazing on graminoids increases forb abundance

· Bison avoid forb-rich patches, and grasses then increase in the understory of the forbs

· Eventually such patches are burned, starting the cycle over again

· Species richness has increased over the past two years, with the exception of long-unburned plots.

· Heavy trampling by bison has allowed the persistence of ruderals, both native and exotic.

These results highlight the need for integrative long-term research including plant ecology, landscape ecology, animal behavior, soil science, and fire physics.

Although grasslands are the primary focus of research at the preserve, the preserve contains large stands of mature crosstimbers (Quercus marilandica - Quercus stellata forests).  Despite the fact that crosstimbers cover much of Oklahoma, their dynamics are poorly known.  Even the most basic questions of establishment, recruitment, growth and mortality have not yet been addressed in the literature.  In 1998, we established a 200m x 200m permanent plot in which we mapped and tagged all trees greater than 2.5cm in diameter, a total of 7600 trees.  Forest dynamics within this plot, in addition to replicates to be established in 2000, will be interesting to compare with those of oak forests worldwide.

Biodiversity patterns: The preserve is a complex landscape consisting of tallgrass prairie, shortgrass prairie, sandstone and limestone outcrops, savannas, and wetlands and forests of various kinds.  This high habitat diversity is largely determined by geomorphology, but fire and grazing (and to a lesser degree, road building and the petroleum industry) have also played a strong role.  Largely as a result of the habitat diversity, the number of vascular plant species (at least 740) is quite high.  The fauna is less well known, but the richness of mammals, birds, reptiles, and butterflies is high.

There has been much interest in the determinants and consequences of diversity in grasslands (e.g. Klimeš 1995, Gigon and Leutert 1996, Tilman 1996, Zobel et al. 1996, van der Maarel and Sykes 1997).  However, most research on this subject has focussed on very fine spatial scales.  It is arguably the mesoscale (sensu Heikkinen 1996) of 0.1-100 km2 that is important for conservation (Figure 1).  Unfortunately, it is impossible to have a complete biodiversity survey at such scales, and we need to find methods for extrapolation (Palmer 1995).  Fortunately, remotely-sensed images can be a tool to aid in such extrapolation.  

We propose that the tallgrass prairie preserve, with its varied vegetation and reasonably well-known flora, is an ideal study system for developing models to estimate species diversity from remote imagery.  If such models are successful, they can be tested in other systems, and eventually be used for creating biodiversity maps globally.

The key to understanding mesoscale diversity is habitat heterogeneity.  One expects to find the most species where there are a variety of habitats present.  The traditional way of assessing habitat heterogeneity from remotely sensed images is to classify spectral information into habitats.  There are four main objections to this approach: 1) the classification of an image is itself arbitrary, because real classes grade continuously into each other, 2) if they grade continuously, some apparent habitat boundaries on a map will be real, while others will not, 3) for the classification to be useful, it must be rigorously ground-truthed, and 4) one cannot apply the results to other regions which might contain different habitats.  To overcome these objections, we developed the spectral variability hypothesis (SVH).  According to the SVH, species richness will be positively related to any objective measure (e.g. standard deviation) of the variation in the spectral characteristics of a remotely sensed image.  Indeed, if we map variation in intensity (instead of the intensity itself), we see a map (Figure 2) of locations that are potentially 'botanically interesting' (e.g. savannas, edges of forests, wetlands, edges of ponds, roadsides, etc.).  We propose to test whether such regions are indeed more botanically rich (at the mesoscale) than other sites.  If so, we potentially have a major tool for predicting mesoscale diversity worldwide.  The next phase would be to evaluate the SVH at ILTER network sites.

Other research projects (past and present) at the preserve have been quite diverse.  These have included studies on the flora, fauna, microclimate, ecosystems, and anthropogenic impacts (Table 1).

Opportunities for research

Most of the projects listed above are not merely of local interest: indeed, they mirror similar research performed throughout the world.  The Tallgrass Prairie Preserve has to offer the long-term researcher.  The grasslands are dynamic and diverse, yet the vegetation and flora are well known.  Although most of the preserve consists of native vegetation, there are a few highly-impacted sites where restoration ecology can be researched and implemented.  An on-site herbarium is an aid to the identification of vascular plants. A many-layered GIS is being developed, and already includes burn and grazing history.  There are many habitats to choose from, so it is possible to perform comparative research with other regions.  The preserve is an ideal location for studying plant/animal interactions.  Mammals of potential research interest include not only bison, but also beaver, deer, coyote, fox, and badger.  There are comfortable accommodations at the preserve.  The preserve is also relatively close to a major research university (Oklahoma State University).   Although the facilities at the preserve are more than adequate for most field work, a major new research and teaching laboratory (with the capacity for additional lodging) is currently being planned.  But perhaps most important, the tallgrass prairie preserve is a strikingly beautiful landscape, and an exciting place to do fieldwork.
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Table 1. A partial list of past and present research projects at the tallgrass prairie preserve.

The relationship between spectral variation and species richness

Bison behavior and diets

Diversity of lepidoptera

Soil seed banks of different habitats

Relationships between biophysical parameters and spectral data

Influence of bison fecal pats on vegetation

Bison choice of vegetation patches

Vegetation mapping using CAMS

Use of remotely sensed imagery to detect changes in species composition

Monitoring avian productivity and survivorship

Atmospheric radiation monitoring

The Oklahoma Mesonet

Effect of crude oil bioremediation on a prairie soil ecosystem

Disturbance effects on prairie streams

Effects of fire and ungulates on the diversity of prairie ponds

Leafhoppers of the tallgrass prairie

Effects of crown fires on crosstimber dynamics

Spatial patterns of crosstimber trees

Edge effects in forest patches

Land use history and forest cover

Factors affecting the survival and reproduction of the lesser prairie chicken

The population dynamics of Echinacea pallida, a prairie forb

A survey of the medicinal plants of the tallgrass prairie

Protein nutrition of small mammals of the tallgrass prairie

Seed dispersal by prairie mammals
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Figure 1. Species-area curve for vascular plants in the Tallgrass Prairie Preserve. The five data points on the left represent averages from 185 permanent 10m x 10m plots, each of which has a series of nested quadrats in each corner. The point on the far right represents the known flora of 740 species.  The 'mesoscale' is a neglected aspect of biodiversity research, and will be the focus of future study at the preserve.
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Figure 2. An image of a portion of the tallgrass prairie preserve.  The darkness of the image is related to a measure of the spatial variation of reflectance (in other words, darker = more heterogeneous) of a digital aerial photograph, in which the pixels are approximately 1 meter on a side.








