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I. SUMMARY 

The presented PhD-thesis is part of the scholarship programme “The Southern Baltic Sea and 

its Coasts in Change” financed by the German Federal Environmental Foundation (DBU). In 

this interdisciplinary programme 15 young scientists worked on the anthropogenic or natural 

impacts on the coastal areas of the southern Baltic Sea, and the consequences for this sensible 

Ecosystem. The scholarships covered a wide range of scientific fields; geology, law, socio-

economy, paleo-geography, and marine biology.  

Aim of this thesis was the identification and quantification of diffuse nitrogen sources for the 

Warnow river-system which is a tributary to the Baltic Sea and influenced by high nitrogen 

inputs (>4000 t a-1) mainly from agriculture. Due to the interdisciplinary approach which 

combined agricultural and marine research it should be assessed whether combined 

measurements of stable isotope ratios of nitrogen and oxygen in nitrate (so-called “dual 

isotope approach”) can be used to quantify and trace diffuse nitrate inputs.  

Four studies have been carried out and the first concentrated on the reasons for the variability 

of the stable isotope ratios of nitrogen and oxygen in drainage water nitrate. It was assumed 

that the kind of fertilizer and microbial processes modify the stable isotope ratios. Over a 

period of 17 months the variations in drainage water nitrate from two conventional farmed 

soils were investigated with weekly to bimonthly resolution. Nitrification was the dominating 

process in the soils, and other processes like mixture of soil water nitrate with nitrate from 

mineral fertilizers could be identified but were of minor importance. Ammonia volatilization, 

a process responsible for large N losses from agricultural land, was also identified. 

The second study concentrated on the main discharge period with a much higher temporal 

resolution than in the first study. This led to a better resolution of short-term variations in the 

isotope values. A close relationship between atmospheric deposition, discharge and nitrate 

concentration in the drainage water could be demonstrated. Additionally, the importance of 
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the drainage water as N source was investigated for an adjacent ditch and a brook, which 

followed the tile drain outlet. As observed in the second study, nitrification was the major 

process in the soil. 

The third study tested, if the dual isotope approach in combination with a linear mixing model 

reliably quantifies diffuse nitrate inputs in comparison to other modelling approaches. The 

stable isotopes of nitrogen and oxygen were measured in three main nitrate sources as well as 

the river for a period of 5 months. The concentration-weighted mean values were applied in a 

mixing model, and the results showed that 86 % of the river nitrate derived from drainage 

water. A comparison with estimates from a nutrient emission model showed good agreement.  

 

In the fourth study a simple method to trace anthropogenic nitrogen in river-systems and 

estuaries was applied, and its reliability was tested. Former studies had shown that macroalgae 

are suitable detectors for anthropogenic N because they do not fractionate during the uptake 

of nitrogen and thus directly reflect the isotope ratios of assimilated nitrogen. Two incubation 

experiments with one brown alga and two red algae species in the Warnow river estuary 

revealed a significant correlation of δ15N in NO3
- and in the algae. Furthermore, it was shown 

that the red algae are more suitable to trace anthropogenic N. Especially in undisturbed parts 

of the estuary, where relatively constant nitrate isotope values were measured, the red algae 

well reflected the isotope values of the river nitrate.  

Altogether, the results of this PhD-thesis show, that the application of stable isotope ratios of 

nitrogen and oxygen in nitrate provides a good tool to characterize, quantify and trace diffuse 

nitrogen inputs in river-systems. The method can be used to support nutrient emission models, 

and can be applied for the monitoring of water restoration measurements. 
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II. INTRODUCTION 

Anthropogenic nitrogen in the environment 

Anthropogenic nitrogen (N) fixation exceeds natural terrestrial N fixation since the late 20th 

century, only 100 years after the discovery of natural N fixation (Galloway & Cowling, 2002). 

The key to this rapid increase was the invention of the Haber-Bosch process in 1913, which 

converts atmospheric nitrogen (N2) into ammonia (NH3). This allows an unlimited production 

of reactive nitrogen (Nr), which includes all biologically, photochemically and radiatevely 

active N compounds in the atmosphere and biosphere of the Earth (Galloway & Cowling, 

2002). In 1990 the total amount of N fixed by the Haber-Bosch process was ~85 Mt N a-1 (Mt 

= megatons = 106 tons), most of which was used for food production in the form of mineral 

fertilizers (~82 Mt N a-1; Fixen & West, 2002). Presently, over 50% of the food consumed 

worldwide is produced under addition of fertilizer nitrogen from the Haber-Bosch process 

(Smil, 2001), but only a small amount of this nitrogen actually reaches the final consumer. 

Figure II.1 depicts that 86 and 96 N atoms of 100 N atoms artificially produced are lost to the 

environment in a vegetarian and carnivorous diet, respectively (Galloway & Cowling, 2002).  
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For both diets, losses also occur during transport, storage and application (6 atoms), after the 

application of fertilizer (47 atoms), and during harvest and crop residue (16 atoms). The final 

production of a carnivorous diet leads to a higher loss of N (24 atoms) than the production of 

a vegetarian diet (5 atoms), mainly because of the animal metabolism and a higher amount of 

unusable residuals. Consumption and excretion leads to further loss of N.  

Another pathway how anthropogenic nitrogen is lost to the environment is the combustion of 

fossil fuels, which accounts for ~21 Mt N a-1 in 1990 (Galloway & Cowling, 2002). The total 

amount of Nr created by anthropogenic activities was ~ 140 Mt N a-1 in 1990, including the 

cultivation-induced Nr creation of ~ 33 Mt N a-1 from rice and legume cultivation (Galloway 

& Cowling, 2002). Natural N fixation is estimated to 90-130 Mt N a-1 for terrestrial 

ecosystems (Stedman & Shetter, 1983) and to 80-400 Mt N a-1 for the marine environment 

(Carpenter & Romans, 1991). 

The cycle of anthropogenic nitrogen in the environment is summarized in Figure II.2.  
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Nitrogen oxide (NOX) emissions contribute to ground level ozone (smog) and react with 

ammonia (NH3), moisture and other compounds to form nitric acid, resonsible for forests 

damage. Furthermore, NOX emissions increase the concentrations of fine-dust particles 

(PM2.5), which are harmful to human health and finally react with common organic 

chemicals to form toxic substances (Egmond et al., 2002). Nitrogen produced during the 

Haber-Bosch process is applied to the agricultural areas and a portion is gathered in the form 

of organic N. The remainder is lost to the atmosphere and to aquatic ecosystems. Losses to the 

atmosphere occur in the forms of NOX, NH3, and nitrous oxide (N2O), which is a greenhouse 

gas contributes to global warming. Nitrate (NO3
-) and ammonium (NH4

+) are the main N 

forms, which are lost to groundwater, streams, or rivers, and finally reach the oceans. The 

only way to remove these reactive N-forms from the environment, are microbial 

denitrification (2NO3
- + 12 H+ → N2 + 6 H2O) and anaerobic ammonium oxidation 

(anammox; NH4
+ + NO2

- → N2 + 2H2O). Both processes yield non-reactive N2 as a final 

product, but also other reactive N forms are produced as by-products. These occur naturally as 

well as man-made in sewage treatment plants. There is no data about the global N2 output via 

denitrification and anammox. For the European agricultural areas the N2 production via 

denitrification is estimated to ~8 Mt N a-1 (Egmond et al., 2002), and ~6 Mt N a-1 for the 

United States (Howarth et al., 2002). Globally, an amount of ~14 Mt N a-1 is denitrified to N2 

within agricultural areas, which is ~ 8 % of the total N applied (Smil, 1999). Studies from 

watershed landscape units have shown, that denitrification rates might be much higher. 48 % 

of the total N input was denitrified according to van Breemen et al. (2002), and even higher 

portions were reported by Seitzinger et al. (2002). The remaining N is stored or transported to 

other ecosystems. In the aquatic environment an enhanced input of N leads to a variety of 

changes, summarized in the generic term of eutrophication. 
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Coastal eutrophication 

The process of eutrophication describes the enhanced accumulation of organic matter by 

primary production as a result of increased nitrogen and phosphorous inputs (Nixon, 1995). In 

general, two pathways of nitrogen and phosphorous inputs are distinguished: the direct 

discharge of N and P from industry or sewage treatment plants, named “point sources”, and 

“diffuse” inputs, which are emitted over large areas what makes them difficult to locate and - 

consequently - to attribute to a certain source. These are runoff from fields and meadows, 

groundwater, and atmospheric deposition (de Jonge & Elliott, 2001). The first organisms 

responding to such an enhanced input of nutrients are primary producers, like phytoplankton, 

benthic macrophytes, filamentous algae, and macroalgae (Rabalais, 2002).  

In the early stages of eutrophication research with a focus on freshwater ecosystems a strong 

positive correlation between nutrient load and primary production was reported. This was also 

found for several coastal waters such as the Adriatic Sea (Solic et al., 1997), the Belt Sea 

(Rydberg et al., 1990), and the Wadden Sea (de Jonge, 1990). Other studies pointed out that 

this is not necessarily the case for all coastal areas receiving high nutrient loads. A 

complilation of data for the relationship between annual N loading and phytoplankton 

production in 51 estuaries, carried out by Borum (1996) showed only a poor correlation. This 

indicates, that some estuaries seem to be more sensible to nutrient enrichment and resulting 

eutrophication than others.  

The responses of coastal areas to increased nutrient loads is presented in a model by Cloern 

(2001; Fig. II.3). He distinguishes between reversible, direct and indirect responses, and a 

filter is to represent the characteristics of an area, in terms of its’ sensibility to increased 

nutrient loads. Direct responses are increases in chlorophyll concentrations, primary 

production, macroalgal biomass and a higher sedimentation rate of organic carbon. Changes 

in the Si:N and Si:P ratios, in the structure of the phytoplankton community and the more 

frequent occurance of toxic and harmful algal blooms, which are reported from the Gulf of 
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Mexico (Dortch et al., 1997) and in Tolo Harbour (Hong Kong; Lam & Ho, 1989) are also 

attributed to enhanced nutrient loads. 

Nutrient Loading Filter
Direct

Responses Indirect
Responses

Changes in:

Chlorophyll
Primary Production
Macroalgal Biomass

Sedimentation of Organic C
Si:N and N:P Ratios

Toxic-harmful Algal Blooms
Phytoplankton Community

Changes in:
Benthos Biomass
Benthos Community

Vascular Plants
Habitat Quality/Diversity

Water Transparency
Organic C in Sediments

Sediment Biogeochemistry
Bottom-water Dissolved Oxygen

Seasonal Cycles
Mortality of Fish/Invertebrates

Nutrient Cycling
Food web Structure

Responses

Reversible

 

 

Indirect responses are the consequences of the direct changes. Hypoxic and anoxic conditions 

of the bottom waters and associated changes in benthic community structure and mortality of 

fishes and invertebrates are well documented for areas with stratified water columns such as 

the northern Gulf of Mexico (Rabalais et al., 2001) and the Black Sea (Mee, 2001). They are a 

result of enhanced oxygen consumption during the decomposition of the sedimented dead 

planktonic matter. This also alters the sediment biogeochemistry, with an upwards movement 

of the redoxcline and a subsequent release of hydrogen sulphide and phosphate from the 

sediments (Rabalais, 2002). Likewise, increased primary production results in a higher 

turbidity of the water column. This leads to unfavourable growth conditions for the 

submerged benthic vegetation and often results in a loss of feeding and nursery areas for fish 

and invertebrates (Rabalais, 2002).  

A massive reduction of the nutrient inputs can yield a recovery of eutrophied aquatic 

ecosystems. The rapid decrease of fertilizer use (-50% N; -60% P-fertilizer) after the 

economic collapse of the former Soviet Union in 1990 resulted in substantially decreased 

Fig.II.3: A model, which describes the possible responses of coastal areas to enhanced nutrient inputs, 

redrawn after Cloern (2001). 
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nutrient inputs into the eutrophied Black Sea. As a consequence a 30% reduction in 

phytoplankton biomass and a reduction in summer anoxia of the Black Sea’s shelf were 

observed (Mee, 2001). After a 40% reduction of nitrogen and phosphorous inputs to 

Chesapeake Bay there are signs for a slight recovery, indicated by the return of seagrass to 

some regions (Boesch, 2001).  

 

It is not fully known why some estuaries are more sensible to enhanced nutrient inputs than 

others. Estuaries with short water residence times seem to be less sensitive to eutrophication 

(Nixon et al., 1996). Also if primary production is light-limited, e.g. because of high 

concentrations of suspended sediment, high nutrient concentrations seem to have minor 

consequences (Cloern, 2001). Furthermore, a high rate of particle filtration by benthic 

suspension feeders can balance an increased phytoplankton primary production (Cloern, 

1982). Tidal water column mixing seems to be a major factor in regulating effects of 

eutrophication. A comparison of 40 estuaries showed that chlorophyll concentrations per unit 

of dissolved inorganic nitrogen (DIN) were on average 10 times higher in microtidal than in 

macrotidal estuaries (Monbet, 1992). This would explain the extreme responses to nutrient 

enrichment in areas with a small tidal energy, such as the northern Gulf of Mexico, Adriatic, 

Black Sea, and the Baltic Sea (Cloern, 2001). 

 

The Baltic Sea ecosystem 

The Baltic Sea drainage basin covers an area of more than 1.7 Mio. km², which is more than 

four times larger than the surface area of the Baltic Sea. Fourteen states fully or partially lie in 

the drainage basin, which is inhabited by more than 85 Mio. people. Due to its structure and 

topography the Baltic Sea is divided into seven major subregions (Fig. II.4). Most people 

(64%) live in the drainage basin of the Baltic Proper, which results in an average population 
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density of 95 inhabitants/km² (Sweitzer et al., 1996). The northern part of the drainage basin 

is sparsely populated, with 5 inhabitants/km² in the drainage basin of the Bothnian Bay and 11 

inhabitants/km² in the Bothnian Sea drainage basin, respectively. The drainage basin of the 

Baltic Proper is dominated by agricultural land-use (~39% arable land and ~12% pasture), 

whereas in the basins of the Bothnian Bay, Bothnian Sea, and Gulf of Finland forested areas 

dominate (72%, 66%, and 53% respectively) and only few areas are used for agriculture (3%, 

4%, and 24 %, respectively; Sweitzer et al., 1996).  

 

 

Because of its topography with several deep basins separated by sills, the narrow connection 

to the North Sea via the shallow Kattegatt and the Danish Straits, and the high population 

density in the southern parts the Baltic Sea is very sensible to anthropogenic influences. High 

freshwater input via rivers and atmospheric deposition results in a positive water balance. 

This leads to a large freshwater outflow (1250 km3 a-1; Krauss, 2001), comparable to the 

freshwater discharge of the Mississippi River (Wulff et al., 2001). Likewise, there is a 

Fig. II.4: Map of the Baltic Sea drainage basin with subregions (taken from www.grida.no/baltic) 
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permanent inflow of saltwater (740 km3 a-1; Krauss, 2001). Consequently, a horizontal salinity 

gradient exists in the surface water with 8 PSU in the central and western parts of the Baltic 

Sea and 4 PSU in the northern parts (Krauss, 2001). Furthermore, there is a permanent 

stratification between 60 – 80 m in the water column of the deep basins that separates the less 

saline water of the upper layer from the more saline and dense water near the bottom 

(Matthäus, 1995). This stratification restricts the oxygen supply to the deep waters of the 

Baltic Sea. Whereas the upper layer is mixed in winter and is in equilibrium with the 

atmosphere, the deep water is only renewed and supplied with oxygen by saltwater inflows 

from the North Sea, termed “Major Baltic Inflows” (MBI; Schinke & Matthäus, 1998). MBI 

occurred relatively frequently until the mid-1970s, but have become rare since. The last 

inflows took place in 1983, 1993 and 2001 (Nausch et al., 2003). Between such events 

oxygen concentrations decrease and anoxic areas areas spread out. In 1940 the oxygen free 

areas of the Baltic Proper covered ~20000 km², but have since then expanded to a current area 

of ~70000 km². This implies that one third of the Baltic Proper bottom area suffers from 

intermittant oxygen depletion (Jansson & Dahlberg, 1999). This increase in the area where 

anoxia prevails not only results from fewer inflow events since the mid-1970s but is enhanced 

by increased biological production from anthropogenic nutrient input. In 2000 the total loads 

of nitrogen (Ntotal) and phosphorous (Ptotal) to the Baltic Sea were estimated to be 814 000 t 

and 42 010 t, respectively, with 40% of the total nitrogen and 55% of the total phosphorous 

originating from the drainage basin of the Baltic Proper (HELCOM, 2003). The lot of these 

nutrients originates from diffuse sources (60% of Ntotal; 52% of Ptotal) and reaches the Baltic 

Sea via the rivers. In 2000 the three major rivers in the Baltic Proper area (Vistula, Nemunas, 

and Odra) contributed by approx. 70% to the N load and approx. 53% to the P load of this 

area (HELCOM, 2003). Stalnacke et al. (1999) estimated that the riverine N input exceeds the 

combined contributions from atmospheric deposition, point emissions along the coast, and 

nitrogen fixation by marine organisms. Recent studies, however, suggest that the amount of N 
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fixed by cyanobacteria might be in the same order of magnitude as the riverine N input 

(Schneider et al., 2003; Voss et al., in press).  

It is not fully known how much nitrogen that enters the coastal areas of the Baltice Sea 

reaches the central basins but there is evidence that most of the N remains in the coastal areas 

and there is only little export (Voss et al.; in press). The consequences of the excess nutrient 

input to the coastal areas of the Baltic Sea have been reported in numerous studies. Increased 

primary production and higher particle load of the water column enhanced turbidity as shown 

by a significant decrease in Secchi depth in the Baltic Proper from 1969 – 1991 of  

~ 0.05 m a-1 (Sanden & Hakansson, 1996). A similar result related to the increase in turbidity 

is the shoaling of the maximal depth at which Fucus vesiculosus grows in the Åland Sea from 

11.5 m in 1943/44 to 8.5 m in 1984 (Kautsky et al., 1986). Furthermore, the loss of seagrass-

beds (Zostera marina) in the shallow areas of the Baltic is reported (Schramm, 1996; Baden et 

al., 2003). F. vesiculosus and Z. marina serve as protection and spawning areas for 

invertebrates and fish, and with the loss of these habitats the respective species may become 

endangered. The extension of the anoxic zones in the deep basins of the Baltic Sea has 

consequences for the reproduction of the Baltic cod, because the cod’s eggs float in a defined 

density level in the water column. If the water in this depth horizon is anoxic the eggs die off 

(Vallin & Nissling, 2000). Additionally, anoxic sediments release large amounts of 

phosphorous to the overlying water, which is absorbed to iron (III) hydroxides under oxic 

conditions (Jansson, 2001). This additional P source is considered to be partly responisble for 

the development of massive Cyanobacteria blooms in the Bornholm and Gotland Sea (Nausch 

et al., 2003).  

A simulation with an ecosystem model of the Baltic Sea showed that a 50% reduction of 

riverine nutrient loads would lower the DIN and phosphate concentrations in the water 

column of the Baltic Sea within 10 years (Neumann et al., 2002). However, a reduction of the 

chlorophyll concentrations, which is a sign for decreased primary production, was only found 
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for the coastal areas and the western Gotland Basin (~ -30%). In the other areas chlorophyll 

remained constant or increased, mainly because of an increase of N-fixing cyanobacteria 

compensating the decrease of other phytoplankton.  

Although considerable measures have been taken since the 1970s, to reduce anthropogenic N 

and P loads, no decrease in the annual riverine nitrogen and phosphorous loads was observed 

in the period from 1970 - 1993 (Grimvall & Stalnacke, 2001). With the EU Water Framework 

Directive, which came into effect in 2000, a “good” ecological and chemical quality of all 

surface and groundwaters should be achieved by 2015. Regarding nutrients a “good” quality 

means, that “nutrient concentrations do not exceed the levels established so as to ensure the 

functioning of the ecosystem and the achievment of the values specified … for the biological 

quality elements” (EC, 2000).  

Since it is known that there is a strong positive correlation between riverine nitrogen loads 

and agricultural land use in the drainage area (Grimvall & Stalnacke, 2001; Voss et al., 

unpublished data) it is clear, that we have to set a major focus on the reduction of diffuse N 

losses from agriculture.  

Nitrogen emissions from agriculture 

Nitrogen is applied to the fields either in inorganic (nitrate, ammonium, urea) or organic form 

(animal or green manures, grain legumes, leguminous leys and certain organic wastes). Urea 

and ammonia are the world’s most widely traded and used fertilizer, because of their low 

production costs. China is the largest producer of ammonia and urea, and with a total 

production of ~ 42 Mt N in 2000 it supplied half of the world commercial fertilizer 

consumption of ~ 82 Mt N (Table II.1; Fixen & West, 2002). The total amount of manure 

applied to agricultural soils in 1995 was 33 Mt (Bouwman & Boumans, 2002).  

Once applied, the fertilizer N contributes to the complex cycle of N in agricultural soils, 

which is summarized in figure II.5. 
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Plants usually assimilate nitrogen in the forms of ammonium or nitrate, which is supplied by 

the fertilizers or by the mineralization of soil organic matter. Although agricultural soils 

receive large amounts of inorganic N, inside the soil most of the N is present in organic form 

as proteins, amino sugars and purine and pyrimidime derivates (Hofman & Cleemput, 2004). 

Organic N is continuously mineralized to ammonium by micro organisms (Norg → NH4
+;), 

which is either assimilated by plants or is microbially nitrified to nitrate (NH4
+ + 2O2 → NO3

- 

+ 2H+ + H2O). If not assimilated or immobilized, the highly water-soluble nitrate can be 

transported below the root zone by the downward soil water flow and then is lost to drainage-

systems or the groundwater (Lammel, 1990; Göbel, 2000). This major process for agricultural 

N emissions every year accounts for 14-20 Mt N lost to the aquatic environment (Table II.1; 

Smil, 1999). Most of the nitrate derives from mineralization and subsequent nitrification of 

soil organic N in autumn and winter. The crops are harvested at that time and the soils are still 

Fig.II.5: A simplified illustration of the N cycle in agricultural soils; the pathways for N losses to 

the environment are coloured red. Redrawn after Hofman & Cleemput (2004). 
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warm enough for microbial degradation to take place, and moisture needed comes with 

autumn rains (Kirchmann et al., 2002). Several studies have shown that about 90% of nitrate 

leaching from soils after harvest in autumn derives from mineralization of soil organic N, and 

only 10% originates directly from the inorganic nitrate fertilizers not completely assimilated 

after application in spring (Bergström, 1987; MacDonald et al., 1989). An important 

additional N source are crop residues which remain in the soils after harvest and become part 

of the soil organic N pool (Kirchmann et al., 2002). Likewise, the mineralization of animal 

manure can contribute to large amounts of mineralized N, as 30% of applied manure can 

leach as nitrate within 3 years after application (Bergström & Kirchmann, 1999). 

 

Fertilizer consumption Amount [Mt N a-1] References 

inorganic (in 2000) 82 (Fixen & West, 2002) 

organic (in 1995)  33 (Bouwman & Boumans, 2002) 

Total 115   
     

N losses     

NO3
- leaching 14-20 (Smil, 1999) 

NH3 volatilization    
from inorganic fertilizers 11 (Bouwman & Boumans, 2002) 
from organic fertilizers 8 (Bouwman & Boumans, 2002) 

NO and N2O (in 1995) 5.5 (IFA/FAO, 2001) 

Total 38.5 - 44.5   
 

A special case are nitrate losses via “preferential flow” caused by heavy rainfall. These 

increase the soil water flow via small channels, fissures, and cracks created by animals or 

during dry periods, and they result in a rapid transport of nitrate to the drainage systems or the 

groundwater. If such events occur during autumn and spring or directly after application of 

nitrate fertilizers large amounts of nitrate are lost (Lammel, 1990).  

Table II.1: Application and losses of nitrogen in agriculture  
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As stated above urea and ammonium are the most applied fertilizers. Urea needs to be 

hydrolysed to ammonium to make it available for plant uptake. Besides lower production 

costs, a further advantage of urea and ammonium fertilizers is the lower risk of leaching 

because ammonium is strongly adsorbed to the soil particles.  

In the soil ammonium is in equilibrium with atmospheric ammonia. An increase in the soil pH 

- for example during the hydrolysis of urea - leads to a displacement of the NH4
+/NH3 

equilibrium in favour of the NH3 form (Hofman & Cleemput, 2004). Ammonia then 

volatilizes to the atmosphere and reaches other terrestric and aquatic ecosystems via 

atmospheric deposition (Paerl, 1995).  

As shown in figure II.5 further gaseous N losses occur during the processes of nitrification 

and denitrification. Whereas the loss of unreactive N2 is not relevant to the environment, NO 

and N2O are partly responsible for the greenhouse effect and the destruction of stratospheric 

ozone (Hofman & Cleemput, 2004).  

During the last two decades intensive research on the reduction of N loss in agriculture has 

been carried out. One method is the determination of the soils’ N-demand by means of 

knowledge of the Norg content of the soils (Nmin-method). Changes in agricultural practices 

have profound effects on the N-amount lost, and reductions of up to 80% have been reported, 

if “catch crops” were sown after harvest, which allows them to assimilate the nitrate generated 

during autumn and winter (Lewan, 1994). Nitrification inhibitors and urease inhibitors 

suppress the formation of nitrate, and consequently reduce the risk of leaching. Other 

management practices are summarized in the term “Precision Farming” (Kirchmann et al., 

2002), which includes site-specific nitrogen management and will contribute to a further 

reduction of the nitrogen losses from agriculture.  
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Stable isotopes in Hydrology and Ecology 

Fundamentals 

Stable isotopes provide well established tools for investigating hydrological processes. δD-

H2O (2H/1H) and δ18O-H2O values are used to characterize water flowpaths and develop water 

mass budgets. Another important field of application is the understanding of nutrient cycles 

and the identification of contamination sources, such as sewage or manure (Gonfiantini et al., 

1998; Kendall, 1998; Kendall & Caldwell, 1998).  

The term isotop defines atoms of the same chemical element with the same number of protons 

but different numbers of neutrons. Isotopes can be classified into two groups: stable isotopes 

(i.e. 12C with 6 protons and 6 neutrons and 13C with 6 protons and 7 neutrons) that do not 

decay in geological timescales, and non-stable (radioactive) isotopes (i.e. 14C with 6 protons 

and 8 neutrons). Stable isotopes are a component of all elements and occur in different 

portions, with the “light” isotope (less neutrons) being more abundant. Nitrogen has two 

stable isotopes (14N; 15N), and in atmospheric N2 the ratio of “heavy” 15N to “light” 14N is 

1:272 (Kendall, 1998).  

Isotope-ratios of low-mass elements, for example oxygen, nitrogen or carbon are reported as δ 

values in permil (‰), and are given relative to a standard of a known composition.  

The calculation is as follows: 

δ [‰] = 1000 (RSample / RStandard - 1), 

where R represents the ratio of the heavy to the light isotope.  

To ensure an international comparability between the different isotope labs, all isotope values 

are reported relative to international reference standards (Table II.2) with a defined isotope 

value. Samples are analyzed at the same as the reference, or are measured along with internal 

laboratory standards, which are calibrated relative to the international standards. 
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Because of their different masses, the stable isotopes of an element have slightly different 

chemical and physical properties. The dissociation energy in molecules containing heavy 

isotopes is higher, which results in a higher energy demand to split a chemical bond (Hoefs, 

2004). Fractionation processes can alter the isotopic composition of chemical compounds, and 

two types can be distinguished.  

Equilibrium fractionation occurs when processes or chemical reactions are reversible. In these 

reactions the heavy isotope accumulates in the compound with the higher oxidation state. In 

the sulfate/sulfide equilibrium for example sulfate becomes enriched in δ
34S (Kendall & 

Caldwell, 1998).  

If chemical reactions are unidirectional, kinetic fractionation occurs. An example is 

denitrification where the substrate (NO3
-) gets enriched in the heavier isotope relative to the 

product (N2) because the lighter isotope reacts faster than the heavy one (Mariotti et al., 

1981).  

The extent of fractionation is reported as fractionation factor: 

 α = RP / Rs  

where RP is the is the ratio of the heavy isotope in the product, and RS in the substrate.  

Often the extent of fractionation is reported as isotope enrichment factor: 

 εP-S = (α - 1) * 1000 

To asses how the isotope values of the substrate and product develop, it is important to 

distinguish whether processes take place in open or closed systems (Kendall & Caldwell, 

Isotope 
Ratio 

measured 
Reference Standard 

Abundance ratio 
of standard 

Reference 

13C 13C/12C PDB (Pee Dee Belemnite) 1.1237 * 10-2 (Craig, 1957) 
15N 15N/14N atmospheric N2 3.677 * 10-3 (Mariotti, 1983) 

18O 18O/16O 
VSMOW (Vienna Standard Mean 

Ocean Water) 
2.0052 * 10-3 (Craig, 1961) 

Table II.2: International reference standards for stable isotope measurements 
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1998). The changes of the δ values in open systems in equilibrium are described by the so 

called “Rayleigh equations”, named after Lord Rayleigh, who first observed the fractional 

distribution of substances with different vapour pressures. Although these equations should 

only be used for open equilibrium systems, they can also be used to approximate the evolution 

of isotope values during kinetic unidirectional reactions in closed systems, where the amount 

of substrate is finite (Mariotti et al., 1988).  

The calculations for the δ values of the substrate (δS), the instantaneous generated product 

(δPi), and the accumulated product (δPa) are given below: 

δS ≈ εP-S * lnƒ 

δPi ≈ δS + εP-S 

δPa ≈ -εP-S ((ƒ * lnƒ)/(1-ƒ)), 

where ƒ is the fraction of unreacted substrate, and εP-S is the enrichment factor. To calculate δ 

values for kinetic fractionation in open systems with an continuous supply of substrate and 

remove of the product models are needed (Brandes et al., 1998; Voss et al., 2001) 

Figure II.6 illustrates the 

development of the δ
15N values of 

nitrate, accumulated N2 and the 

instantaneous generated N2 during 

denitrification in closed systems. 

The magnitude of ε varies between 

the different processes. Especially 

for enzymatic processes, there is a 

high dependency on temperature 

and substrate concentration. Table 

II.3 summarizes ranges of εS-P Fig. II.6: δ values for substrate, instantaneous and 

accumulated product during denitrification. 
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values for δ15N for several processes in the nitrogen cycle. 

 

 

Process εεεεS-P    (‰)    

N2 fixation via nitrogenase 0 - 6 
NH3 volatilization 40 - 60 
N2O and NO production during nitrification 35 - 60 
N2O and N2 production during denitrification 28 - 33 
NO3

- assimilation into organic N by plants 0 - 19 
NH4

+ assimilation into organic N by plants 9 - 18 
NO3

- or organic N assimilation by microbes 13 
NH4

+ assimilation by microbes 14 - 20 
NH4

+ production from organic matter decomposition (ammonification) 0 - 5 
NO3

- production during nitrification 15 - 35 
Organic N assimilation by animals (deamination and transamination) 1 - 6 

 

Stable isotopes of nitrogen and oxygen in nitrate 

Nitrate that derives from different sources shows characteristic nitrogen and oxygen isotope 

values, because of fractionation during formation or the reaction of nitrate in the N cycle 

(Tab. II.4). Thus, the combined determination of δ15N and δ18O in nitrate is a powerful tool to 

identify nitrate sources in aquatic environments and aquifers (Amberger & Schmidt, 1987; 

Wassenaar, 1995; Spoelstra et al., 2001; Burns & Kendall, 2002; Campbell et al., 2002; 

Mayer et al., 2002).  

Table II.4: δ15N and δ18O values of nitrate from various sources 

Source δ
15N-NO3 

[‰] 
δ

18O-NO3 

[‰] 
References 

Nitrification in soils -18 to 5 -2 to 15 
Amberger & Schmidt, 1987; Kendall, 1998; 
Mayer et al., 2001 

Sewage and manure 10 to 20 -2 to 15 
Heaton, 1986; Wassenaar, 1995; Fogg et 
al., 1998; Karr et al., 2002 

Atmospheric 
deposition 

-10 to 5 30 to 70 Freyer, 1991; Kendall, 1998 

Mineral fertilizers 0.5 to 5 ~ 23 
Freyer & Aly, 1974; Bedard-Haughn et al., 
2003 

 

Tab. II.3: ε-values for δ15N of several processes in the nitrogen cycle summarized in the compilation of 

Robinson (2001). The ε-values are reported in the S-P-form. 
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Nitrate originating from nitrification in soils usually has δ
15N values between -18 to 5 ‰ 

(Kendall, 1998). During the unidirectional nitrification process, kinetic fractionation leads to 

15N-depleted nitrate and 15N-enriched residual ammonium. As shown in Table II.3, the 

enrichment factor covers a wide range between 15 and 35 ‰, depending on soil temperature 

and ammonium concentration. However, in N-limited systems, the fractionation during 

nitrification is minimal (ε ≈ 0 ‰), and the δ15N of soil nitrate is close to the δ15N value of soil 

organic N (Kendall & Aravena, 1999). The reason is a low mineralization rate which leads to 

low concentrations of ammonium, that is directly nitrified to nitrate without fractionation. If 

the ammonium concentration is increased e.g. due to fertilizer application, the nitrification 

rate enhances (Atxotegi et al., 2003) and the nitrification becomes the rate-limiting step 

during the conversion of organic N to nitrate (Kendall & Aravena, 1999). This results in large 

fractionation in δ
15N, as observed by Feigin et al. (1974) directly after the application of 

anhydrous ammonia on an agricultural field. The δ15N-NO3 values decreased from 2.5 ‰ to  

-10 ‰, and δ15N-NH4 values simultaneously increased. 

The δ18O values of the nitrate generated during nitrification in soils usually range between -2 

to 15 ‰ (Amberger & Schmidt, 1987; Kendall, 1998; Mayer et al., 2001), because at least 

one oxygen atom derives from atmospheric O2 (δ
18O = 23.5 ‰; Kroopnick & Craig, 1972), 

and up to two oxygen atoms from the soil water (Hollocher et al., 1981; Andersson & Hooper, 

1983). Mayer et al. (2001) found that a reduced nitrification rate, as often observed in N-

limited systems, like the forests they studied, can result in a larger portion of O derived from 

atmospheric O2. They concluded that theoretically all three O atoms incorporated in NO3
- can 

origin from atmospheric O2, which results in a δ18O value of 23.5 ‰. These findings, together 

with observed variations in the δ18O values of soil water can explain the large range reported 

for δ18O values of nitrate generated during nitrification. 
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The δ
18O values of soil water are determined by the δ

18O values of precipitation and the 

equilibrium fractionation during evapotranspiration (Hsieh et al., 1998). Precipitation usually 

has δ
18O values between -22 and 0 ‰ (IAEA, 1981). Seasonal differences in temperature 

leads to higher values during summer and lower ones in winter because of equilibrium 

fractionation (Ingraham, 1998). This also leads to a global distribution of precipitation-δ18O 

with lower values at higher latitudes.  

January August

 

Evapotranspiration leads to increased δ18O values of soil water because 18O-depleted vapour 

is lost. Hsieh et al. (1998) found in their study on Hawaii lower δ18O values at the soil surface 

and increased values with depth during periods of rain, and increased surface values of up to  

8 ‰ higher during dry periods. They further concluded, that there may exist large variation in 

the δ18O values of soil water between arid and humid environments. Soil water δ18O values 

range between -25 and 4 ‰ (Kendall, 1998). 

Mineral fertilizers usually have a narrow range for δ
15N that mirrors their production from 

atmospheric N2 via the Haber-Bosch process (0.5 to 5 ‰). Ammonium and urea have slightly 

higher values (Freyer & Aly, 1974; Bedard-Haughn et al., 2003). The δ18O values of mineral 

nitrate fertilizers are around 23 ‰, close to the δ18O of atmospheric O2 (23.5 ‰).  

Fig. II.7: Amount weighted δ18O values in precipitation across Europe in January and August (IAEA, 

2001) 
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Nitrate from sewage and manure typically shows δ
15N values > 10 ‰ (Heaton, 1986; 

Wassenaar, 1995; Fogg et al., 1998; Karr et al., 2002). These high δ15N values are a result of 

ammonia volatilization, which leads to large fractionations between 15N-depleted ammonia 

and 15N-enriched residual ammonium (ε = 40 - 60 ‰; Wassenaar, 1995; Robinson, 2001). 

Three steps are responsible for this large fractionation (Kendall & Aravena, 1999): 1st the 

equilibrium fractionation between ammonium and ammonia in solution, 2nd the equilibrium 

fractionation between aqueous and gaseous ammonia, and 3rd the kinetic fractionation caused 

by the diffusive loss of 15N-depleted ammonia. In soils the 15N-enriched residual ammonium 

may then be converted to 15N-enriched nitrate via nitrification (Heaton, 1986; Kendall & 

Aravena, 1999).  

Differences in groundwater-nitrate below agricultural soils treated either with inorganic or 

mixed fertilization were observed by Amberger & Schmidt (1987). If only mineral fertilizers 

were applied δ15N-NO3 values were lower (3.0 to 5.9 ‰) compared to the area with organic 

and inorganic ferilization (δ15N = 10.6 ‰), and δ15N-NO3 values of 10 ‰ are reported in soil 

water nitrate close to a animal waste site (Fogg et al., 1998). But ammonia volatilization not 

only occurs after application of animal waste. δ15N-NO3 values 12.4 ‰ higher than the δ15N 

value of the applied fertilizer were found in groundwater below a golf course treated with 

mineral ammonium and nitrate fertilizers (Flipse & Bonner, 1985).  

δ
15N values in nitrate from atmospheric deposition ranges between -10 to 5 ‰ and shows a 

seasonal variations with low values in spring and summer and higher values during winter 

(Heaton, 1986; Freyer, 1991). These variations are explained with increased emissions of 

isotopically depleted nitrogen oxides from agriculture during summer, and a increased 

proportion of enriched nitrous oxides from fossil fuel combustion during winter (δ15N = 6-9 

‰; Heaton, 1990), but it is still unclear if this is the determining factor. Little is known about 

the processes, that generate the δ
18O-NO3 values of atmospheric deposition. Usually they 
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show a large variability between 30 and 70 ‰. Explanations for this wide range are 

fractionations during nitrate formation in thunderstorms, incomplete combustion of fossil 

fuels, and photochemical reactions in atmosphere (Kendall, 1998). 

There are several other processes, that change the δ
15N and δ

18O values of nitrate. One 

important process is denitrification, leading to 15N-depleted N2. Denitrification occurs in 

suboxic waterbodies, soils or sediments. Böttcher et al. (1990) reported an increase in δ15N 

and δ18O in groundwater nitrate, with a ratio of 2:1, and calculated enrichment factors (εP-S) of 

-15.9 ‰ for δ
15N and -8.0 ‰ for δ

18O. Higher factors of up to –33 ‰ for δ
15N are also 

reported in the compilation of Robinson (2001) as well as lower factors (-5 to –8 ‰; Mariotti 

et al., 1988). The variation is explained by differences in the denitrification rate. Slow rates 

during low ambient temperatures and low concentrations of electron donors are suggested to 

result in larger fractionations; vice versa rapid denitrification leads to small fractionation. In 

relatively impermeable aquifers the enrichment factor may be reduced because of low 

diffusion rates of nitrate (Mariotti et al., 1988). A recent study showed that the 2:1 enrichment 

ratio found by Böttcher et al. (1990) in groundwater may not be applicable to all 

environments. In the marine environment an 1:1 increase was observed (Sigman et al., 2003).  

Several studies have shown that watersheds which are highly impacted by anthropogenic N 

inputs have high δ15N-NO3 values > 8 ‰ (Heaton, 1986), and positive correlations between 

δ
15N-NO3 and percentage of agricultural and urban land are reported (McClelland & Valiela, 

1997; Mayer et al., 2002) 

Although recent studies have shown that the dual-isotope approach with δ15N and δ18O values 

in nitrate is a powerful tool to describe N related processes, there are only few studies that 

deal with δ18O-NO3 values in soil water. One of the difficulties in measuring δ18O-NO3 values 

in agricultural nitrate is that the dominant “nitrification δ18O-NO3-signal” may overlay 

fertilizer induced effects (Mengis et al., 2001). Most studies concentrate on δ18O-NO3 values 
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in groundwater near agricultural areas, and a problem for these investigations is the time delay 

between leaching from the soil and appearance in the groundwater. This can take days to 

several months, and during this time fractionation by e.g. denitrification can modify the 

isotopic signature and falsify the isotope values of the soil water nitrate. To avoid these 

problems measurements can be carried out in water which is collected in drainage systems. 

Tile drainage is a common agricultural practice in areas with water-saturated soils like the 

ones in Mecklenburg-Vorpommern. Usually, the systems are installed in soil depths between 

50 – 100 cm and significantly reduce the residence time of the soil water.  
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III.  AIM OF THIS PHD-THESIS 

Aim of the presented PhD thesis was the identification and quantification of diffuse nitrate 

inputs for the Warnow river by means of stable isotope measurements in nitrate. Since the 

studies of Grimvall & Stalnacke (2001) and Voss et al. (unpublished data) reported a positive 

correlation between the riverine N load to the Baltic Sea and agricultural land-use in river 

drainage basins a major focus of this PhD-thesis was set on diffuse nitrate losses from 

agriculture. Likewise, the processes in the soils that stand behind these losses were identified. 

Due to a new interdisciplinary approach which combined agricultural and marine research the 

importance of agricultural nitrate inputs for the coastal waters of the Baltic Sea was verified. 

To trace the agricultural nitrate from the field runoff to the coastal waters four studies were 

carried out on agricultural fields as well as in the river and its estuary. 

Besides the identification of nitrate sources, which has been carried out in several studies 

before (Amberger & Schmidt, 1987; Wassenaar, 1995; Spoelstra et al., 2001; Burns & 

Kendall, 2002; Campbell et al., 2002; Mayer et al., 2002), the dual-isotope approach (δ15N 

and δ18O) was applied for the first time to quantify nitrate inputs into a river-system. Finally, 

an assessment was given whether the determination of stable isotope ratios in nitrate can be 

used as a tool for water resoucres management.  

All studies were carried out in the drainage basin of the Warnow river, which is dominated by 

agricultural land use (68% of the total area). The river yearly receives more than 4000 t 

nitrogen, mainly from diffuse sources (Pagenkopf, 2001), and because of the high proportion 

of water-saturated soils in the drainage area, it is assumed that almost half of the agricultural 

area is artificially drained. This results in high N losses via tile drainage, which account for 

46% of the total diffuse losses (Pagenkopf, 2001).  

The studies are presented in the chapters V to VIII, each structured as a manuscript with 

introduction, material and methods, results, and discussion section. 
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In first study, the major processes that affect the isotope values of the drainage water nitrate 

were identified. Two tile drain outlets beneath conventionally farmed fields were sampled 

weekly to bimonthly for a period of 17 months. Additionally, the isotopic composition of the 

applied mineral fertilizers was measured to identify fertilizer induced variations in the isotope 

values of the drainage water nitrate. The results of this study are published in Aquatic 

Sciences. 

The second study concentrated on the impact of drainage water nitrate from a conventionally 

farmed soil on the adjacent surface waters. In contrast to the first study sampling took place 

with a high temporal resolution during the first main discharge period of the hydrological year 

2003/2004 (six weeks). This time resolution was found to be essential to resolve processes 

which modify the isotope signatures. Sampling was carried out daily to weekly. Additionally, 

nitrate isotope values were measured in an adjacent ditch and a brook, to evaluate the 

importance of the drainage water nitrate for the following surface waters.  

Aim of the third study was the identification and quantification of diffuse nitrate inputs into a 

sub-basin of the Warnow river. Three major nitrate sources (drainage water, groundwater and 

atmospheric deposition), as well as the river itself were sampled regulary during 5 months in 

winter to minimize the impact of fractionation processes in the river nitrate. The mean isotope 

values of the sources were used in a mixing-model to determine the percentage of each 

sampled source to the river nitrate. 

In the fourth study a different approach was used to trace anthropogenic N along an estuarine 

gradient. The results of the third study showed, that the Warnow river has elevated δ15N-NO3 

values, which is also reported from other other river systems with high anthropogenic N loads 

(McClelland & Valiela, 1997; Mayer et al., 2002). Several studies had shown, that the δ15N 

values in macroalgae’ tissues, grown in polluted rivers or estuaries can be used to trace 

anthropogenic N (Costanzo et al., 2000; Gartner et al., 2002; Savage & Elmgren, 2004). This 

is due to the fact that macroalgae only show small or no fractionation during uptake of 
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nitrogen (Högberg, 1997). Thus, they may directly reflect the δ15N value of the riverine DIN, 

but this confirmation is lacking in all other studies.  

Three macroalga species, grown at a unpolluted brackish site, were incubated during two 

experiments along the salinity and nitrate gradient in the Warnow estuary. The incubated 

species were the brown-alga Fucus vesiculosus (Phaeophyta) and the two red-algae 

Polysiphonia sp. and Ceramium rubrum (Rhodophyta). Incubations were carried out in gauze-

bags fixed to shipping-signs, during 14 and 10 days, respectively. With the parallel 

determination of the δ
15N values of the river nitrate it should be tested, whether the algae 

adapt to the δ15N values of the river nitrate and which species is the most suitable for such 

experiments.  
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IV.  MATERIAL AND METHODS 

Study area 

The Warnow river is located in Mecklenburg-Vorpommern (northeastern Germany) and flows 

into the Southern Baltic Sea at the City of Rostock (Figure IV.1.A, B). With a length of 149 

km and a drainage area of 3270 km², mainly dominated by agricultural and forested areas (63 

% and 24 % respectively) it is the second largest river system of Mecklenburg-Vorpommern 

(Thiele & Mehl, 1995). The Warnow is 

characterized as polytrophic (Börner et al., 

1994) due to a high amount of nutrient 

inputs (Nitrogen: 4140 t/yr, Phosphorous: 

200 t/yr), and a production rate of 650 

gC/m²*yr. The river-system is divided into 

seven sub basins, and the investigated sub basin ‘Middle Warnow’ covers an area of 444 km². 

Land use in the sub basin is dominated by agriculture, with 49 % arable land, and 23 ‰ 

pasture (Pagenkopf, 2001).  

According to the Mesoscale Agricultural Mapping Programme (MMK) 75 % of the 

agricultural land in the sub basin ‘Middle Warnow’ are waterlogged soils, and statements 

given by Bockholt & Kappes (1994) allow a estimation, that up to 50% of the agricultural 

area in the sub basin ‘Middle Warnow’ is artificially drained.  

 10 km 

N 

Figure IV.1: Site map of the Warnow river system (A) located in northeastern Germany (B). The dark gray 

area shows the sub basin ‘Middle Warnow’ 
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Stable isotope measurements 

The determination of stable isotope ratios is carried out in a Isotope Ratio Mass Spectrometer 

(IRMS). For the measurement, the element of interest needs to be converted into a gas. For 

nitrogen and carbon isotopes the samples are combusted with O2 at 1020°C in an elemental 

analyzer. The resulting gases (N2, CO2, SO2, nitrous oxides, and water vapour) are transported 

with a He-flow through a reduction tube where the nitrous oxides and SO2 are reduced to N2 

and sulfur. Afterwards the water is removed with a water trap, and a gas-chromatography 

column (GC) separates the N2 from CO2. A split interface reduces the amounts of N2 and CO2 

and ~1% finally reach the IRMS. For oxygen isotope determination the O is bound to carbon 

to form CO in a pyrolysis furnace with glassy carbon as C source at 1350°C. The gas is 

transported with the He-flow through a GC column and reduced in a split interface. Inside the 

IRMS, the gases are ionized in the source with electrons, accelerated and then enter the 

magnetic sector. Dependent on their masses the ions are separated and hit a collector 

(Mulvaney, 1993). A schematic illustration of δ15N determination is shown in figure IV.2.  
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 Fig.IV.2: Schematic diagramm which illustrates 15N-analysis in a IRMS (redrawn 

after Mulvaney (1993) 
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The isotope values are reported relative to reference gases (N2, CO2, CO), which are 

calibrated against international standards and are measured along with every sample. 

Furthermore, daily measurements of internal lab standards allows a correction of small 

equipment specific variations. The standards used in IOW are shown in Table IV.1.  

Table IV.1: International and internal standards used for determination of δ15N, δ13C, and δ18O values 

Standard δδδδ
15N [‰]    δδδδ

13C [‰]    δδδδ
18O [‰]    

International Standards 

IAEA-N1 (ammonium-sulfate) 0.4 ±0.07   
IAEA-N2 (ammonium-sulfate) 20.3 ±0.09   

IAEA C6 (sucrose)  -10.43 ± 0.13  

NBS 22 (oil)  -29.74 ± 0.12  

USGS 24 (graphite)  -15.99 ± 0.11  

IAEA KNO3   25.1 ±0.6 

IAEA C3 (Cellulose)   32.2 ±0.2 
USGS 34 (KNO3)   -27.9 ± 0.75 

Internal Lab Standards 

Peptone 5.8 ±0.20 -22.11 ± 0.17  

Acetanilide -1.7 ± 0.2 -29.81 ± 0.19  

Merck-KNO3 -0.4 ±0.16  24.6 ±0.7 
 

For the determination of the δ
15N and δ

18O values, nitrate of the freshwater samples was 

converted into silver nitrate (AgNO3) using the method of Silva et al. (2000).  

Samples were passed through a cation exchange resin (5 ml AG 50W-X4, H+-form; Biorad), 

followed by an anion exchange resin (2 ml AG1-X8, Cl- -form; Biorad). At least 60 µmol 

nitrate was finally collected on the anion exchange resin. The resins containing nitrate were 

stored in a refrigerator for several weeks until further preparation. 

Samples were eluated from the anion exchange resin with 15 ml 3M HCl, and neutralized 

with approx. 6 g Ag2O to obtain a pH of 5.5 – 6. The precipitated AgCl and remaining Ag2O 

was removed by filtration (0.45 µm membrane filter). 2 ml of 1M BaCl2 solution was added 

to remove SO4
2- and PO4

3-. Precipitated BaSO4 and Ba3(PO4)2 were removed by filtration 

(0.45 µm membrane filter). The sample was passed through a cation exchange resin (5 ml AG 
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50W-X4, H+-form; Biorad) to eliminate the excess Ba2+. Then a second neutralization with 

Ag2O (approx. 1-2 g) was carried out and the resulting AgCl and excess Ag+ was removed by 

filtration (0.45 µm membrane filter). The solution, now containing Ag+ and NO3
-, was freeze-

dried and the remaining solid AgNO3 was weighed into silvercaps for determination of δ15N-, 

and δ18O-NO3-isotopic composition.  

Reproducibility was tested with a AgNO3, which was produced along with the samples to 

determine the accuracy and precision of the sample preparation. The standard contained 

Merck-KNO3 (1000 µM NO3
-) and SO4

- (620 µM). 

The isotope values of the produced AgNO3 (δ
15N = -0.4 ± 0.36 ‰; n = 18 and δ18O = 23.5 ± 

0.77; n = 23) were close to the isotope values of the Merck-KNO3 (Table IV.1), which 

verified a preparation without isotopic fractionation.  

Preparation procedure for δ15N-NO3 values from brackish samples was carried out with the 

diffusion method of Sigman et al. (1997) In brief, nitrate is reduced to ammonium using 

Devarda’s alloy and converted to ammonia at a pH~11. Ammonia is trapped on an acidified 

filter which is packed between two teflon-membranes. The filter then is dried and packed into 

a silver cap for combustion. 

The δ15N analysis was carried out with a Thermo Finnigan Delta Plus IRMS after combustion 

in a Flash EA at a temperature of 1020°C. Samples for δ18O were also analysed in a Thermo 

Finnigan Delta Plus IRMS after pyrolysis in a Thermo Finnigan TC/EA. Temperature of 

combustion was 1350°C.  
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V. VARIATIONS IN THE δδδδ
15N AND δδδδ

18O VALUES OF NITRATE IN DRAINAGE WATER OF TWO 

FERTILIZED FIELDS IN MECKLENBURG-VORPOMMERN (GERMANY) 

 

Introduction 

 

The excessive input of nitrate into rivers and the resulting eutrophication of coastal waters is 

still an unsolved problem. Diffuse nitrate sources predominate, such as nitrate contaminated 

groundwater, runoff from drained farmland, or atmospheric deposition. In some German 

rivers, these sources account for more than 90% of the total nitrogen input (Behrendt et al., 

1999). The major problem for an efficient reduction of N inputs is the difficulty to identify 

and localise sources of nitrate. Moreover, most input data are estimations by means of models. 

An alternative method is the identification of diffuse inputs by using δ
15N and δ

18O-NO3 

values, and was successful in many river-systems and aquifers (Wassenaar, 1995; Kendall, 

1998; Spoelstra et al., 2001). Detailed knowledge of the isotopic composition of potential 

sources is essential. For instance, the isotopic composition of nitrate that leaches from 

agricultural soils undergoes a number of alterations. These alterations are related to 

differences in stable isotope ratios of applied fertilizers as well as to microbial processes in 

soils, like nitrification and denitrification. The δ15N values of mineral fertilizers have a narrow 

range of 0.5 – 5‰ for NO3
- and slightly lower values for NH4

+ and urea (Bedard-Haughn et 

al., 2003). δ
18O values of mineral fertilizers are near 23 ‰ (Amberger & Schmidt, 1987), 

reflecting the use of atmospheric oxygen for their production (δ18O = 23.5 ‰; Kroopnick & 

Craig, 1972). Nitrate derived from animal waste and manure typically shows δ15N values over 

10 ‰ because of the volatile loss of 15N depleted NH3 (Iqbal et al., 1997; Kendall, 1998). 

This fractionation can also occur during the application of mineral fertilizer that mainly 

consists of reduced N forms (Bedard-Haughn et al., 2003). 
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The mineralisation of soil organic N, including nitrification, leads to 15N depleted nitrate; 

values range from –10 to 6 ‰, depending on the soil δ
15N value (Bremner & Tabatabai, 

1973). The δ
18O value of generated nitrate typically varies from 2 to 14 ‰ (Mayer et al., 

2001). During denitrification 15N-depleted N2 is produced, resulting in increasing δ
15N and 

δ
18O values in the residual nitrate. The increase is 2 fold higher in δ15N than in δ18O (Böttcher 

et al., 1990).  

Tile drainage, a common agricultural practice to improve moisture and aeration conditions, 

shortens the residence time of water in the biologically active unsaturated zone and, therefore, 

enhances diffuse pollution of adjacent surface water bodies with nutrients or pesticides 

(Tomer et al., 2003). Often, tile drainage is accompanied by flow anomalies, causing further 

unexpected acceleration of water flux and solute transport towards the tile drains (Lennartz et 

al., 1999). 

The goal of this study was to investigate the variability in stable isotope ratios of drainage 

water nitrate from two conventionally treated agricultural fields, and to identify the major 

sources and processes responsible for these variations. The input of nitrate to surface water 

bodies via tile drains plays an important role in regions with gleysols and stagnic cambisols 

from moraine substrates, such as those in Mecklenburg-Vorpommern, Germany. For a period 

of 17 months the δ15N and δ18O values of drainage water nitrate leaching from two fertilized 

fields in the catchment area of the Warnow river (north-east Germany) were determined. 

Additional measurements of the isotopic composition of mineral fertilizers applied on these 

fields provided further information about processes in the investigated soils and the period 

until a response in drainage water nitrate could be observed. 
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Material and methods 

 

The two sampled collector-drain outlets are located on the Farmers Cooperative Papendorf 

(Latitude 54° 26`N, Longitude 11° 49´E), 15 km south of Rostock in the sub area ‘middle 

Warnow’ (Fig. V.1). Soil textures 

are mainly sandy loams (24%) 

and loamy sands (46 %) from 

moraine substrates. Dominant soil 

types are cambisols, luvisols and 

gleysols. The drained area is 2.5 

ha for tile drain 1 and 15 ha for 

tile drain 2. The drainage systems 

were installed ~ 100 y ago and are 

located at a soil depth between 60 

- 80 cm. Tile drain outlet 2 also 

drained two small ponds in the 

fields. Cultivated crops were winter wheat and winter barley in 2002 and sugar beet and 

maize in 2003 for tile drain 1. In tile 2, winter wheat and winter barley were grown in 2002 

and 2003. Crop rotation was identical in both fields, with 4 y of cereals followed by 1 y of 

sugar beet and maize. Application of nitrogen was carried out with mineral as well as organic 

fertilizers (Table V.1). Organic fertilizer was applied every fifth year before to the cultivation 

of sugar beets and maize. The last application above tile 2 was in fall 1998. During 

hydrological years 2001/2002 and 2002/2003, the meteorological station near the sampled tile 

outlets (distance ~ 5 km) recorded a precipitation of 612 and 423 L m-2, respectively. The 

precipitation during the hydrological year 2002/2003 was 242 L m-2 lower than the long-term 

Figure. V.1: Location of the drainage tiles (dots) and agricultural 

fields (grey areas) investigated. The insert shows the coastal area 

of Mecklenburg-Vorpommern with the study area. 
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mean of 665 L –2. Only half of the normal amount was recorded from November 2002 to 

April 2003. The long-term mean evaporation in the sampling area is 499 L m-2 a-1. 

 

Tile drain 1 

Date 
Amount applied      

[kgN ha-1] Fertilizer Nitrogen compounds 

03-25-2002 85 AHL  28% N (7% NH4
+; 7% NO3

-, 14% amide) 

04-23-2002 70 Urea  46% N (46% amide) 

05-29-2002 79 KAS 27% N (13.5 % NH4
+; 13.5 % NO3

-) 

August 2002 232 manure   
    

Tile drain 2 

Date 
Amount applied      

[kgN ha-1] 
Fertilizer Nitrogen compounds 

03-27-2002 66 AHL 28% N (7% NH4
+; 7% NO3

-, 14% amide) 

04-22-2002 61 NTS 27% N (6% NH4
+; 8% NO3

-, 13% amide) 

05-28-2002 148 NTS 27% N (6% NH4
+; 8% NO3

-, 13% amide) 

03-18-2003 79 AHL 28% N (7% NH4
+; 7% NO3

-, 14% amide) 

04-28-2003 90 Urea 46% N (46% amide) 

 

Water sampling was carried out from the end of January 2002 to the beginning of May 2003 

at weekly to bimonthly intervals. Discharges at the tile drain outlets were not measured. 

Water samples (1L) were stored in pre-acidified polyethylene bottles; each filtered through a 

0.45 µm membrane filter immediately after sampling and frozen at -20°C until further 

preparation. Preparation of the nitrate samples was carried out after Silva et al. (2000). 

The solid fertilizers (KAS, Urea) were homogenized and weighed into silver cups for 

determination of δ15N and δ18O values. For determination of δ15N-NO3 and δ18O-NO3 values 

of fluid fertilizers (AHL, NTS), the same preparation method was used as for drainage water 

samples. For determination of δ15N values, the fluid fertilizers were cooled to avoid ammonia 

volatilisation, pipetted into silver caps and immediately measured. 

 

Table V.1: Date, amount and composition of the applied fertilizer 
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Table V.2: Concentrations of nitrate and ammonium in 

the drainage water from each tile drain. 

  Tile drain 1  Tile drain 2 

Date  
NO3

- 
[µM] 

NH4
+ 

[µM] 
 

NO3
- 

[µM] 
NH4

+ 
[µM] 

01-25- 2002  953 0.0  not sampled 

02-01- 2002  694 0.0  not sampled 

02-08- 2002  745 0.0  not sampled 

03-09- 2002  645 0.0  not sampled 

03-15- 2002  not sampled  538 0.0 

04-06- 2002  714 1.1  636 1.2 

04-19- 2002  730 1.1  655 1.3 

04-23- 2002  517 0.0  1138 3.8 

04-28- 2002  697 0.4  905 1.1 

05-06- 2002  696 0.0  not sampled 

05-13- 2002  not sampled  1051 0.4 

05-25- 2002  723 0.3  828 0.6 

06-05- 2002  692 0.3  not sampled 

06-12- 2002  712 0.2  not sampled 

07-31- 2002  739 0.0  1567 1.8 

09-01- 2002  664 0.0  1471 50.7 

10-29- 2002  663 0.0  1105 0.0 

12-04- 2002  844 0.0  533 1.4 

12-20- 2002  813 n. d.  1462 150.7 

01-17- 2003  837 6.4  151 6.4 

02-13- 2003  848 0.0  518 31.6 

03-14- 2003  966 1.6  574 100.5 

05-02- 2003  575 15.0  1144 0.0 
 

Results 

 

In tile drain 1, nitrate concentrations varied 

from 517 to 966 µM (Table V.2, Fig. V.2). 

The lowest concentration was found in 

April 2002, the highest in March 2003. 

Lower nitrate concentrations were observed 

during summer and higher ones in autumn 

and winter. The second fertilizer 

application (Table V.1) led to a noticeable 

180 µM increase in the nitrate 

concentration, whereas the other three 

applications seemed to have no effect on 

outflow nitrate concentrations. Most 

samples showed ammonium concentrations 

below 1.6 µM. Ammonium reached high 

concentrations of 6.4 and 15.0 µM only in 

January and May 2003, respectively.  

Tile drain 2 showed a higher variability in 

NO3 concentrations than tile 1 (Table V.2, 

Fig. V.3). After application of fertilizer, 

increases in nitrate between +98 and +739 µM were observed. The highest nitrate 

concentration (1567 µM) was found at the end of July 2002, after the third fertilizer 

application. The concentration then decreased to 533 µM until the beginning of December 

2002, rapidly rising to 1462 µMol. A minimum value of 151 µM was reached in January 2003 

and, subsequently, concentrations increased until the end of the sampling period. Ammonium 
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Table V.3: Isotopic composition of the applied 

mineral fertilizers (1 data from Amberger & 

Schmidt (1987) 
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Fertilizer δ15Ntotal  
[‰] 

δ15N-NO3 
[‰] 

δ18O-NO3 
[‰] 

AHL -3.8 0.8 25.7 

NTS 0.1 4.4 19.4 

KAS (+CaO) -1.7       20,5   1 

Urea 0.7     

 

concentrations showed a higher 

variability in tile 2, ranging 

between 0 to 150.7 µM. Values 

remained nearly constant below 

3.8 µMol until September 2002 

and then peaked at 50.7 µM. A 

maximum value was reached in 

December 2002. After a decline, 

they increased to a third peak in 

March 2003.  

Mineral fertilizers applied had 

δ
15N values for total nitrogen 

between –3.8 and 0.7 ‰ (Table 

V.3). The δ15N-NO3 values for 

both of the fluid fertilizers (AHL, 

NTS) are slightly higher compared 

to values of total nitrogen (0.8 and 

4.4 ‰, respectively). The δ18O-

NO3 values for nitrate containing AHL, NTS 

and KAS fertilizers was 25.7, 19.4 and 20.5 

‰, respectively. 

The δ15N-NO3 values of tile 1 ranged 

between 8.3 and 14.5 ‰, with a mean value 

of 10.6 ± 1.5 ‰ (Fig. V.2). They decreased 

from 11.6 to 8.3 ‰ until the second 

fertilizer application, and then increased to a maximum value at the end of May 2002. After 

Figure V.2: Changes in variables for tile drain outlet 1 during the 

sampling period from January 25 2002 to May 2 2003. A) 

precipitation as recorded ~5 km west of the sampling area; B) 

nitrate concentration; C) δ15N-NO3; D) δ18O-NO3. The small 

arrows indicate the fertilizer application. 
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the third application of fertilizer, a 

decrease (-4.8‰) occurred, and the 

last application resulted in slightly 

increasing δ15N-NO3 values until 

February 2003. The δ
18O-NO3 

values varied between 0.4 and 7.1 

‰, showing a mean value of 5.1 ± 

1.4 ‰. They ranged between 3.8 

and 6.2 ‰ until the beginning of 

May 2002, then they declined to a 

minimum value. After the third 

fertilizer application, values 

increased to a maximum in 

September 2002 and then decreased 

slightly until March 2003.  

In drainage water of tile 2, δ15N-

NO3 values varied between 2.9 and 

11.5 ‰ (mean value 7.6 ± 2.3 ‰, 

Fig. V.3). They decreased from 9.4 to 2.9 ‰ until May 25. After the third fertilizer 

application, values increased (+8.6‰), and a maximum value was reached on December 4. 

Values then decreased again until January 2002 and then increased. The fourth fertilizer 

application led again to a decrease in δ15N-NO3 values (-4.4 ‰). A student’s t-test indicated 

that tile 2 had significantly lower δ15N values (p < 0.001) compared to tile 1. The trend in 

δ
18O-NO3 values was similar to that of δ15N-NO3 values, with the exception of January 2003. 

Values ranged between 0.4 and 14.6 ‰ with a mean of 3.8 ± 3.2 ‰. The third fertilizer 

application also resulted in slightly increasing values. After December 2002, a strong increase 

Figure V.3: Changes in variables for tile drain outlet 2 during 

the sampling period from January 25 2002 to May 2 2003. A) 

precipitation as recorded ~5 km west of the sampling area; B) 

nitrate concentration for tile drain outlet 2; C) δ15N-NO3 for tile 

drain outlet 2; D) δ18O-NO3 for tile drain outlet 2. The small 

arrows indicate the fertilizer application. 
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was found, but in this case was associated with a decline in δ15N-NO3 values. The highest 

δ
18O-NO3 value occurred in January 2003.  

Discussion 

 

All samples from tile drain outlet 1 

were in the nitrate range derived 

from manure and sewage (Fig. 

V.4), whereas nitrate in some 

samples of tile drain 2 seemed to 

originate from nitrification in soils. 

Rennie et al. (1976) found δ
15N-

NO3 values in soil water of non-

fertilized soils to vary between 2.7 

and 12.2 ‰, and values up to 14.2 

‰ were recorded if fertilizer was 

applied (Flipse & Bonner, 1985). 

Amberger & Schmidt (1987) 

reported differences in δ15N values 

in groundwater nitrate beneath 

agricultural soils depended on the fertilizers used. If only mineral fertilizers were applied, 

they found lower δ15N values (3.0 – 5.9 ‰) than in areas - such as ours - with applications of 

mineral fertilizer as well as manure (δ15N = 10.6 ‰). The δ18O values ranged from 5.7 to 13.5 

‰ (Amberger & Schmidt, 1987). Nitrate concentrations in our study were generally similar to 

those reported for other agricultural regions in Germany. Feige & Röthlingshöfer (1990) 

measured nitrate concentrations of 161 to 2177 µM in drainage water beneath cropland 

treated with conventional farming practices. Next to our study area, 71-1800 µM NO3
- 
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Figure V.4: A) ranges of δ15N and δ18O values of nitrate from 

different sources (redrawn after (Mayer et al., 2002) from the 

fertilizers applied and isotope values of drainage water nitrate 

(triangles: tile drain 1; crosses: tile drain 2. Insert (B) shows the 

tile drain isotope values in more detailed. 
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beneath barley fields solely treated with mineral fertilizers were reported (Bockholt et al., 

1992). Values of up to 2140 µM were found beneath maize, when additional application of 

manure took place. A correlation between nitrate concentration and precipitation, as reported 

from other studies in Germany (Lammel, 1990; Göbel, 2000) was not found in our data. 

There are several processes that can modify the concentration and isotope values of drainage 

water nitrate. These are nitrification and denitrification, ammonia volatilisation, and mixing 

with nitrate from other sources, e.g. mineral fertilizers or atmospheric nitrate deposition. 

Nitrification, the last step in the mineralisation of soil organic N, leads to a release of nitrate 

which is usually 15N-depleted compared to the residual ammonium (Kendall, 1998). The 

extent of this fractionation depends greatly on the ammonium concentration. High 

concentrations, e.g. after application of fertilizer containing ammonium, leads to an increase 

in the nitrification rate (Zaman et al., 1999), resulting in a greater fractionation and low δ15N- 

NO3 values of nitrate (Kendall, 1998). If the availability of ammonium in soils decreases, 

δ
15N-NO3 values of the formed nitrate increase towards pre-fertilization values (Feigin et al., 

1974). Nitrate generated during nitrification derives one oxygen atom from O2 and two from 

soil water (Hollocher et al., 1981; Andersson & Hooper, 1983). δ18O values of nitrate 

generated during nitrification in acid forest floors range between 2 and 14 ‰ (Mayer et al., 

2001), and Amberger & Schmidt (1987) found values lower than -2 ‰ in groundwater under 

forests and agricultural areas. Both tile drains in our study had δ18O-NO3 values ranging from 

0.4 to 14.6 ‰, suggesting that nitrification was the dominant process. The variation in δ18O-

NO3 values may be due to changes in δ18O values of soil water. 

During denitrification, 15N-depleted N2 is produced and lost to the atmosphere. This causes an 

enrichment in δ15N and δ18O values of the residual nitrate (Böttcher et al., 1990), covering a 

wide range, depending on the denitrification rate, temperature, and substrate concentrations 

(Böttcher et al., 1990). The amount of nitrogen lost is heavily dependent on soil conditions 

(water content, nitrate concentration), crops cultivated and fertilizer application. In the central 
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European climate, increased N losses during denitrification are temporary events lasting a 

couple of days or weeks in spring and autumn (Benckiser, 1996). In our study, denitrification 

can only be presumed in drainage water from tile 2 from the end of May until the beginning 

of December 2002. The δ15N and δ18O values of nitrate increased by 8.6 and 3.5 ‰, 

respectively; with a ratio of 2.5:1. A decrease in nitrate concentration, usually associated with 

denitrification, was only observed from late July to the beginning of December 2002; 

decreasing by 1034 µM. From late July to beginning of December, the enrichment factors 

(εN2-NO3) for 15N and 18O can be calculated using a simplified Rayleigh equation (Mariotti et 

al., 1988): 

ε = (δS – δS0) / ln (s/s0)     (1) 

where 

 δS  = delta value in the substrate (‰) 

 δS0 = initial delta value in the substrate (‰) 

 s = substrate concentration (µMol) 

 s0 = initial substrate concentration (µMol) 

The resulting enrichment factors are -5.9 ‰ for δ15N and -2.0 ‰ for δ18O. Böttcher et al. 

(1990) found greater enrichment values of -15.9 ‰ for δ15N and - 8.0 ‰ for δ18O, while 

Mariotti et al. (1988) reported ε values for δ15N from -4.7 to -5.0 ‰, similar to our calculated 

value. This result suggests that denitrification took place in this period, but it remained 

unclear whether this occurred in soils or in the existing ponds. 

To verify whether the application of fertilizer led to changes in isotope values and 

concentrations of drainage water nitrate, some additional factors must be considered. These 

factors are the elapsed time and the amount of precipitation between application and 

sampling. Both agricultural fields received similar N amounts from fertilizers during the 

sampling period (466 kg N ha-1 above tile 1, 444 kg N ha-1 above tile 2). The highly soluble 

nitrate compound of the fertilizer is transported to deeper soil layers with downward soil 
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 Tile 
drain 

Fertilizer 
application 

Amount 
applied 

[kgN ha-1] 

Days 
between 

application 
and 

sampling 

Precipitation 
between 

application and 
sampling [L m-²] 

Change in 
nitrate 

concentration 
[µM] 

Change in 
δ

15N-NO3 
[‰] 

Change in 
δ

18O-NO3 
[‰] 

1 1 85 12 0.1 + 69 - 0.4 + 0.4 

 2 70 5 11.6 + 180 + 2.3 - 1.0 

 3 79 7 4.1 - 31 - 4.8 + 6.2 

  4 232 < 30 < 44.2 -75 + 1.9 + 0.4 

2 1 66 8 0.1 + 98 + 0.2 + 0.6 

 2 61 1 0 + 483 + 0.2 - 3.0 

 3 148 64 158.5 + 739 + 2.2 + 1.3 

 4 79      

  5 90 4 26.1 +570 -4.4 - 1.6 
 

water movement. Flow velocity depends on soil conditions as well as precipitation intensity. 

If precipitation intensity is too high, nitrate is transported directly to the tile drains and is no 

longer available for plants. 

After the first application of fertilizer, little precipitation (0.1 L m-2) occurred between 

application and sampling (Table V.4). This resulted in a reduced or halted soil water flow and, 

consequently, no traces of fertilizer were observed in drainage water nitrate from both tile 

drains. Nitrate increased slightly and isotope values showed only small changes.  

The second application above tile 1 led to a remarkable increase in nitrate concentration 

(+180 µM) and δ15N-NO3 value (+2.3 ‰). Urea was applied, and needed to be hydrolysed to 

ammonium, nitrified and transported to the tile drain within 5 days (period between 

application and sampling). This timing seems plausible since Atxotegi et al. (2003) found an 

increase in soil nitrate concentration within 5 days after application of urea fertilizer in 

experimental plots in Iowa. Our data further suggests that the increase in drainage water 

nitrate was a result of fertilization. Precipitation intensity during the 5 days was 11.6 L m-2, 

and might have been enough to transport the generated nitrate to the tile drain. Other evidence 

Table V.4: Amount of fertilizer applied, elapsed time and precipitation between fertilizer applications and 

sampling, and changes in the nitrate concentration and isotope values of the drainage water nitrate from each 

tile drain. 
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for the influence of urea fertilizer is the increase in δ15N-NO3 values by 2.3 ‰, which might 

have been a result of ammonia volatilisation. Hydrolysis of urea to ammonium leads to a 

temporary rise in the soil pH. This rise favours the formation of 15N-depleted ammonia that 

volatilises into the atmosphere. The residual ammonium is enriched in 15N and subsequently 

converted into 15N-enriched nitrate. This process was observed by Kreitler et al. (1978) and 

Iqbal et al. (1997) after the application of manure and mineral fertilizer that contained urea 

compounds, resulting in δ15N-NO3 values >10 ‰. Flipse & Bonner (1985) found δ15N values 

in groundwater nitrate of two fertilized sites that were about 12.4 ‰ higher than the applied 

fertilizer and explained the enrichment as a loss in 15N-depleted ammonia. If the increase in 

the nitrate concentration of tile drain1 was a result of nitrification of soil organic N or of the 

applied fertilizers without the effect of ammonia volatilisation, a decrease in δ15N-NO3 should 

have occurred; this was not the case. 

After the third application above tile 1, no change in nitrate concentration but in isotope 

values was observed. δ15N-NO3 decreased from 14.5 to 9.7 ‰ and δ18O-NO3 increased from 

0.4 to 6.6 ‰. This result indicates a mixture of soil water nitrate with nitrate derived from the 

KAS fertilizer. The KAS fertilizer had a δ15N value for total N (nitrate and ammonium) of -

1.7 ‰ and a δ18O value for nitrate of 20.5 ‰. These values arise from their production from 

atmospheric nitrogen (δ15N = 0 ‰) and oxygen (δ18O = 23.5 ‰; Kroopnick & Craig, 1972; 

Amberger & Schmidt, 1987). A mixture of soil water nitrate with nitrate from mineral 

fertilizers could lead to the observed changes in δ15N-NO3 and δ18O-NO3 values of the 

drainage water nitrate. It seems that the moderate amount of precipitation (4.1 L m-2) was 

sufficient to displace the nitrate to the tile drain within 7 days. 

The last fertilizer applied above tile drain 1 was cow manure. Unfortunately, the exact date of 

the application is unknown and thus there is uncertainty about the time gap between 

application and sampling, and about the amount of precipitation during the period. The 

transformation of organic nitrogen to nitrate is a slow process and takes much longer than the 
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generation of nitrate from urea in mineral fertilizers (Atxotegi et al., 2003). This fact may be 

the reason that no increase in nitrate concentration was observed, although a high amount of 

manure was applied (232 kg N ha-1). Additionally, ammonia volatilisation from manure may 

be indicated by the increase in δ15N-NO3 values. 

The sampling dates for tile drain outlet 2 did not allow statements of how the second, third 

and fourth fertilizer application influenced drainage water nitrate. Elapsed time between the 

second application and sampling was only one day and no precipitation occurred suggesting 

that the increase in nitrate concentration was not fertilizer-induced. Direct input of fertilizer, 

which contained ammonium, nitrate and urea, into the drained ponds and a rapid transport to 

the tile drain can be excluded because no increase in ammonium concentration was observed. 

The δ15N and δ18O-NO3 values indicated no mixture with fertilizer-derived nitrate. After the 

third application above tile drain 2, 64 days elapsed before sampling. In combination with the 

high amount of precipitation (158.5 L m-2), a direct influence of fertilizer was not traceable. 

The last application was urea, and the time gap between application and sampling were 4 

days. During this period precipitation was 26.1 L m-2, with 17 L m-2 the day before sampling 

and nitrate concentration increased by 570 µM. However, no increase in δ15N-NO3 values was 

observed. Air temperatures on both fertilization dates were comparable, such that ammonia 

volatilisation was possible in the field above tile drain 2. The strong decrease in the δ15N-NO3 

value (-4.4 ‰) indicates that the nitrate was derived from nitrification. The larger drainage 

area or a silting up of the tile may lead to a longer residence time of soil water, whereby the 

nitrate generated after urea fertilization did not reach the tile drain outlet. 

Nitrate input from atmospheric deposition is another source that can affect drainage water 

nitrate. Nitrate in atmospheric deposition is characterized by δ15N values between -15 to 15 ‰ 

and δ18O values > 30 ‰ (Durka et al., 1994). In rain samples 15 km north of the study site, 

δ
15N values between 0.4 and 3.7 ‰ and δ18O values between 38.0 and 60.7 ‰ were found 

(Deutsch et al., in prep.). Nitrate concentrations were low (17 - 139 µM) compared to 
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drainage water nitrate. In January 2003, a mixture of drainage water nitrate with water 

containing low nitrate concentrations and high δ18O values was observed in tile drain 2. 

Nitrate decreased by 1311 µMol and the δ18O-NO3 value increased by 11.9 ‰. We assume 

snowmelt occurring a few days before sampling caused the changes. Nitrate in snow has 

similar δ18O values as in rainwater (Campbell et al., 2002). Moreover, the mixture of two 

waters with different isotope values and concentrations was only observed in the drainage 

water of tile drain 2. This finding emphasizes the role of the small ponds located in the 

drainage area. A further influence of nitrate from atmospheric deposition on the isotope 

signatures throughout the sampling period can be excluded because of the low δ
18O-NO3 

values in tile 2 during the remaining sampling period. Altogether, the relative small amount of 

nitrate and ammonium in atmospheric deposition compared to the high amount of fertilizers 

applied by agriculture argues against a high influence of atmospheric deposition. 

 

Conclusions 

 

The dual-isotope approach with δ15N-NO3 and δ18O-NO3 is a powerful tool to identify 

microbial processes or fertilizer-induced effects that influence the nitrate concentration in 

drainage water beneath agricultural fields. Changes in isotope values and in nitrate 

concentration could be attributed to the application of fertilizers, particularly in the small 

drainage area of tile 1. Although nitrate comprised only a small share of the fertilizers applied, 

the discharge water in the tile drain outlets had high nitrate concentrations. This result is 

clearly due to nitrification; except if there were events such as snowmelt or rain soon after 

nitrate fertilization that washed out the newly added NO3 fertilizer. This particular importance 

of nitrification in the investigated soils was also confirmed by low δ18O-NO3 values. The 

higher variability in nitrate concentrations and isotope values in tile 2 might be due to the 

influence of the small ponds or because of different microbial activity in the soils. 
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Furthermore, the larger the drainage area, the longer the residence time of drainage water. 

Nitrate that reached the drainage system near the outlet needs much less time than nitrate from 

further away. Presumably, this effect would be enhanced further by silting of the tile drains. 

We cannot judge whether differences in the microbial activity or in the residence times of the 

drainage water from both tiles existed. Although δ15N and δ18O values of the drainage water 

nitrate from both tiles differed, their isotope values can be distinguished from other diffuse 

nitrate sources, such as atmospheric deposition.  
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VI. ASSESSING THE IMPACT OF NITRATE FROM TILE DRAINAGE FOR ADJACENT SURFACE 

WATERS: A STABLE ISOTOPE APPROACH  

 

Introduction 

 

Diffuse nitrogen inputs from agriculture are the major N source for rivers systems and 

aquifers in many areas of the world (Mengis et al., 1999; Galloway & Cowling, 2002). 

Although only a small amount of nitrate is directly applied to the field, it is – amongst DON- 

the dominant N-form lost to aquatic environments (Addiscott et al., 1992). Mainly responsible 

for high nitrate losses are microbial processes in the soils. Mineralization of soil organic N 

followed by nitrification result in high nitrate concentrations especially during autumn and 

winter when crops are harvested and the soil is still warm enough for microbial activity 

(Kirchmann et al., 2002). The highly water-soluble nitrate is then shifted downwards with the 

soil water flow and reaches drainage-systems and/or groundwater. Especially in artificially 

drained agricultural areas this is an efficient pathway because of short residence times of the 

soil water in the biologically active unsaturated zone (Tomer et al., 2003). Several studies 

have shown that the concentration of nitrate is positively correlated to water discharge 

(Lammel, 1990; Göbel, 2000). From the drainage system NO3
- is lost to rivers and reaches 

coastal areas, where it contributes to eutrophication (Addiscott et al., 1992; Galloway & 

Cowling, 2002).  

A common method to trace diffuse nitrate inputs is the determination of stable isotope ratios 

of nitrogen and oxygen in nitrate (Amberger & Schmidt, 1987; Wassenaar, 1995; Spoelstra et 

al., 2001; Burns & Kendall, 2002; Campbell et al., 2002; Chang et al., 2002; Mayer et al., 

2002). Studies have shown that enhanced agricultural activity results in increased δ15N values 

in nitrate of the adjacent surface waters, while nitrate in undisturbed rivers shows δ15N values 
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of -1.5-4.5 ‰ (McClelland & Valiela, 1998). A positive correlation between percentage of 

land used for agriculture and the δ15N-NO3 values for 16 watersheds in the United States is 

reported from Mayer et al. (2002). The volatile loss of ammonia from organic and inorganic 

ferilizers, and denitrification in soils lead to higher δ15N values of rivers compared to natural 

watersheds (Mengis et al., 1999; Mayer et al., 2002). The stable isotope ratios of oxygen in 

nitrate are succesfully applied to identify microbial processes like nitrification and 

denitrification (Böttcher et al., 1990; Mayer et al., 2001) or to identify mixtures with rain 

water nitrate, or nitrate from mineral fertilizers (Amberger & Schmidt, 1987; Durka et al., 

1994; Campbell et al., 2002).  

In this study the variations in the δ
15N and δ

18O values of drainage water nitrate were 

investigated during the main discharge period of the hydrological year 2003/2004 (one runoff 

event). Sampling took place from end of January to middle of March at a high temporal 

resolution in a small, predominantly rural catchment near Rostock in north eastern Germany. 

To evaluate the share of drainage water nitrate to the adjacent surface waters additional 

samples were taken in the adjacent ditch and brook. 

 

Material and methods 

 

Water samples were taken in the catchment area of the river Zarnow 15 km south-east of the 

city of Rostock (Mecklenburg-Vorpommern, Germany) from Jan 30, 2004 to Mar 13, 2004. 

Sampling stations for discharge measurements and water sampling were located at the drain 

outlet of a tile drained field site (4.2 ha), at an adjacent ditch draining around 180 ha used for 

crop production by conventional farming and the brook Zarnow with a catchment of about 16 

km2 (Fig. VI.1). At the tile drain outlet, the water level was recorded in a Venturi flume in 15 

minute intervals, while an automatic sampler (ISCO) took samples every three hours, which 

were then merged to 22 daily composite samples. At the other stations, manual sampling was 
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carried out daily to twice a week depending on meteorological conditions. Here, 10 samples 

were selected for isotopic analysis. All samples were collected in 1L preacidified PE-bottles 

and frozen at -20°C until further 

preparation. Analysis for nitrate was 

carried out by ion chromatography. 

Further investigations included a soil 

survey and the operation of a weather 

station (Kahle et al., 2005). 

Cultivated crops on the tile drained 

field site were corn in 2003 and 

winter wheat in 2004. Application of 

fertilizers was carried out in organic 

and inorganic forms, altogether 240 

kg N ha-1 in 2003.  

For isotope analysis the nitrate of the 

water samples was converted into 

AgNO3 using the method of Silva et 

al. (2000).  

 

Results 

 

At January 30, nitrate concentrations in the tile drain outlet was 686 µM (Fig. VI.2B) and then 

increased to the maximum value of 2040 µM with the increased drain discharge (Fig. VI.2A). 

After February 7 concentrations decreased to 874 µM until the end of the sampling period. 

During the whole sampling period high discharge rates were corresponding to high nitrate 

concentrations. Between the tile drain discharge and the nitrate concentration, a positive linear 

Artificially drained areas

1 km

N Sampling stations

180 ha

4.2 ha

River Zarnow

A B

C

Runoff ditchDitch  

Brook 

Figure. V.1: Map of the investigation area; the sampled stations 

are marked with triangles and letters (A tile drain outlet; B 

adjacent ditch, and C brook). 
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Figure VI.2: Amount of precipitation and drain discharge for the tile drain 

outlet (A), as well as concentration and isotope values of the drainage 

water nitrate (B). 

Figure.VI.3: Correlation between water discharge 

and nitrate concentration for the tile drain outlet.  
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relationship (r² = 0.84; p < 

0.001; Fig. VI.3) was 

observed. The δ
15N-NO3 

values started out at 15 ‰, 

dropped to 9.2 ‰ within 

the first five days, and 

then fluctuated between 

8.5 and 11.8 ‰ (Fig. 

VI.2B). A similar pattern 

was observed for the δ18O-

NO3 values. At the start of 

the sampling period the 

value was 4.3 ‰ and 

decreased within five days 

to 1.8 ‰, then the values 

fluctuated between 1.8 and 

4.2 ‰ (Fig. VI.2B).  

The adjacent ditch and the brook showed 

lower nitrate concentrations than the tile 

drain outlet (Fig VI.4A and B). In the ditch, 

nitrate varied between 574 and 1652 µM, the 

brook had concentrations between 312 and 

947 µM. The δ
15N-NO3 values ranged 

between 7.2 and 11.0 ‰ in the ditch, and 

between 7.5 and 12.1 ‰ in the brook. The 
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values started low and increased during the sampling period. A close similarity was indicated 

by a linear correlation between the δ15N-NO3 values from the ditch and the brook (r²= 0.74; 

p< 0.01; y = 1.1534x – 0.7343). For the ditch, δ18O-NO3 values were in a range of 2.3 to 4.1 

‰, and showed an increase until end of the sampling period. The δ18O values for the brook 

varied between 2.6 and 9.1 ‰, and showed a strong increase over time.  

 

Discussion 

 

Considering that the sampling 

was carried out during the 

first main discharge period 

within the hydrological winter 

2003/2004, it was expected 

that the nitrate in the drainage 

water derived from the 

nitrification of soil organic N 

during winter and autumn 

(Göbel, 2000; Kirchmann et 

al., 2002). This can be proved 

by means of the δ
18O-NO3 

values, which are in the range 

for nitrification reported from 

other studies (-2 to 15 ‰; 

Amberger & Schmidt, 1987; Kendall, 1998; Mayer et al., 2001). The δ15N-NO3 values of the 

drainage water reflected the mixture of inorganic and organic N application, realized in 2003. 

Figure. VI.4: Nitrate concentrations and nitrate stable isotope values  

for the ditch (A) and the brook (B). 



CHAPTER VI  ASSESSING THE IMPACT OF TILE DRAINAGE  

 55

This agrees with the δ15N-NO3 values of 10.6 ‰ in groundwater beneath pasture treated with 

organic and inorganic N reported from Amberger & Schmidt (1987).  

The strong decrease of the δ15N-NO3 values (-5.8 ‰) and the moderate decrease in the δ18O-

NO3 values (-2.5 ‰) of the drainage water during the first five days (Fig. 2) may be explained 

by two reasons: The first is a mixture of soil water nitrate with nitrate from rain, but the 

decreased δ
18O-NO3 values argue against this theory. Nitrate in rain usually shows δ

15N 

values between -15 and 5 ‰, and δ
18O values > 30 ‰ (Freyer, 1991; Durka et al., 1994; 

Spoelstra et al., 2001; Deutsch et al. in prep.), and a mixture should lead to higher δ18O-NO3 

values in drainage water than we measured.  

The second possible reason is a change in the nitrate isotope values because of an increased 

nitrification rate. Nitrate, which is generated during nitrification shows lower δ
15N values, 

than the residual ammonium due to fractionation (Kendall, 1998). The extent of this 

fractionation strongly depends on the nitrification rate with larger fractionation at higher rates. 

The δ
18O values of the generated nitrate usually vary between -2 and 15 ‰ (Amberger & 

Schmidt, 1987; Mayer et al., 2001). Up to two oxygen atoms incorporated into nitrate derive 

from the soil water (δ18O = -25 to 4 ‰; Kendall, 1998) and at least one oxygen comes from 

atmospheric O2 (Hollocher et al., 1981; Andersson & Hooper, 1983), which shows δ
18O 

values around 23.5 ‰ (Kroopnick & Craig, 1972). The proportion of oxygen from soil water 

or atmospheric O2 incorporated into nitrate depends on the nitrification rate, and at low rates 

up to two oxygen atoms can derive from atmospheric oxygen (Mayer et al., 2001). Therefore, 

an increase in the nitrification rate can lead to a higher amount of incorporated oxygen from 

the soil water and consequently to a decrease in the δ18O values of the generated nitrate. 

Furthermore, the δ18O value of the soil water can be modified by a larger portion of rain water 

which in northern Germany during winter shows amount-weighted mean δ18O values between 

-11 to -8 ‰ (IAEA, 2001). Additionally, changes in the δ
18O-O2 values in soils due to 
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bacterial respiration can not be excluded. Unfortunately, no δ18O values of the soil water were 

measured, which would have helped to explain this pattern. The parallel curves of the nitrate 

concentrations in the tile drain outlet, the ditch, and the brook suggest that drainage water is 

the dominant N-source for the adjacent surface waters. The time lag between highest nitrate 

concentration in the tile and the maximum concentrations in the ditch and the brook was 5 

days.  

A comparison of the δ
15N-NO3 

values from the tile drain outlet, 

ditch, and brook shows that the 

values were significantly higher 

in the tile drain outlet (ANOVA, 

p < 0.001; Fig. VI.5). For this 

comparison the last four values 

from the ditch and the brook were 

excluded, which will be further 

discussed below. The lower δ15N-

NO3 values and nitrate 

concentrations in combination 

with similar δ18O-NO3 values in 

the ditch and the brook indicate a second N-source besides drainage water nitrate. 

Assimilation of nitrate or denitrification can - in our opinion - be excluded because these 

processes usually are associated to increasing δ15N and δ18O-NO3 values (Mariotti et al., 

1988; Böttcher et al., 1990; Kendall, 1998). Rainwater nitrate can be excluded as second 

source, because the δ18O values of all samples were nearly equal. A mixture with nitrate from 

natural soils or forests might be possible, since the lower nitrate concentration does not point 

to a nitrate input from agricultural soils, treated only with mineral fertilizers. Amberger & 
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Figure.VI.5: δ15N-NO3 plotted against δ18O-NO3 for the tile drain 

outlet (crosses), the ditch (diamonds) and the brook (circles). 

Samples from the last four sampling dates from the ditch and the 

brook were excluded.   
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Schmidt (1987) reported a δ15N-NO3 value in groundwater beneath a forest of -1.2 ‰, and 

Mayer et al. (2002) measured values between 3.7 and 5.4 ‰ in 4 watersheds in the 

northeastern U.S., which are dominated by forested areas. Deutsch et al. (in prep.) found in 

groundwater close to the sampling area a concentration weighted mean δ15N-NO3 value of 0.6 

‰, and δ
18O-NO3 of 1.4 ‰, which indicates that groundwater nitrate might be a possible 

mixing source. Assuming a conservative mixing, a linear mixing model can be applied with 

the concentration weighted mean δ15N-NO3 values of the drainage water (10.4 ‰), ditch (8.1 

‰), and the brook (8.1 ‰). The estimated contributions of drainage water nitrate to the nitrate 

in the ditch and brook were 76 %.  

As mentioned above, the last four samples from the ditch and the brook were excluded from 

the comparison, because the simultaneous increase of the δ15N-NO3 and δ18O-NO3 values in 

indicate a fractionation process. Denitrification as well as N-uptake by phytoplankton lead to 

fractionation in the δ
15N as well as in the δ

18O values. An increase in the δ
15N and δ

18O 

values with a ratio of 2:1 during denitrification in groundwater was found by Böttcher et al. 

(1990). The ratio in the adjacent ditch is 1.8:1 (ε(15N) = 3.7 ‰; ε(18O) = 2.1 ‰), which shows 

that denitrification may be the reason, but N-uptake during primary production cannot be 

excluded (Kendall, 1998). The increase in the δ15N and δ18O values of the nitrate in the brook 

is 0.3:1 (ε(15N) = 2.0 ‰; ε(18O) = 6.0 ‰), which does not point to denitrification, but maybe 

to N-uptake by primary producers.  

The results of this study well confirmed the results from other studies, which showed that the 

main portion of nitrate which leaches from agricultural soils within hydrological winter 

derives from nitrification. The strong positive correlation between nitrate concentration and 

drain discharge in the tile drain outlet documented the dependency between weather 

conditions and amount of N lost via leaching. The high influence of drainage water as N 

source for the adjacent surface waters was shown by means of the δ
15N values and the 
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synchronous course of the nitrate concentrations. The high temporal resolution of drainage 

water sampling allowed to record short-term variations in the concentration and isotope 

values of drainage water nitrate and infer the processes behind these changes.  
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VII. QUANTIFICATION OF DIFFUSE NITROGEN INPUTS INTO A SMALL RIVER SYSTEM 

USING STABLE ISOTOPES OF OXYGEN AND NITROGEN IN NITRATE 

 

Introduction 

 

Although inputs of nutrients have been reduced in the recent years, the excessive load of 

nitrogen and phosphorous is still one of the major ecological problems of the Baltic Sea. In 

2000 an amount of 814*103 t nitrogen entered the Baltic Sea, and more than 84% of the total 

N load derived from rivers (HELCOM, 2003). Worldwide, almost 70% of the riverine N load 

consists of dissolved organic nitrogen (DON; Meybeck, 1982) but experiments showed that 

its bioavailability may be as low as 2-16% (Stepanauskas & Leonardson, 1999), while nitrate 

is rapidly consumed. Diffuse nitrate inputs such as fertilizer runoff from farmland, 

atmospheric deposition and groundwater input are especially hard to reduce, because they are 

emitted over large areas which makes their identification exceedingly difficult. Nowadays, a 

powerful tool to distinguish different nitrate sources is the determination of stable isotope 

ratios of nitrogen and oxygen (Wassenaar, 1995; Spoelstra et al., 2001; Chang et al., 2002; 

Mayer et al., 2002). The δ15N values of nitrate from different sources often show overlapping 

ranges, but the additional measurement of the δ18O values allows a more precise 

classification. Nitrate derived from sewage and manure is isotopically distinct from 

atmospheric nitrate in δ15N (+7 to +20 ‰; -10 to +8 ‰ respectively), as well as in δ18O (<15 

‰ compared to +25 to +75 ‰; Wassenaar, 1995; Kendall, 1998). Nitrate originating from 

mineral fertilizers shows δ15N values of 0 ±4 ‰ (Kendall, 1998), and δ18O values of 22 ±3 ‰ 

(Amberger & Schmidt, 1987) because of their production from atmospheric nitrogen (δ15N = 

0 ‰) and oxygen (δ18O = +23.5 ‰). However, the isotopic composition of nitrate collected in 

drainage tiles and runoff ditches does not reflect exactly the isotope values of the fertilizer 
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applied, but is altered due to isotope fractionation processes of the light and heavy isotopes 

(Kendall & Aravena, 1999). Flipse & Bonner (1985) demonstrated that groundwater nitrate 

under fertilized fields showed δ15N values up to 12.4 ‰ higher than the fertilizers applied and 

explained this difference as the volatile loss of 15N-depleted ammonia from the fertilizer, 

containing reduced nitrogen forms. Another fractionation process is denitrification, which 

cause increases in the δ15N and δ18O values of the residual nitrate with an enrichment of  

δ
18O : δ15N close to 1:2 (Böttcher et al., 1990). Nitrate uptake by plants (Högberg, 1997), and 

soil N-mineralization, including ammonification and nitrification (Iqbal et al., 1997; Mayer et 

al., 2001) may also modify the isotope signature of nitrate. 

The objective of this study was to test whether the isotopic composition of nitrate from three 

diffuse nitrate sources can be used to quantify the diffuse nitrate inputs into a sub basin of the 

river Warnow (444 km²). The river Warnow is the second largest river in Mecklenburg-

Vorpommern (Germany) which also supplies the city of Rostock (200 000 inhabitants) with 

drinking water. The three nitrate sources drainage water from fertilized fields, groundwater, 

and atmospheric deposition, as well as the river itself were sampled regularly from November 

2002 to April 2003. The nitrate of the samples was analysed for concentration, δ15N and δ18O 

values, and data were tested in a three source mixing-model (Phillips & Koch, 2002), to 

determine the percentage of every sampled nitrate source to the river nitrate. For the 

successful appliance of a conservative isotope mixing-model, it is necessary that the isotope 

values of the mixture are not altered due to fractionation processes. For this purpose, sampling 

was carried out during late fall and winter. At low water temperature microbial activity is 

reduced (Pfenning & McMahon, 1996) and therefore alteration of the river nitrate isotope 

values due to fractionation processes is minimal. An assessment was given whether the stable 

isotope approach used in this study can also be used as an additional method for nitrate source 

quantification.  
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Material and Methods 

 

From November 2002 to April 2003 two tile drain outlets, located on the area of a farmers’ 

co-operative near Rostock, were sampled monthly to bimonthly (Figure VII.1). The drainage 

system is located at a soil depth of 

60 to 100 cm. The soil textures are 

mainly sandy loams (46%) and 

sands (24‰) from moraine 

substrates, the dominant soil types 

are cambisols, luvisols and 

gleysols. The drained areas 

investigated are approximately 2.5 

ha (outlet 1) and 15 ha (outlet 2), 

respectively. Outlet 2 was also 

supplied with surface water of two 

small ponds located in the field. For 

a detailed map of the tile drain 

outlets see Figure V.1. Cultivated 

crops were winter wheat/winter 

barley in 2002 and sugar beets/corn in 2003 (outlet 1) and for tile drain outlet 2 winter wheat 

in 2002 and winter barley in 2003. Fertilizer application and the composition of fertilizer used 

are shown in Table VII.1. Application of manure on both areas takes place every fifth to sixth 

year, and the last application on the soil above outlet 2 was in autumn 1998 with a similar 

amount as applied above tile 1 in 2002. The distance between the tile drains and the river 

Warnow is approximately 2 km.  

Figure. VII.1: Site map of the Warnow river system. The dark 

gray area shows the sub basin ‘Middle Warnow’. Numbers in 

boxes point the sampling sites (1: tile drain outlets, ditches, and 

river sampling; 2: groundwater sampling; 3: rain sampling). 
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Table VII.2: Water temperatures of the 

Warnow river measured close to the 

sampling location. 

Date Temperature [°C] 

10-28-02 8.6 
11-12-02 5.0 
11-27-02 5.7 
12-10-02 0.1 
01-09-02 1.3 
01-22-03 3.7 
02-04-03 1.5 
02-19-03 1.8 
03-05-03 3.5 
03-18-03 6.5 

 

 

To investigate whether the application of mineral 

fertilizers affects the isotope values of the drainage water 

nitrate, the isotopic composition of the fertilizers used 

(Table VII.1) was additionally determined.  

The two adjacent ditches (ditch 1 and 2), connecting the 

field runoff with the river Warnow were sampled 

additionally to examine the possible alteration of the 

nitrate isotope values due to isotope fractionation 

processes during the passage of the drainage water to the 

river. 

River samples were taken from January to April 2003 near Rostock at the same time as those 

from the drainage tiles. Sampling took place from a landing stage at a maximum depth of 0.3 

drainage tile 1 

date 
amount applied 

[kgN/ha] 
fertilizer nitrogen compounds 

03-25-2002 85 AHL 28% N (7% NH4; 7% NO3, 14% amide) 

04-23-2002 70 urea 46% N (46% amide) 

05-29-2002 79 KAS 27% N (13.5 % NH4; 13.5 % NO3) 

August 2002 232 manure  

    

drainage tile 2 

date 
amount applied 

[kgN/ha] 
fertilizer nitrogen compounds 

03-27-2002 66 AHL 28% N (7% NH4; 7% NO3, 14% amide) 

04-22-2002 61 NTS 27% N (6% NH4; 8% NO3; 13% amide) 

05-28-2002 148 NTS 27% N (6% NH4; 8% NO3; 13% amide) 

03-18-2003 79 AHL 28% N (7% NH4; 7% NO3, 14% amide) 

04-28-2003 90 urea 46% N (46% amide) 

Table VII.1: Application date, amount, and composition of the fertilizers used on the soils above the 

sampled drainage tiles. 
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m. Water temperature measured close to the sampling location decreased from 8.6 °C 

(October 2002) to 0.1 °C in December 2002 and then increased to 6.5 °C in March 2003 

(Table. VII.2; unpublished data, Office for the Environment and Nature, Rostock). 

Groundwater samples were taken at a sampling site near the village of Reez close to a wood 

and arable land from November 2002 to April 2003 (Figure VII.1). The well had a depth of 

8.4 m and sampling was carried out with a submerged pump at a maximum discharge flow of 

5 L/min. The aquifer had a thickness of approx. 5 m, and there is a direct discharge into the 

river.  

Atmospheric deposition was collected from October 2002 to April 2003 at the German 

Meterological Service in Rostock-Warnemünde. Samplers were funnel shaped (diameter 24 

cm) with a vial below. After every rainfall they were immediately emptied and subsampled 

for nutrient analysis. Because of low nitrate concentrations, samples of consecutive rainfall 

events were combined for isotope analysis. 

Samples were prepared for isotope analysis after the method of Silva et al. (2000). 

 

To estimate the contribution of the nitrate sources to the Warnow river a mixing model based 

on mass balance equations was used (Phillips & Koch, 2002). The equations are: 

 

δ
15NW  = ƒDδ

15ND + ƒGδ
15NG + ƒRδ

15NR  (1) 

δ
18OW  = ƒDδ

18OD + ƒGδ
18OG + ƒRδ

18OR (2) 

       1  = ƒD + ƒG + ƒR    (3) 

 

The subscripts D, G and R represent the three sampled sources: drainage tile (D), groundwater 

(G), rain (R), and W represents the Warnow river. ƒ is defined as the fraction of the respective 

source. The isotope values used were the concentration weighted mean values. 
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Figure VII.2: Nitrate concentration, δ15N-NO3 and δ18O-NO3 values of 

the drainage tiles (a, b), runoff ditches (c, d), river (e) and 

groundwater samples (f) during the sampling period. 
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Results 

 

The highest nitrate 

concentrations were found in 

the two tile drain outlets and in 

the groundwater, with a 

maximum value of 1462 µM in 

outlet 2 at the end of December 

2002 (Figure VII.2a, b, f). 

Outlet 2 and the groundwater 

showed high variability in 

nitrate concentrations with no 

trend. In tile drain 1 nitrate 

slightly increased from 663 to 

966 µM during the sampling 

period (Figure VII.2a). The 

nitrate drinking water limit of 

806 µM (50 mg NO3/l) was 

exceeded in 59% of the 

drainage and groundwater 

samples. Mean concentrations of outlets 1, 2, and the groundwater were 829, 724, and 625 

µM, respectively. The ditches had mean concentrations of 562 (ditch 1) and 404 µM (ditch 2; 

Figure VII.2c, d). Rain samples showed the lowest concentrations with 17-139 µM (mean 63 

µM; Figure VII.3), and there was no correlation between nitrate concentration and amount of 

precipitation. The river Warnow had concentrations between 135 and 259 µM (Figure 

VII.2e).  
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Figure VII.3: Nitrate concentration, δ15N-NO3 and δ18O-NO3 

values of the rain samples. Notice the break of the y-axis. 

 

Table VII.3: Isotopic composition of the total nitrogen as well as of 

the nitrate compounds of the mineral fertilizers applied on the 

catchment area of the drainage tiles in 2002 and 2003. 
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15Ntotal 
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δ
15N-NO3 

[‰] 
δ

18O-NO3 
[‰] 

AHL -3.8 0.8 25.7 

NTS 0.1 4.4 19.4 

KAS (+CaO) -1.7   20.51 

Urea 0.7   

 

The concentration-weighted mean 

δ
15N-NO3 values of the tile drain 

outlets 1 and 2 were 11.4 and 9.2 

‰, and mean δ
18O-NO3 values 

were 5.3 and 4.0 ‰. As shown in 

Figures VII.2a and b, the two 

outlets differed in their isotopic 

ratios. While the δ15N-NO3 values 

in outlet 1 were rather constant 

(9.6 to 12.1 ‰) and the δ18O-NO3 

values slightly decreased from 6.6 

to 4.1 ‰, outlet 2 showed high 

variability in the δ18O-NO3 values in January 2003, and decreasing δ15N values. The increase 

in the δ18O values was also visible in ditch 2 (Figure VII.2d), and co-occurred with increasing 

δ
15N-NO3 values. Nitrate in ditch 1 showed an increase in δ15N but no change in the δ18O 

values (Figure VII.2c). The 

concentration-weighted mean 

δ
15N-NO3 values of ditch 1 and 2 

were 9.7 and 8.4 ‰, the mean 

δ
18O-NO3 were 4.5 and 4.2 ‰, 

respectively. 

The mineral fertilizers had δ
15N 

values between -3.8 and 4.4 ‰ 

and δ18O-NO3 values of  19.4 - 25.7 ‰ (Table VII.3).  
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Figure VII.4: cwm δ18O-NO3 vs. cwm δ15N-NO3 for all samples, 

notice the break of the y-axis. 

The isotopic composition of the river nitrate was close to that of the two tile drain outlets and 

the ditches, with a concentration weighted mean δ15N of 9.0 ‰, and δ18O of 6.0 ‰ (Figure 

VII.2e). A single-factor analysis of variance (ANOVA) of these five groups of samples 

indicated no significant difference for both δ15N and δ18O values. Groundwater nitrate had 

concentration-weighted mean δ
15N values of 0.6 ‰ and δ

18O of 1.4 ‰ (Figure VII.2f). 

Nitrate in rain samples showed δ15N values between 0.4 and 3.7 ‰ (cwm. 0.1 ‰) and δ18O 

values of 49.1 to 60.7 ‰ (cwm. 51.7 ‰; Figure VII.3). A single-factor ANOVA confirmed 

that 3 groups can be significantly distinguished from each other by means of their δ15N and 

δ
18O values in nitrate (p < 0.05; Figure VII.4). 

The mixing model indicated 

that the nitrate in the sub 

basin ‘Middle Warnow’ 

mainly consists of drainage 

water (86%) and 11% 

originates from groundwater 

(Table VII.4), although both 

sources showed similar mean 

nitrate concentration. The 

atmospheric deposition had a 

share of 3% in the river 

nitrate. 
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source 
δ

15N-NO3 
[‰] 

δ
18O-NO3 

[‰] 
fraction [f] 

drainage water 10.4 4.7 0.86 ± 0.07 
groundwater 0.6 1.4 0.11 ± 0.07 

rain 0.1 51.7 0.03 ± 0.02 
mixture    

river 9.0 6.0  
 

Table VII.4: Concentration weighted mean values of δ15N-NO3 

and δ18O-NO3 used in the mixing model and the resulting 

fractions of each source with standard error. 

 

 

 

 

 

 

 

Discussion 

 

The tile drain outlets showed the highest nitrate concentrations of all sampling sites. This was 

expected because of the long-term application of mineral and organic fertilizer. The δ15N-NO3 

values in the drainage water are in the range reported for nitrate in agricultural soils with both 

application of mineral fertilizers as well as manure (Amberger & Schmidt, 1987; Iqbal et al., 

1997). The mineral fertilizers used in our area showed typical δ15N values between -3.8 and 

0.7 ‰ for total N, and the nitrate compound of the AHL and NTS fertilizers had 0.8 and 4.4 

‰, respectively. Application of manure and mineral fertilizers, which contain urea and/or 

ammonium compounds leads to volatile loss of 15N-depleted ammonia, and consequently to 

15N-enriched nitrate generated by nitrification (Heaton, 1986; Kendall, 1998). The δ18O-NO3 

values for both outlets were in a range given for nitrate generated during the nitrification 

process, which shows δ18O values between 2 to 14 ‰ (Kendall, 1998; Mayer et al., 2001). 

Values from 5.7 to 10.5 ‰ have been recorded in groundwater beneath agricultural land only 

treated with mineral fertilizers (Amberger & Schmidt, 1987). Mineral fertilizers are made of 

atmospheric O2, which shows δ18O values of 23.5 ‰ (Kroopnick & Craig, 1972), and the 

mineral fertilizers applied on our fields showed δ18O-NO3 values between 19.4 and 25.7 ‰.  
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The decrease in δ18O-NO3 in outlet 1 and the simultaneous increase in the nitrate 

concentration might be the result of an increase in nitrification rate during the sampling 

period, because nitrate that leaches from beneath agricultural fields during fall and winter 

mainly derives from the mineralization of soil organic matter and the following nitrification 

process (Lammel, 1990). The low δ18O and δ15N values indicate that no or only reduced 

denitrification occurred in the soils. Böttcher et al. (1990) found δ15N-NO3 values up to 78 ‰, 

and δ18O-NO3 values up to 44 ‰ in groundwater recharged under arable land with increasing 

sampling depth. He suggested denitrification as the responsible process. In our study only 

nitrate of outlet 2 showed a simultaneous increase in the δ18O and δ15N values (ratio of 1: 1.7) 

between the first and second sampling date, associated to a strong decrease in nitrate 

concentration. This might be an indicator for denitrification in the soil.  

Because of the similar soil textures and fertilizing practice, the greater variability in nitrate 

isotopic composition and in nitrate concentrations of outlet 2 compared to outlet 1 can only be 

explained by differences in the drained area. While outlet 1 reflected the drained agricultural 

area, outlet 2 was further supplied with surface water from two small ponds. Dilution and 

mixing during heavy rainfall or snowmelt events could have altered the concentrations and the 

isotopic composition of the nitrate. Rainwater nitrate, as well as nitrate in snow is 

characterized by high δ18O values > 30 ‰ (Durka et al., 1994; Campbell et al., 2002). This is 

probably the reason for δ18O-NO3 peak of outlet 2 on January 17, 2003. The meteorological 

data reported a snowmelt event a few days before sampling, so the decrease in the nitrate 

concentration and the increase in the δ18O-NO3 might be the result of a mixture of nitrate-poor 

snowmelt water with low δ15N-NO3 and high δ18O-NO3 values with the soil water. 

The adjacent ditches, which connect the tile drain outlets with the river, showed similar 

isotope values in nitrate than the outlets, which suggests that the nitrate discharged from the 

drainage tiles enters the river without isotopic fractionation. The lower nitrate concentrations 

of the ditches compared to the tile drain outlets can be the result of dilution with nitrate free 
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water. Processes like denitrification or assimilation, which also cause decreasing nitrate 

concentrations and can occur without fractionation of the isotope values (Mariotti et al., 1988; 

Högberg, 1997) cannot be excluded. However, these processes seem unlikely because of the 

low water temperatures (Table VII.2). Pfenning & McMahon (1996) reported a 77% decrease 

in the denitrification rate during their laboratory experiments when the incubation temperature 

was lowered from 22 to 4° C. 

Nitrate in the groundwater seems to be generated during the nitrification of mineralized soil 

organic N (Amberger & Schmidt, 1987; Kendall, 1998), which is indicated by the low δ18O-

NO3 values (0.5 to 2.4 ‰). However, the very low δ15N-NO3 values (-0.5 and 3.5 ‰) and the 

partially high nitrate concentrations (>50 % of all groundwater samples exceeded the nitrate 

drinking water limit) could also be a result of a long-term input of mineral fertilizer nitrogen 

(Freyer & Aly, 1974). 

The rain samples had the lowest nitrate concentrations of all sampled sources (17 to 139 µM) 

and are in the range reported for other regions in Germany with similar moderate industrial 

pollution (Beilke & Uhse, 2002). Also, their isotope values (δ18O = 39.0 to 60.7; δ15N = 0.4 to 

3.7) are typical for nitrate from atmospheric deposition (Durka et al., 1994; Campbell et al., 

2002). δ15N-NO3 values between -4.3 to 2.4 ‰ were found in rain samples collected in Jülich 

(Germany), and a seasonal trend with higher values during fall and winter was observed 

(Freyer, 1991). 

The elevated δ15N values of the river nitrate well reflect the agricultural land use of the sub 

basin. A positive correlation between percentage of land used for agriculture and urban 

purposes and mean δ15N values of nitrate for 16 river-systems in the northeastern U.S is 

reported from Mayer et al. (2002). They determined a mean δ15N value of 8.4 ‰ for the 

Schuylkill river with 38.4 % of land used for agriculture.  

Although fractionation processes like denitrification and assimilation in the river cannot 

absolutely be excluded during the sampling period, the δ15N and δ18O values in the river 
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Table VII.5: Comparison of the estimated proportion of 

each source on the Warnow river nitrate in the subbasin 

‘Middle Warnow’, given from the modified MONERIS 

model and this study. 

 percentage of input 
pathways MONERIS this study 

drainage tiles 80 86 ± 7 
groundwater 15 11 ± 7 

atmospheric deposition 5 3 ± 2 
 

nitrate do not indicate such a process. Whereas the increase in the δ15N-NO3 value might be 

an indicator for assimilation or denitrification, the simultaneous decrease in the δ18O-NO3 

values argue against fractionation. We therefore assume that fractionation of the river nitrate 

did hardly occur during the sampling period.  

The results from the mixing model and 

estimated inputs of nitrogen for the sub 

basin ‘Middle Warnow’ given from a 

modified version of the MONERIS 

model (Behrendt et al., 1999) for the 

period 1995 – 1999 show good 

agreement (Table VII.5; Pagenkopf, 

2001). The model estimates N inputs from point sources and seven diffuse pathways, which 

are drainage water, groundwater, atmospheric deposition, erosion, urban areas, and surface 

runoff. To allow a comparison of our results with the model data, the estimated inputs from 

drainage water, groundwater, and atmospheric deposition given by the modified MONERIS 

model were added together and set as 100%.  

 

Our estimate only represents the fall and winter period, whereas the model calculates annual 

mean values. Several studies have shown that the main portion of nitrate leaches from 

agricultural soils during fall and winter, when most nitrate derives from mineralization of soil 

organic N (Kirchmann et al., 2002). Combined with the high amount of water discharge due 

to low evapotranspiration and high rainfalls during this period, more nitrate is leached to the 

drainage system. 

According to the Mesoscale Agricultural Mapping Programme (MMK) our investigated 

agricultural soils (water-saturated sandy loams and sands) account for 11% of the total 

agricultural area in the sub basin, which is dominated by water saturated loams (50%) and 
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peat soils (20%). It cannot be excluded that drainage water from loam and peat soils show 

elevated δ15N-NO3 and δ18O-NO3 values because of a higher influence of denitrification, but 

results from a second study carried out on agricultural fields in the sub basin showed similar 

isotope values in drainage water nitrate (Deutsch et al., unpublished data).  

Uncertainty mainly exists for the groundwater values, since only one aquifer was sampled. 

Changes in the land use above the aquifers as well as denitrification can alter the δ15N as well 

as δ18O values of the groundwater nitrate. Only a 2 ‰ enrichment in the δ15N-NO3 and δ18O-

NO3 values as reported by Böttcher et al. (1990), would increase the contribution of the 

groundwater nitrate from 11 to 15%.  

Although based on few samples, the study shows that the stable isotope ratios of nitrogen and 

oxygen in nitrate can be used to determine the sources of nitrate inputs to a river. Given that 

the various sources differ substantially in their isotopic composition, the mixing model 

approach provides a trustworthy hint on the different source contributions. The choice of the 

winter season for sampling may have supported the quality of our results since low 

temperatures reduce microbial fractionation processes. 
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VIII. ANTHROPOGENIC NITROGEN INPUT TRACED BY MEANS OF δδδδ
15N VALUES IN 

MACROALGAE: RESULTS FROM IN-SITU INCUBATION EXPERIMENTS 

 

Introduction 

 

Increased urbanization and excessive use of agricultural fertilizers over the last decades led to 

high nitrogen loads in many rivers and the resulting eutrophication in coastal areas became a 

serious, worldwide problem. High nitrogen loads into river-systems are often associated to 

elevated δ
15N values (> 8 ‰) in dissolved inorganic nitrogen (DIN), particulate organic 

matter (POM) and macroalgae (Heaton, 1986). Nitrate and ammonium deriving from human 

and animal waste usually show δ15N values >10 ‰ (Wassenaar, 1995; Kendall, 1998) because 

of fractionation processes during transformations from one N-species to another. Rivers with 

low anthropogenic N loading usually show δ15N values in DIN, POM and macroalgae < 8 ‰ 

(McClelland & Valiela, 1998; Mayer et al., 2002), which reflects nitrate and ammonium 

sources from atmospheric deposition or nitrate from nitrification in natural soils.  

A common method to estimate and track these anthropogenic N inputs in rivers is direct 

measurement of δ
15N in nitrate and ammonium, which requires long-lasting preparation 

procedures. An alternative method is the measurement of δ15N values in macroalgae’ tissues 

grown in polluted rivers or estuaries (Costanzo et al., 2000; Gartner et al., 2002; Savage & 

Elmgren, 2004). Macroalgae only show small or no fractionation during uptake of nitrogen 

(Högberg, 1997), and thus directly reflect the δ15N value of the riverine DIN. 

In this study, δ15N values in macroalgae from an unpolluted brackish site were compared to 

algae grown in a nitrogen rich estuary. With the additional determination of δ15N-NO3 values, 

the hypothesis was tested if δ15N values in macroalgae tissue directly reflect the δ15N value of 

the river nitrate. Incubations were carried out in Feburary/March and May, incubation times 
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Figure VIII.1: Location of the Warnow River Estuary and the island of 

Hiddensee in the southern Baltic Sea (B). Figure A shows the map of the 

sampled stations (W1-W13). The arrows indicate the stations where 

macroalgae were sampled.  
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were 14 and 10 days, respectively. Additional determinations of δ
15N values of naturally 

grown macroalgae in the estuary were assumed to provide further information on the natural 

15N-variation in the estuary. 

 

Material and methods 

 

Study site 

The Warnow river-estuary 

has a length of 15 km, 

flows through the city of 

Rostock and is separated 

from the river with a dam. 

Mixing of the river water 

with the Baltic Sea in the 

estuary  strongly depends 

on wind strength and 

direction. Because of high 

N inputs into the Warnow 

river the inner part of the 

estuary shows nitrate 

concentrations > 250 µM 

NO3
-. The port of Rostock 

is located in the north 

eastern part and a shipping 

channel passes through the whole estuary (Fig. VIII.1A). 
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Figure VIII.2: Gauze bags used for incubation of 

macroalgae. 

Collection of macroalgae 

Macroalgae were collected near shore in 0.5-1m water depth at the west coast of the island of 

Hiddensee (Fig VIII.1B) in the southern Baltic Sea four days prior to incubation. These 

Macroalgae grew at salinities >7 PSU and nitrate concentrations between 0-4 µM. For the 

first incubation experiment, the brown macroalga Fucus vesiculosus and the red macroalga 

Polysiphonia sp. were collected, for the second incubation Fucus vesiculosus and the red 

macroalga Ceramium rubrum. Within several hours algae were transported to the Baltic Sea 

Research Institute and stored in the cold 

room at 10°C in transparent and ventilated 

buckets. Red algae where partly covered 

with epiphytes, which could not be 

removed.  

Additional collection of macroalgae in the 

estuary 

During an additional cruise carried out in 

July 2004, macroalgae were collected 

along the estuary. They were sampled at 9 

stations (Fig. VIII.1A) by scraping them 

off from ships landing places or shipping 

signs. Collected species were Ulva sp., 

Enteromorpha sp., and the red alga 

Ceramium rubrum.  

 

 

 

 

Stones 

Macroalgae 
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Figure VIII.3: Salinity (A), nitrate concentration (B), and δ15N-NO3 

values (C) measured at the start and end of the first experiment. 
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Incubation experiments 

Prior to the incubation macroalgae were subsampled to determine the natural δ15N value of 

the tissue. During the experiment macroalgae were incubated in 500 µm gauze bags which 

were weighted with stones (Fig. VIII.2). Both algae species were put together in one bag. 

Bags were fixed in replicates to 13 shipping signs along the estuary (Fig.1A) in 30 and 100 

cm depth. The depth was chosen according to water turbidity. Twelve stations plus one station  

near the transshipment pear for mineral fertilizers in the port area (Station W13) were 

selected. The first experiment was carried out from Feb 26 to March 11, 2004 (14 days), 

second experiment in the period from May 4 to 14, 2004 (10 days). Water samples were taken 

at every shipping sign when experiments started and ended; samples were stored in 

preacidified 1L-PE bottles and prepared using the method of Sigman et al. (1997). 

 

Results 

 

First incubation experiment 

At the start of the first 

experiment (Feb. 26) 

salinity ranged from 9.9 to 

0.3 PSU (Fig. VIII.3A), 

with lowest salinities in the 

inner part of the estuary. A 

regression (r² = 0.95, p < 

0.001) indicated a linear 

mixture of seawater with 

river water. Nitrate also 
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Figure VIII.4: δ15N, δ13C, and C/N ratios of Fucus vesiculosus (A-C) 

and Polysiphonia sp. (D-F) with standard deviations after the first 

experiment. The grey areas show the range of the initial values. 

Dashed and solid lines in figures A and D show the δ15N-NO3 values 

measured at the start and end of the first experiment. 

linearly increased from 5.3 µM at station W1 to 265.4 µM at station W12 (r² = 0.96, p< 0.001; 

Fig. VIII.3B). The δ15N-NO3 values were lowest at the outer stations W1-W3 (2.8 – 3.3 ‰) 

and jumped up to values between 6.2 and 9.0 ‰ in the estuary (Fig. VIII.3C). Station W13 

which is located outside the 

main shipping channel had a 

salinity of 9.0 PSU, NO3
- 

concentration of 130.2 µM 

and δ15N-NO3 of 6.8 ‰. At 

the end of the first experiment 

(Mar. 11) salinity was higher 

at the stations W1 to W4 (13.9 

- 10.9 PSU; Fig VIII.3A) 

compared to the start date. 

Salinity decreased and 

remained nearly constant 

between stations 5 to 8. Only 

station W12 showed a lower 

value of 1.4 PSU. Linear 

regression was again 

significant (r² = 0,75, p< 

0,001). Nitrate concentrations 

were lower in the inner part of 

the estuary compared to the 

start of the experiment and 

ranged between 122.5 and 5.3 

µM (Fig. VIII.3B) with a linear regression of r²=0.67 (p < 0.01). δ
15N-NO3 values were 
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comparable with the start values and showed a range between 3.7 and 9.0 ‰ (Fig. VIII.3C). 

Station W13 had a salinity of 13.5 PSU and a nitrate concentration of 24.1 µM. δ
15N-NO3 

value was 7.5 ‰.  

Fucus vesiculosus initially had δ15N values between 6.8 and 7.8 ‰ (mean 7.7 ± 0.43 ‰; n=5) 

that were close to the δ
15N-NO3 values in the estuary. After the experiment δ15N values of 

Fucus’ tissue ranged between 5.6 and 7.9 ‰ (Fig. VIII.4A). At stations W1 to W 4, W11, 

W12 and W13 δ15N values were lower compared to the initial value. Initial δ13C values were 

between -23.2 and -21.9 ‰ (mean -22.9 ± 0.70 ‰). At the end of the experiment δ13C values 

showed a gradient with higher values outside of the estuary, and lower values in the inner 

parts. Values were higher than the initial values at stations W1 and W2, and below at stations 

W7 to W13. The starting C/N ratios of Fucus vesiculosus showed a wide range between 8.7 

and 10.3 (mean 9.6 ± 0.56). End values ranged between 8.4 and 11.5 (Fig. VIII.4C).  

Polysiphonia sp. had lower initial δ15N values than Fucus vesiculosus of 5.2 to 6.1 ‰ (mean 

6.0 ± 0.35 ‰; n=5). After the experiment values were higher at most stations (6.9 – 8.6 ‰, 

Fig VIII.4D), except W2 (5.1 ‰) and W11 (4.8 ‰). Initial δ13C values of Polysiphonia sp. 

were lower than those of Fucus vesiculosus. They ranged between -29.9 and -28.0 ‰ (mean –

28.6 ± 0.70 ‰). After 14 days of incubation value was higher at station W1 (-25.9 ‰) and 

lower at stations W6-W12 (-31.9 – 30.5 ‰, Fig. VIII.4E). C/N ratios showed scattered around 

the initial ratio (6.6 ± 0.28) and developed a trend towards higher rations in the inner estuary 

(Fig. VIII.4F). 

 

Second incubation experiment 

During the second experiment (May 04) we again found a linear decrease in the salinity from 

12.8 PSU at station W1 to 1.2 PSU at station W12 (r² = 0.90, p<0.001; Fig. VIII.5A). Nitrate 

concentrations were lower compared to the first experiment, and highest concentrations were 



CHAPTER VIII  TRACE OF ANTHROPOGENIC NITROGEN  

 78

Figure VIII.5: Salinity (A), nitrate concentration (B), and δ15N-NO3 

values (C) measured at the start and end of the second experiment. 
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measured at the innermost 

station W12 (25.2 µM, Fig. 

VIII.5B). Towards the Baltic 

Sea concentrations decreased 

and were below detection 

limit at stations W1 to W4 

with only station 7 having 

slightly elevated 

concentrations. The δ
15N-

NO3 was not measurable at 

stations W1 to W4, at all 

other stations values ranged 

between 6.7 and 9.7 ‰ (Fig. 

VIII.5C). Highest δ
15N-NO3 values were found at stations W9, W11, and W12, the lowest 

value at station W8. Station W13 again showed a higher salinity (12.5 PSU) than the stations 

along the shipping channel. NO3
- was low with a δ15N-NO3 value of 6.8 ‰. At the end of the 

experiment (May 14) salinities had dropped by 2-6 PSU compared to the start date (Fig. 

VIII.5A). They linearly decreased from 10.6 PSU (station W3) to 1.3 PSU at station W12 (r² 

= 0.91, p<0.001). Nitrate concentrations were rather higher at station W12 (34.3 µM) and a 

second nitrate peak was found at station W7 (17.9 µM; Fig. VIII.5B). At stations W5 to W12 

δ
15N-NO3 values were in a range from 8.4 to 9.4 ‰ (Fig. VIII.5C). Only at station W4 close 

to the Baltic Sea the value was remarkable low (4.6 ‰). Station W13 only showed small 

changes. 

Fucus vesiculosus had initial δ15N values between 6.1 and 6.9 ‰ (mean 6.4 ± 0.32 ‰, n=5), 

around 1 ‰ lower than those of the first experiment. After the experiment, values had 

increased at stations W5 to W12 but stayed close to the δ15N values of nitrate. The increase 
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Fig. VIII.6: δ15N, δ13C, and N contents of Fucus vesiculosus (A-C) and 

Polysiphonia sp. (D-F) with standard deviations after the first 

experiment. The grey areas show the range of the initial values. Dashed 

and solid lines in figures A and D show the δ15N-NO3 values measured 

at the start and end of the first experiment. 

compared to the mean initial value was > 0.9 ‰. The highest value could be found at station 

W6 (8.4 ‰, Fig. VIII.6A). At the stations in the Baltic results were lower compared to the 

starting values. At station W13 no change in δ
15N value of F. vesiculosus was observed. 

Initial δ
13C was highly 

variable between - 20.1 and -

18.2 ‰ (mean -18.8 ± 0.67 

‰, n=5). A gradient as found 

after the first experiment was 

not visible after the second 

experiment (Fig. VIII.6B). 

For the second experiment, N 

contents of the macroalgae 

were calculated from the 

weights and concentrations. 

F. vesiculosis initially had 

1.25 µM*mgdw
-1 (n=2) with 

some higher contents at 

stations W5 to W11 and W13 

(1.26 – 1.65 µM*mgdw
-1; Fig. 

VIII.6C) and lower N 

contents at stations W1, W3, 

and W4. For the station 

W12 no data are available 

because the gauze bags were 

covered with sludge and macroalgae had begun to decompose. 
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Figure VIII.7: δ15N values of naturally occurring macroalgae in the 

Warnow River Estuary collected in July 2004 

Ceramium rubrum started with δ15N values between 4.7 and 5.3 ‰ (mean 5.1 ± 0.22 ‰, n = 

5). After the experiment δ15N values were higher than the initial ones except W1 (Fig. III.6D). 

From stations W5 to W10 the δ15N values were 3.2 to 4.2 ‰ higher than the initial mean value 

and close to the δ15N values of the nitrate. At all stations δ13C values of C. rubrum were lower 

compared to the starting values (-19.0 to -16.6 ‰; mean -17.5 ± 0.93 ‰, n = 5; Fig. VIII.6E). 

Values decreased from station W4 to station W10, where δ13C was 6.3 ‰ below the initial 

mean value. Similar to the course of the δ15N values the N contents of C. rubrum developed. 

A nitrogen content below the initial mean of 2.75 µM*mgdw
-1 (n=2) was only observed at 

station W1. All other stations had higher N contents between 0.56 µM*mgdw
-1 (W2) and 2.09 

µM*mgdw
-1 (W13) above initial 

mean (Fig. VIII.6F). No 

measurements were performed 

from stations W11 and W12, 

because macroalgae had 

decomposed.  

 

δ15N values of naturally 

occuring macroalgae 

The δ
15N values of the 

macroalgae collected along the 

estuary were 7.6 to 13.5 ‰ 

(Fig. VIII.7). Enteromorpha sp. 

was only found in the almost 

inner part of the estuary and 

showed a gradient in the δ15N 

I) Enteromorpha sp. 11.9 ‰

G) Enteromorpha sp. 9.5 ‰
Ulva sp. 13.2 ‰

F) Ulva sp. 12.6 ‰

E) Ulva sp. 13.5 ‰

D) Ulva sp. 12.9 ‰

C) Ulva sp. 7.6 ‰

B) Ulva sp. 9.1 ‰

A) Ulva sp. 9.4 ‰
C. rubrum 7.6 ‰

H) Enteromorpha sp. 9.9 ‰ 
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Figure VIII.8: Water level in the outer part of the 

estuary during the incubation experiments. 

values between 11.9 ‰ at the inner station, and 9.5 ‰ at the station towards the Baltic Sea. 

Ulva sp., which was found at every sampled station except stations H and I had δ15N values 

between 13.5 ‰ (station E) and 7.6 ‰ at station C. C. rubrum only found at station A had a 

δ
15N value of 7.6 ‰. 

 

Discussion 

 

Estuarine Mixing  

The salinities indicate linear mixing of 

Baltic Sea waters with the fresh water 

from the Warnow River during the 

sampling events. The innermost station 

W12 seemed to be unaffected by salinity 

fluctuations, while some stations in the 

middle part of the estuary showed 

changes in salinity of up to 6.2 PSU. The 

prevailing winds in the area are 

responsible for these patterns. Generally, strong northerly winds push seawater into the 

estuary, resulting in increased salinities inside, and winds from southerly directions push the 

river-water out of the estuary, which leads to reduced salinities. The water levels in the outer 

part of the estuary during the incubation experiments are shown in Figure VIII.8. During the 

first experiment, a strong increase in the water level was observed after 7 days of incubation, 

which indicates a strong inflow of water from the Baltic Sea, whereas the conditions seemed 

nearly constant during the second experiment. Despite this influence of wind conditions in the 

outer part of the estuary, there was a homogeneous mixture of river-water with seawater 

inside the estuary at every sampling date, which resulted in linear decreased salinities along 
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the estuary. This mixture was also visible in the nitrate concentrations measured at the start 

and end date of the first experiment. Nitrate concentrations generally followed the salinity 

changes and were higher in the inner part of the estuary, were we found 265 µM NO3
- on Feb 

26. The lower concentrations on March 11 are assumed to result from increased NO3
- uptake 

due to primary production in March. The start of the spring bloom at this latitude in the Baltic 

is in March (Wasmund et al., 1998). During the second experiment nitrate concentrations 

were even lower than during the first experiment, and at detection limit in the Baltic Sea 

water, reflecting the post bloom period. Moreover, nitrate did not decrease linearly but varied 

in concentration along the transect. A possible explanation for this nonlinear nitrate mixing 

could be an additional input of nitrate, which may be located near station W7, where the 

nitrate concentrations were higher than at the surrounding stations. Since two small streams 

draining urban areas discharge near this station they might be a source of nitrate.  

When high nitrate concentrations with high δ
15N values mix with waters of lower 

concentration and low δ15N, a logarithmic decrease occurs (Fry, 2002). However, the δ15N-

NO3 values did not show this trend of linear mixing. Values remained at a nearly constant 

level throughout the whole estuary. The elevated values of up to 9.7 ‰ indicate a high 

anthropogenic influence presumably from sewage or manure that is described to have such 

δ
15N signatures (Kendall, 1998). Mayer et al. (2002) found in sixteen rivers in the 

northeastern U.S. a positive linear correlation between the percentage of agricultural and 

urban land in the catchments and the δ15N-NO3 values. They reported a maximum δ15N-NO3 

value of 8.4 ‰ for a river with 38.4 % agricultural area. The high δ15N-NO3 values despite of 

decreased nitrate concentrations might be a result of fractionation processes of nitrate inside 

the estuary. These can be NO3
- uptake or denitrification and would enrich the δ

15N-NO3 

values (Mariotti et al., 1988; Kendall, 1998). Outside the estuary the δ15N-NO3 values 

decreased rapidly. In February we found values below the range given for marine nitrate 
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Figure VIII.9: δ15N-NO3 values vs. δ15N values of 

macroalgae after experiments 1 (A) and 2 (B) for stations 

W4-W13. The 1:1 line indicates the theoretical δ15N value of 

the macroalgae, if the δ15N value of the nitrate was mirrored 

exactly.  

(δ15N-NO3 ~5 ‰; Liu & Kaplan, 1989). This may reflect the value typical for nitrate in the 

Baltic Sea, that is heavily influenced by cyanobacterial nitrogen fixation (Voss et al.; in press) 

 

The macroalgae naturally growing along the estuary generally reflected the gradient of higher 

δ
15N-NO3 values in the inner and middle part of the estuary (Stations D-I), and lower values 

in the outer part (Stations A-C). However, among sampled species, there were large 

differences in the δ15N values even at the same stations. At station G the differences between 

the δ15N value of Ulva sp. (13.2 ‰) and Enteromorpha sp. (9.5 ‰) was 3.7 ‰. Since no 

δ
15N-NO3 values were measured, we do not know which species directly reflects the nitrate 

signature, however, we assume that 

the algae integrate their values over a 

longer time periods that may be 

different for different species. Since 

the Warnow River Estuary shows a 

typical anthropogenic loading with a 

gradient in δ
15N values this is 

reflected in the macroalgae. 

McClelland & Valiela (1998) had 

similar results in a comparative study 

of three estuaries, deriving different 

amounts of anthropogenic nitrogen 

loads. They reported the highest δ15N 

values in macroalgae (8.4 ‰) from 

sites with the highest nitrogen loads. 

The same was decribed in a study by 
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Costanzo et al. (2000) in Australian coastal waters of different anthropogenic N-loading. 

 

Macroalgae as bio-indicator for anthropogenic derived N 

Figure VIII.9 shows the relationship between δ15N-NO3 values and the δ15N values of the 

macroalgae after the first (A) and second experiment (B) for the stations W4-W13. At most 

stations, the δ15N-NO3 values were better mirrored by the red algae species Polysiphonia sp. 

and Ceramium rubrum. These findings agree with results from Gartner et al. (2002), where 

macroalgae assimilated sewage-derived DIN and displayed higher δ15N values in their tissue 

after 7 days of incubation.  

The results from the experiments with the brown alga Fucus vesiculosus were not that clear, 

mainly because of higher initial δ15N values. F. vesiculosus collected in February for the first 

experiment had an initial mean δ15N value of 7.7 ‰ which was close to the δ15N values of the 

river nitrate (inside the estuary; stations W4-W13; 6.2-9.0 ‰). Consequently, no change in 

the δ15N value of F. vesiculosus could be observed. Nevertheless, adaptation towards lower 

values was visible outside the estuary at stations W1-W3. Here δ15N-NO3 values were lower 

(2.8-7.9 ‰) and F. vesiculosus showed lower δ15N values than the initial. Similar low values 

were also observed at stations W11 and W12 in spite of high δ15N-NO3 values. It seems that 

growth conditions were not favourable for F. vesiculosus at these stations. In the Baltic Sea F. 

vesiculosus is found in waters with a salinitiy >4 PSU. Salinity at stations W11 and W12 

ranged between 0.3 and 5 PSU, which might have been too low for algal growth. Also 

Polysiphonia sp. had lower δ15N values in spite of high δ15N-NO3 values in the almost inner 

part of the estuary (stations W10-W12), which might be as well a result of low salinity. 

F. vesiculosus collected for the second experiment in May had a mean δ
15N value 1.3 ‰ 

lower than those used in the first experiment. These differences in the δ15N values can be a 

result of the nitrogen storage of F. vesiculosus during the winter months, when nutrient 
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Figure VIII.10: Nitrate concentration versus N 

content in the macroalgae’ tissue for F. vesiculosus 

and C. rubrum after the second experiment. 

availability is high but light conditions are not sufficient for photosynthesis (Lehvo et al., 

2001). The conversion of the stored nitrogen into biomass could led to fractionation, where 

light 14N is preferential converted and the stored nitrogen gets enriched in 15N. This would 

result in lower δ
15N values of the new built tissue until all stored nitrogen is used up. The 

second experiment revealed an increase in the δ
15N values of the macrophytes in the inner 

part of the estuary (stations W5-W11), and a decrease outside the estuary (stations W1-W3). 

The δ15N values were close to δ15N-NO3 values in the inner part of the estuary, but remained 

slightly below at most stations. This may be explained by fractionation during N-uptake, 

which would result in lower δ15N values of the macroalgae tissue compared to the δ15N-NO3 

values (Högberg, 1997). But the elevated δ15N values of F. vesiculosus at station W4 (second 

experiment) relative to the δ15N-NO3 value argue against this fractionation theory. Another 

reason for differences between δ15N value of macroalgae and δ15N-NO3 values could be the 

slow N uptake- and growth rate of F. vesiculosus. In that case the δ
15N signal of the river 

nitrate may not be mirrored during the short 

incubation period. These slow N uptake 

rates were also observed by Gartner et al. 

(2002) in experiments with the kelp 

Ecklonia radiata (Phaeophyta). On the other 

hand the measured δ
15N-NO3 values only 

represent the start and end points of the 

experiment and we are not certain how 

δ
15N-NO3 developed between these two 

samplings.  

The maximum δ
15N value C. rubrum 

showed was 9.3 ‰, 4.2 ‰ above the initial 
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mean. These both species seemed to have a shorter growth rate and N-uptake rate than F. 

vesiculosus, what makes them more suitable for these experiments.  

The measurements of the N-content in the dry weight of the algae tissue from the second 

experiment showed that F. vesiculosus and C. rubrum store nitrogen when nitrate is available 

in excess. While F. vesiculosus needed a nitrate concentration above 5 µM to increase the N 

content (station W5), C. rubrum started to store N at nitrate concentrations below 1 µM 

(station W2). A significant positive linear correlation between N content of tissue to nitrate 

concentration was only observed for F. vesiculosus: r² = 0.57, p < 0.02, Fig. VIII.10). A 

positive correlation between N content and N availability is reported for F. vesiculosus as well 

as C. rubrum from other studies (Lyngby, 1990; Savage & Elmgren, 2004). This increase in N 

content of macroalgae tissue could not be observed by means of C/N ratios during the first 

experiment.  

The δ13C values of the red algae after the incubation well reflect the mixture of seawater and 

riverwater along the estuary. DIC in fresh water usually has lower δ
13C values than in sea 

water (Boutton, 1991). Assuming a constant fractionation during the assimilation of DIC 

along the estuary, a trend is visible, with lower δ
13C values of the macroalgae and 

consequently of DIC inside the estuary, and an increase towards the Baltic Sea. This gradient 

in the δ13C values of DIC is also reported from other estuaries (Hellings et al., 2001; 

Atekwana et al., 2003). F. vesiculosus showed this trend only after the first experiment. After 

the second experiment no trend in δ13C was visible. Besides these fluctuations in the δ13C 

values along the estuary, F. vesiculosus showed a large variability especially at the stations 

W5-W8 and W13, indicated by large standard deviations. The reason for these fluctuations 

remained unclear, but it seems that the DIC assimilation and consequently photosynthesis of 

F. vesiculosus was disturbed during the second experiment.  
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Station W13 

Station W13 was additionally sampled because of the  loading and unloading of mineral 

fertilizers in the port area. We assumed that mineral fertilizers pollute the water, which would 

result in lower δ15N-NO3 values and consequently lower δ15N values in macroalgae. Mineral 

fertilizers usually have δ
15N values around 0 ‰, because of their production from 

atmospheric N (Bedard-Haughn et al., 2003). However, an impact of mineral fertilizers could 

not be observed at this station. δ15N-NO3 values ranged between 6.8-7.5 ‰, which was in the 

range of the δ
15N-NO3 values inside the estuary. All macroalgae species well reflected this 

signal, so we exclude pollution by fertilizers at this site. Nevertheless, an additional input of 

nitrogen into the waters the near port area is assumed. Salinities at station W13 were at all 

sampling dates comparable to salinities found outside the estuary, but nitrate concentrations as 

well as δ15N-NO3 values were always higher than outside the estuary. This indicates an input 

of a small volumes of water with high nitrate concentrations and elevated δ15N-NO3 values. 

There are some small streams in the almost easterly part of the estuary, which might be 

responsible for additional N input..  

 

Conclusions 

 

The results of the incubation experiments show, that macroalgae reliably reflect δ
15N-NO3 

values of the surrounding waters that indicate the degree of anthropogenic nitrogen in 

estuaries. These findings agree with results from similar incubation experiments carried out 

by Costanzo et al. (2000) in Moreton-Bay (Australia), and with results from Gartner et al. 

(2002) and Savage & Elmgren (2004) who investigated δ15N values in naturally occurring 

macroalgae along a sewage N gradient. The additional measurement of δ15N-NO3 values 

showed whether the macroalgae fractionated during NO3
- uptake. The comparison between 
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δ
15N values of red and brown algae showed that the former (Polysiphonia sp. and C. rubrum) 

were more suitable for these experiments than F. vesiculosus. Furthermore we showed that the 

δ
15N was most precisely reflected in those parts of the estuary with low variation in δ15N-

NO3. Outside the estuary, where δ15N-NO3 was very variable, the macroalgae did not mirror 

the nitrate signal adequately. In contrast to that, δ
13C values of macroalgae reflected the 

salinity changes from the fresh water source to the Baltic Sea. A combination of stable 

isotopes data can thus deliver information on the impact of anthropogenic N as well as on the 

prevailing salinities along an estuarine gradient.  
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IX.  FINAL CONCLUSIONS AND FUTURE OUTLOOK 

The results of this PhD-thesis close a gap between agricultural and marine research. By means 

of the δ
15N and δ

18O values in nitrate it could be shown that nitrification is the dominant 

process responsible for high nitrate losses from agricultural soils.  

The combination of the isotope data with the mixing-model well documented the importance 

of drainage water nitrate for the Warnow river and, consequently, for the coastal areas of the 

southern Baltic Sea. These findings were supported by the results of the second study which 

identified drainage water nitrate as the dominant N source for the adjacent surface waters. 

Finally the method was successfully applied to trace anthropogenic N on its way to the coastal 

waters.  

As suggested by the study of Grimvall & Stalnacke (2001), a reduction in the anthropogenic 

nitrogen loads to the coastal waters of the Baltic Sea can only be achieved by reducing diffuse 

agricultural inputs. With application of the dual-isotope approach diffuse nitrate sources can 

be identified, which is a prerequisite to set suitable measures to reduce diffuse N inputs. 

Furthermore, the mixing-model approach confirms results from nutrient emission models, 

which is of particular interest if model results are ambiguous. 

A major point not taken into account in this PhD thesis is the retention of nitrogen within the 

river-system and the export into coastal waters. Model estimations from 16 river-systems in 

the north-eastern United States showed that up to 76 % of the N inputs are denitrified or 

stored in the riverine sediments (Seitzinger et al., 2002). How much N really reaches coastal 

waters and how much is denitrified, assimilated or stored in coastal sediments remains unclear 

as yet.  

The “nitrogen isotope-pairing method” is a suitable tool to estimate denitrification rates 

(Nielsen, 1992), and is successfully applied in the Norsminde Fjord (Denmark; Nielsen et al., 

1995). The “denitrifier method” developed by Sigman et al. (2001) allows the determination 
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of δ15N and δ18O values of nitrate in the marine environment at very low NO3
- concentrations 

and with small sample volumes. Thus it can be used for stable isotope measurements in pore-

water, in atmospheric deposition, and in waters with low nitrate concentrations, e.g. when 

primary productivity is high. 

With a combination of both methods and the integrative agricultural and marine approach as 

carried out in this thesis it will be possible to calculate N budgets for coastal areas and river-

systems which can be more precise than model estimates. 
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