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Anthropogenic changes of nitrogen loads in a small river: external nutrient 12 

sources vs. internal turnover processes 13 

 14 

Anthropogenic nutrient inputs increase the N-load in many aquatic systems, leading to 15 

eutrophication and potential changes of biological N-retention capacity. In this study, nitrate 16 

inputs in a small river were investigated along a gradient of anthropogenic influence. We aimed 17 

to determine changes in nitrate load and isotope signatures in the water column and to identify 18 

the anthropogenic influence on biological nitrogen assimilation and nitrification or denitrification 19 

in sediments. In seasonal sampling campaigns, we analysed dissolved inorganic nitrogen 20 

concentrations (DIN), and stable isotopes of nitrate. To differentiate rates of nitrate production 21 

and consumption in the pristine vs. agricultural river section, intact sediment cores were 22 

incubated with 15N-labelled nitrate. δ15N values of nitrate in the pristine river section were low, 23 

reflecting natural sources, but, as expected, increased with nitrate concentration in all seasons 24 

along the gradient. In general, nitrate retention and consumption were higher in the 25 

anthropogenically impacted than in the pristine river section, and nitrate consumption exceeded 26 

production. In addition to our measurements, modelled results also show that even in a small 27 

river, the anthropogenically enhanced consumption capacity is overwhelmed by surplus N-28 

inputs, and nitrate consumption cannot increase in turn with external loads. 29 

Keywords: biogeochemistry, nitrification, isotopes, anthropogenic influences, mixing model, 30 

isotope dilution 31 

 32 

  33 
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1. Introduction34 

Excess nitrogen from fertilizer application and wastewater treatment plant (WWTP) discharge 35 

has led to wide-spread eutrophication in aquatic ecosystems. This anthropogenic nutrient 36 

enrichment has a number of consequences, notably a change in the balance between nitrogen 37 

(N)-retention and elimination in rivers and streams: With additional nitrate (NO3
-) input, 38 

denitrification is promoted, which may counteract eutrophication [1]. On the other hand, 39 

additional nutrients increase phytoplankton production, and easily accessible carbon sources can 40 

promote bacterial growth, so that N-retention in a given system is increased, at the cost of 41 

increased biomass production [2, 3, 4]. 42 

To assess the anthropogenic impact and the role of internal turnover in rivers, not only 43 

concentration measurements of nutrients have proven utility. Stable isotope measurements of 44 

dissolved inorganic nitrogen (DIN), mainly dual isotopes in NO3
- and their specific 45 

compositions, can complement nutrient data, e.g. [2, 5, 6]. NO3
- isotope signatures are source-46 

specific: Atmospheric deposition has relatively low δ15N values (-5‰ to 5‰, [7]) with very high 47 

values of δ18O (>60‰ [7, 8]) , whereas runoff from agricultural soils or manure is isotopically 48 

enriched in δ15N (>8‰, e.g. [9, 10, 11]). Furthermore, stable isotopes also reflect natural isotopic 49 

fractionation by biological processes. For example, during NO3
- assimilation by phytoplankton, 50 

the ratio of δ15N and δ18O in the residual NO3
- increase in parallel to one another [12], whereas 51 

during denitrification in freshwater environments, this increase follows a ratio of 1.5:1 to 2:1 [13, 52 

14]. However, in contrast to the water column, the isotope effect of denitrification is often not 53 

expressed when it occurs in sediments [15], because nitrate transport is mainly limited by 54 

diffusion. Other explanations are either due to bottom water nitrate which entered the sediment 55 

and was denitrified before it has the opportunity to escape back into the water column or the 56 

denitrification isotope effect being balanced by low 15NNO3 isotopes from nitrification [16]. Many 57 

studies focused on N-turnover in large river systems, [e.g. 6, 10, 17], where nitrification in the 58 

catchment and the stream itself regenerates significant amounts of NO3
-. NO3

- concentration and 59 

isotopes in large rivers can theoretically be affected by diffuse sources, groundwater input, and 60 

by internal NO3
- uptake due to assimilation or denitrification, [e.g. 2, 9, 18]. In small rivers it is 61 

possible to separate point sources from diffuse inputs to some extent, as well to separate 62 

influencing areas, and thus to determine influences of external nutrient sources and internal 63 
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nutrient turnover more precisely. Consequently, investigating small rivers provides an advantage 64 

in addressing the relative importance of various sources and turnover processes separately. One 65 

possible solution is provided by incubation assays: As biological NO3
- production and 66 

consumption act simultaneously in rivers [1, 19], incubation assays can be used to separate these 67 

processes. The isotope dilution technique, which is based on the addition of 15N-labelled nitrate, 68 

is a useful tool to discern nitrification and NO3
-consumption [e.g. 20, 21, 22]. This technique is 69 

often applied in sediment incubations, where N-turnover is higher than in the water column. 70 

In this study, we combined sediment incubations with natural abundance NO3
-isotope 71 

investigations to discern the effect between external sources vs. internal processes and their joint 72 

impact on the water column nitrate (NO3
-) and ammonium (NH4

+) concentrations and NO3
-73 

isotope inventory. We investigated a small river with a small catchment area along a land-use 74 

gradient, ranging from a pristine upper region to an agricultural setting further downstream. To 75 

identify nitrate sources, we measured DIN concentrations and the dual NO3
- isotope values and 76 

then applied them to an isotope mixing model which was set in comparison to a GIS-based 77 

model. Moreover, we calculated rates of NO3
- production and consumption in all seasons based 78 

on sediment incubations. Our main intention was to (a) quantify the role of nitrification in the 79 

river as a source of NO3
- in comparison to NO3

- derived from external sources, and (b), to assess 80 

the impact of increasing nitrogen loads on nitrification, assimilation and denitrification in the 81 

river.  82 

 83 

 Material and Methods 84 

 Site description 85 

The Holtemme River in Saxony-Anhalt is ~ 47 km long, with a small catchment area of 278 km² 86 

and an annual mean water discharge of 1.33 m³ s-1 (gauge Mahndorf – station 6, Fig. 1). Climate 87 

conditions in the catchment area of the Holtemme are typical for Central Europe, with wet 88 

summers and cold dry winters [23]. 89 

The Holtemme encompasses pristine regions as well as regions that are subject to anthropogenic 90 

influences. Its source is in the region of the Harz Mountains, 860 m above sea level. The 91 

headwaters lie in a forest dominated national park with steep, small waterfalls, and rapids. The 92 
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national park ends at the city Wernigerode, where the regulation of the river begins.  Further 93 

downstream, the river is influenced by a combination of urban runoff, a WWTP and agricultural 94 

fields, until it discharges into the Bode river. 95 

Its water depth undergoes seasonal variations with water depths between 8 cm up to 200 cm, the 96 

average in the pristine section was 10 cm to 30 cm and 50 cm to 100 cm in the agricultural 97 

section. 98 

[Figure 1 near here] 99 

 Sampling  100 

2.2.1. Water samples 101 

Seasonal sampling campaigns took place in June 2014, September 2014, February 2015 and 102 

April 2015. Weather conditions during sampling were mainly sunny; a slight rain event in 103 

summer did not show notable effects on discharge (Tab. 1) or nutrient concentration (data not 104 

shown). 105 

Water samples for nutrient and isotope analyses were taken along a 20 km section at six stations 106 

following a pristine-agricultural gradient (Fig.1, Tab.1).  For nutrient and stable isotope analysis 107 

of nitrate, surface water was sampled with a bottle (PVDF, 0.5 L) in the middle of the stream. 108 

Samples were filtered immediately (Minisart© NML, 0.45 µm, Sartorius), stored cool in PE 109 

bottles (100 ml) and were frozen within 10 hours until further analysis in the lab. 110 

[Table 1 near here] 111 

2.2.2. Sediment samples 112 

Sediment cores were taken at stations 1 and 6 in spring, summer and autumn. In winter (February 113 

2015), no cores could be taken because deeper sediment layers were frozen. At each station, 114 

twelve cores were taken (PMMA core liners, ID 3.7cm; approximately 10 cm of sediment, 13 cm 115 

of overlying water), sealed and stored in a cooling box for transportation. The middle of the river 116 

bed was covered with stones and gravel at both stations, hence, cores were taken towards the 117 

river bank where the sediment was accessible. 118 
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 Laboratory analysis 119 

2.3.1. Water samples for nutrient and isotopic composition 120 

DIN concentrations in water samples were measured with a continuous flow auto analyser (AA3, 121 

SEAL Analytical) using standard colorimetric techniques [24]. Stable isotopes of NO3
- were 122 

determined using the denitrifier method [25, 26]. This method is based on the analysis of nitrous 123 

oxide (N2O) produced by denitrifying Pseudomonas aureofaciens (ATCC #13985). The N2O 124 

was purified, concentrated on a GasBench II and measured on an isotope ratio mass spectrometer 125 

(Delta V Advantage, Thermo Scientific). Samples were calibrated against the international 126 

standards IAEA-NO3 (δ15N: +4.7‰, δ18O: +25.6‰) and USGS34 (δ15N: -1.8‰, δ18O: -27.9‰), 127 

with a standard deviation of <0.2‰ for δ15NNO3 (n=4) and <0.5‰ for δ18ONO3 (n=4).  128 

If NO2
- concentration is lower < 1% of NO3

- concentration, the effect on isotope determinations 129 

of NO3
- is negligible and there is no need to remove NO2

- before measuring dual stable isotopes 130 

of NO3
- [27]. 131 

2.3.2. Intact sediment core incubation – Isotope dilution experiment 132 

The sampled sediment cores were placed in buckets, and stored open under water. Additional 133 

water from each sampling site was used for the storage of cores. The cores were submerged in a 134 

reservoir filled with the river water of the corresponding sampling site. To avoid anoxia in the 135 

sediment cores, river water in the reservoirs was oxygenated with aquarium pumps and 136 

constantly stirred [28]. A preliminary test over 48 hours showed that this storage method did not 137 

lead to increased anoxia in the sediment cores. Reservoirs containing sediment cores were placed 138 

in a water filled tank and pre-incubated at a constant temperature (summer and autumn: 16°C, 139 

spring: 12°C, cf. Tab.2) for 36 hours. After pre-incubation, river water in the reservoir was 140 

removed until the top of the core liners was above water level, and the remaining water in each 141 

core was oxygenated separately using aquarium pumps. Great care was taken to avoid sediment 142 

resuspension during oxygenation of cores. 143 

[Table 2 near here] 144 

At the beginning of the experiment, the overlying water (~90 ml) above the sediment of 9 cores 145 

was labelled, aiming for a labelling percentage of 1 at% with Na15NO3 (98 atom % 15N, Sigma-146 

Aldrich®). To avoid an increase in rates due to substrate addition, the label solutions added to 147 
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the overlying water had a NO3
- concentration comparable to site water, which had been 148 

determined before. Three unlabelled cores remained and were used as control samples. All cores, 149 

including the control samples, were then incubated for 24 hours in darkness. Samples, and 150 

according control samples, were taken directly after label addition, after 8 and 24 hours by 151 

creating a slurry where the reactive sediment layer (1 cm) was gently mixed into the overlying 152 

water column [29]. At each point, three labelled replicates and one control without label addition 153 

were sampled. To stop microbial activity, the slurry was filtered immediately (Minisart© NML, 154 

0.45 µm, Sartorius) and samples were stored frozen until nutrient concentration and δ15NNO3 155 

values were measured. All samples were analysed in duplicate and were calibrated similar to 156 

above. The standard deviation was <0.3‰ (n>3) for natural abundance samples and 6‰ (n>3) 157 

for enriched samples. 158 

Rates were then determined by the temporal changes in the pool size and 15N abundances in the 159 
15N-amended NO3

- pool of the incubated cores. The NO3
- decrease is assumed to be NO3

- 160 

consumption. 161 

 Calculations 162 

2.4.1 Isotope dilution model 163 

In our assessment, we define NO3
- consumption as the sum of assimilation and denitrification, 164 

and NO3
- production is defined as nitrification. 165 

NO3
- production and consumption in cores were calculated based in the 15N isotope dilution 166 

model [20, 21]. The following equations were used 167 

p = [ln (It/I0)]/[ln (Pt/P0)] (P0-Pt/t)         (1) 168 

where p is production in µmol L-1 h-1, t is incubation time, P0 is the initial NO3
- concentration at 169 

incubation time 0, Pt is the NO3
- concentration at time t, and I0 and It represent 15N atom excess.  170 

NO3
- consumption was calculated by using the decrease of NO3

- concentration (P), the content of 171 
15N-NO3

- (p) and the natural abundance of 15N-NO3
- (k): 172 

c = ln[(p0-k0Po)/(pt-ktPt)] (P0-Pt)/ln(P0/Pt)/t        (2) 173 

where c is the rate of consumption in µmol L-1 h-1. 174 
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Both turnover rates were then converted into µmol N m-2 d-1, using the ratio of measured 175 

volume-to-surface area (of the boundary layer between water column and sediment) of each core 176 

[30]. 177 

2.4.2 Isotope mixed model – IMM vs. GIS analysation 178 

To compare the output of agriculture distribution of GIS analysis (ArcGIS Desktop, 179 

Environmental Systems Research Institute Inc.) to the results of the isotope mixed model, mass 180 

balanced equations were used [31] to estimate the contribution of the NO3
- sources in the 181 

Holtemme River: 182 

𝛿𝛿15𝑁𝑁𝐻𝐻 = ∫𝐹𝐹𝛿𝛿
15𝑁𝑁𝐹𝐹 + ∫𝐷𝐷𝛿𝛿

15𝑁𝑁𝐷𝐷 + ∫𝐴𝐴𝛿𝛿
15𝑁𝑁𝐴𝐴       (3) 183 

𝛿𝛿18𝑂𝑂𝐻𝐻 = ∫𝐹𝐹𝛿𝛿
18𝑂𝑂𝐹𝐹 + ∫𝐷𝐷𝛿𝛿

18𝑂𝑂𝐷𝐷 + ∫𝐴𝐴𝛿𝛿
18𝑂𝑂𝐴𝐴       (4) 184 

1 = ∫𝐹𝐹 + ∫𝐷𝐷 + ∫𝐴𝐴          (5) 185 

Where H represents the NO3
- isotope values from the Holtemme river and the subscripts F 186 

(pristine – forest region), D (atmospheric deposition) and A (agricultural area) the three source 187 

values which were used for the IMM.  188 

The NO3
- isotope values of H (δ 15N and δ 18O) are the concentration of annual load weighted 189 

mean isotope values: 190 

𝛿𝛿15𝑁𝑁𝑎𝑎 =  ∑ 𝛿𝛿15𝑁𝑁𝑖𝑖 × 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑁𝑁𝑖𝑖 × 𝑓𝑓𝑓𝑓𝑐𝑐𝑓𝑓𝑖𝑖𝑖𝑖 
∑ 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑁𝑁𝑖𝑖 × 𝑓𝑓𝑓𝑓𝑐𝑐𝑓𝑓𝑖𝑖𝑖𝑖

         (6) 191 

𝛿𝛿15Ni is the isotope value for a certain month and station, concNi is the concentration in µmol 192 

and flowi the flow in m3 month-1. Since only flow rates for Station 1 and 6 were available, the 193 

flow rates of station 1 were used for 1-4 and for 5 and 6 those of station 6 – according to the 194 

observed alteration of the river bed. 195 

To calculate the relative proportion of potential NO3
- sources we presumed three candidate 196 

sources: NO3
- from a pristine forest region (δ15N = -3‰, δ18O = 2‰), typical for the Harz 197 

mountains [32], atmospheric deposition in Germany (δ15N = 0.4‰, δ18O = 75‰) [8] and runoff 198 

from agricultural land (including manure fertilization) (δ15N = 13.9‰, δ18O = 3.4‰) [2]. 199 
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 Results 200 

 DIN concentrations  201 

NO3
- concentration increased downstream during all seasons (Fig. 2a). Pristine NO3

- 202 

concentrations (station 1) ranged from 15 µM to 55 µM with the highest concentration in spring 203 

and lowest in autumn. Along the transect from station 1 to 5, NO3
-concentration increased up to 204 

160 to 200 µM, with the highest values being recorded in the summer. There was no further 205 

increase between stations 5 and 6, and even a slight decrease in concentration between these 206 

stations in autumn and winter. In summer, NO3
- concentration peaked at station 4 downstream 207 

the WWTP, with NO3
- concentrations of > 400 µM. 208 

NH4
+ concentration was below 1 µM at stations 1 to 3, but showed a peak at station 4 from 209 

spring to autumn (Fig.2b), with a maximum value of 70 µM in summer. The NH4
+ concentration 210 

then dropped again to 1 to 4 µM further downstream.   211 

NO2
- was only detectable at station 4 (3 µM in summer, 2 µM in, autumn and 1µM spring). NO2

- 212 

concentration was always < 1% of NO3
- concentration and its effect on isotope determinations 213 

was therefore negligible. 214 

[Figure 2 near here] 215 

 Dual stable isotopes of NO3- (δ15N and δ18O)  216 

δ15NNO3
 at the pristine station 1 was approximately 0‰ in summer and autumn, and -1‰ to -217 

2.5‰ in winter and spring. δ18ONO3 values were relatively high and values ranged from 4‰ to 218 

8‰. δ15NNO3 at station 2 and 3 were always similar to each other and relatively enriched (~4‰ to 219 

6.5‰) in comparison to station 1. δ15NNO3 was higher in summer and autumn (6‰ - 7‰) than in 220 

winter and spring (1‰ - 5‰). The δ18ONO3 was approximately 2‰ at all seasons, except in 221 

spring where it reached 4‰. At station 4, 5 and 6, dual isotope values of nitrate were similar in 222 

winter and spring. Relative to the upstream stations 2 and 3, δ15NNO3 values were elevated (up to 223 

10‰) and δ18ONO3 was slightly enriched (3‰ - 4‰). This pattern was evident in all seasons, 224 

with the one exception being in summer: While δ15NNO3 at station 4 increased to 15‰, there was 225 

no immediate effect on δ18ONO3, which remained stable at 1.5‰ and increased further 226 

downstream to ~6‰ (Fig. 3a, b).  227 
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Generally, δ15N values in summer and autumn were elevated relative to winter and spring values. 228 

The δ18O values were highest in spring, but the seasonal variation was less pronounced than for 229 

δ15N (Fig.3). 230 

[Figure 3 near here] 231 

 NO3- turnover in core incubations 232 

Sediment cores for incubations were taken at the pristine station 1 and at the downstream station 233 

6 in spring, summer and autumn.  234 

In general, NO3
- consumption (the sum of assimilation and denitrification) and NO3

- production 235 

(i.e. nitrification) were significantly lower at the pristine station than at the agriculturally 236 

impacted station. 237 

We did not measure significant biological NO3
- processing in spring at the pristine river site 238 

(Fig.4a). In summer, NO3
- production (i.e. nitrification) was active (306 ± 133 µmol N m-2 d-1) 239 

and significantly (p = 0.03) exceeded NO3
- consumption (109 ± 106 µmol N m-2 d-1). In autumn, 240 

NO3
- consumption increased (442 ± 189 µmol N m-2 d-1) and at this time of year significantly (p 241 

= 0.01) exceeded NO3
- production (199 ± 199 µmol N m-2 d-1). (Fig.4a) 242 

At the agriculturally impacted station 6 (Fig.4b), NO3
- consumption was higher than NO3

- 243 

production in all seasons, although only significantly in spring (p = 0.04) and summer (p = 0.04) 244 

(Fig.4b). NO3
- production ranged from 869 to 1589 µmol N m-2 d-1, whereas consumption rates 245 

in spring and summer clearly exceeded production with rates around 8400 µmol m-2 d-1 (spring:  246 

8068 ± 2052 µmol N m-2 d-1 , summer: 8842 ± 1513 µmol N m-2 d-1).  247 

[Figure 4 near here] 248 

 IMM and GIS 249 

A principal component analysis (PCA) explains 94.6% of the variance in the first two principle 250 

components and reveals that the covariation of 18O and 15N of our samples along the transect can 251 

be divided into 3 groups, following a gradient of anthropogenic impact: comprised of the pristine 252 

station 1, transient stations 2 & 3 with an intermediate anthropogenic impact, and mainly 253 

agricultural stations 4 to 6. 254 
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A GIS-based analysis of the catchment of the suite of sampling stations confirms this land-use 255 

gradient (Tab.3). There is no anthropogenic influence at the pristine station 1, the catchment of 256 

stations 2 and 3 is comprised of 20.6% anthropogenic land use, and at stations 4-6, this portion 257 

rises to 47.8%. 258 

The IMM yields a pristine influence of 89.7% at the first station, which decreases up to 63.3% in 259 

the transient area and drops to 19% in the agricultural area. The atmospheric influence is 6.5% in 260 

the pristine region, decreasing to 0.8% in the transient stations and increasing slightly in the 261 

agricultural area (1.4%). The influence of agriculture increases continuously up to 79.6% in the 262 

agricultural part (transient area: 35.9%, pristine area: 3.8%).   263 

[Table 3 near here] 264 

 Discussion 265 

 NO3- source assessment using an isotope mixing model 266 

Our primary goal was to discern the relationship between external DIN sources vs. internal 267 

processing, using a small river as a model system, because we expected that source attribution in 268 

this case should be possible.  269 

If our assumptions regarding the N-sources in the catchment are correct, the load weighted mean 270 

isotope values should reflect the GIS-based data, even though atmospheric deposition is missing 271 

in our GIS data set. 272 

The IMM shows that direct atmospheric deposition is only a relevant NO3
- source at the pristine 273 

station and almost 90% of the NO3
- from this station can be attributed to pristine terrestrial 274 

sources, e.g. soil nitrification (Tab.3). δ15NNO3 (-1.3‰ to 0.6‰) and δ18ONO3 values (4.4‰ to 275 

5.3‰) with corresponding NO3
- concentrations of 17.5 µM to 38 µM in summer, autumn and 276 

winter are in the range for pristine sites [33] (Fig. 2 and 3). Depleted δ15NNO3 and enriched 277 

δ18ONO3 values are typical for this region [32] and reflect a forest dominated catchment [34] with 278 

NO3
- derived from nitrification in pristine soils [7, 9]. The impact of atmospheric deposition is 279 

evident in spring, when depleted δ15NNO3 (-2.7‰) and enriched δ18ONO3 (7.6‰) values indicate a 280 

dilution with snowmelt [35, 36, 37] (Fig. 3). 281 

Mayer et al. [6] estimated that NO3
- in forested watersheds is almost completely derived from 282 

soil nitrification processes, with an additional minor influence of atmospheric deposition. They 283 
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find that a direct attribution of atmospheric deposition as the dominant N input can only be 284 

determined if δ18ONO3 values over 15‰ are measured at low NO3
- concentrations. In contrast, 285 

δ18ONO3 values lower than 15‰ indicate no direct contribution of atmospheric deposition to 286 

riverine NO3
-. The main reason for that is intensive cycling of NO3

- derived from atmospheric 287 

deposition, which rapidly alters the atmospheric δ18ONO3 signature already after one 288 

immobilization/mineralization cycle [6]. This must also be the case at station 1, in the forest 289 

dominated area of the Holtemme river, where relatively higher δ18ONO3 values were measured at 290 

lowest NO3
- concentrations, but the influence of direct atmospheric deposition to riverine NO3

- 291 

concentration was barely visible in isotope values of δ18ONO3 (4.5‰ to 6‰) or, consequently, in 292 

results of IMM output (atmospheric deposition: 6.5%). Thus, it is highly likely that internal N 293 

cycling plays a major role in this forested dominated area, making it difficult to estimate the 294 

exact effect of atmospheric deposition because the 18O signal is rapidly removed during nitrate 295 

assimilation in catchments. 296 

Nevertheless, Voss et al. [17] determined significant, albeit low, atmospheric influences in rivers 297 

receiving >50% N from agricultural runoff. These authors used deviating end-member values for 298 

atmospheric deposition (δ15NNO3: 0.1‰ and δ18ONO3: 51.7‰) [9], because different analytical 299 

methods (denitrifier vs. silver nitrate) yield substantially different δ18O signatures [7]. The 300 

denitrifier method always  showed δ18O values >60‰ for atmospheric NO3
-, whereas δ18ONO3 301 

isotope ratios measured with the silver nitrate method can be lower, especially at low NO3
- 302 

concentrations, which is attributed to different reactions with oxygen, e.g. exchange with O in 303 

glass vials or a contamination by other O-bearing materials in the silver oxide [38]. To check the 304 

IMM sensitivity regarding the isotope signature of atmospheric deposition measured with the 305 

silver nitrate method, another IMM was applied using the source signatures applied in Voss et al. 306 

[17]. The percentage of atmospheric influence increased slightly to 9.5% at station 1, but 307 

remained negligible in the rest of the river, suggesting that atmospheric deposition is only a 308 

minor source of direct N-deposition to the Holtemme.  309 

The GIS data indicates that stations 2 and 3 reflect a transient state with medium anthropogenic 310 

impact (Tab.3). Isotope signatures of 1‰ to 7‰ for δ15NNO3 and 2‰ to 3.5‰ for δ18ONO3 311 

(Fig. 3) are consistent with values reported for NO3
- derived from soil organic N [7]. Winter data 312 

values of δ15NNO3 are ~6‰, and suggest that, in comparison to station 1, anthropogenic 313 

discharge, e.g. manure and septic waste, increase in significance. Overall, this is supported by the 314 



13 
 

IMM results where agricultural NO3
- increases from 3.8% to 35.9%, but the pristine influence is 315 

still dominant (63.3%). 316 

The agricultural part of the river (stations 4 to 6) showed an increase in NO3
- concentration in all 317 

seasons. NO3
- increase is mainly caused by diffuse inputs rather than by nitrification in the river, 318 

which is indicated by almost no change of NO3
- isotopes in winter and spring (Fig. 3).  δ15NNO3 319 

values >9‰ indicate a dominance of waste water- [39], and the δ18ONO3 values fall within a range 320 

typical of agricultural sites (2‰ to 5‰) (Fig.3), which we also attribute to an input of fertilizer 321 

and soil- or manure-derived NO3
- [2, 10].  322 

Due to its relatively limited importance (max. 6.5%), we assumed that the omission of 323 

atmospheric deposition as a NO3
- source in the GIS data would not seriously affect the 324 

agreement of IMM and land use data. ’Indeed, the model overall agrees with land-use data, but 325 

the impact of agriculture at stations 2+3 and stations 4-6 is excessive and differs by up to 30% 326 

from GIS data (Tab.3). Such a poor agreement of IMM and land use data sets of pristine sources 327 

was also found previously in the Baltic sea catchment [17]. The authors noted that the reliability 328 

of GIS data for source attribution was rarely tested and our results confirm this: The IMM output 329 

suggest an amount of anthropogenic N that is disproportionate to land-use. In general, the 330 

application of the IMM over the whole river (Tab.3 ‘total’) showed that the NO3
- concentration 331 

of the watershed is mainly influenced by agriculture, with a subordinate role of NO3
- from 332 

pristine sources, while atmospheric deposition only played a minor role. This result and the 333 

accompanying isotope values are consistent with data from other rivers that are influenced by 334 

agriculture, e.g. the Warnow River [9], and thus appears more reliable than the GIS based source 335 

attribution. 336 

 N-turnover in the river 337 

We investigated NO3
- production (i.e. nitrification) and consumption (i.e. the sum of assimilation 338 

and denitrification) in the river to assess the effect of sedimentary processes on DIN 339 

concentration – and potentially, isotope composition - in the water column. The balance of 340 

nutrients in a river and the proportion of N-retention and elimination can be altered by external 341 

factors. It can be enhanced by additional nutrient input, temperature rise and/or organic matter 342 

supply [40, 41, 42] which is a limiting parameter for heterotrophic denitrification [43, 44].  343 
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4.2.1. Pristine station 344 

At the pristine station, NO3
- production and consumption rates were low, and did not exceed a 345 

production value of 306 µmol N m-2 d-1. These lower production rates correspond closely to 346 

other studies in forest dominated streams that found rates of 0 to 3570 µmol N m-2 d-1 [4, 40] 347 

while NO3
- consumption seems to be highly variable in pristine areas, and can be as high as to 348 

51143 µmol N m-2 d-1 [3, 40, 45]. Our results at the pristine site clearly fall in the lower range of 349 

reported values. 350 

In spring, there was no detectable N-turnover (i.e. nitrification or NO3
- consumption) in sediment 351 

cores, probably due to low temperature (3.7°C) in the water column that impeded biological 352 

activity. Although the chosen incubation temperature was higher than the in situ temperature, 353 

this temperature increase had no measureable effect on the incubation experiment in this season. 354 

We assume that that the other factors, like organic matter quality or turnover activity of the 355 

microbial community, play a more important role than temperature in this case [e.g. 44, 46, 47]. 356 

In contrast to spring measurements, turnover rates increased in summer and autumn, showing a 357 

strong trend towards NO3
- consumption in autumn. This trend is somewhat surprising, as we 358 

expected assimilation (which, in our assessment, is part of NO3
- consumption) to be highly active 359 

in summer based on higher phytoplankton activity [48, 49]. However, it seems in this case that 360 

the role of NO3
- production increased in significance, which has been found previously in small 361 

streams in forested catchments [4]. We assume that NO3
- production is fuelled by high 362 

ammonification providing ample NH4
+ for nitrification [4]. Apparently, the impact of nutrients 363 

provided by soil, or by remineralization of planktonic organic matter in the sediment, e.g. NH4
+ 364 

from ammonification, fosters nitrification and thus has a stronger impact on NO3
- concentration 365 

in this river section during summer seasons than phytoplankton activity. 366 

In autumn, NO3
- consumption dominated over production. While we cannot discern the role of 367 

denitrification and assimilation, we hypothesize that in this case, denitrification dominates and 368 

that phytoplankton activity is lower. This is supported by chlorophyll a measurements in the 369 

nearby Bode River (Harz mountains), where primary production activity decreases at this time of 370 

the year [50]. Lower primary production and an increase in periphyton in autumn can lower the 371 

amount of oxygen that diffuses into the sediment [51]. Denitrification at this time is likely 372 
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stimulated by an increase of benthic organic carbon sources as an electron donor [43, 44, 52], 373 

stemming from phytoplankton production in summer.  374 

4.2.2. Agricultural station 375 

Contrary to the pristine river section, NO3
- production and consumption rates in the agricultural 376 

area were high (up to 8842 µmol N m-2 d-1), indicating that the additional nutrient input promotes 377 

turnover rates [51]. Nevertheless, NO3
- consumption was the predominant turnover process in 378 

every season, suggesting that NO3
- limitation is released and there is ample organic substrate 379 

fuelling denitrification [3, 42, 51]. Highest turnover rates of both, NO3
- production and 380 

consumption, were measured in summer while lowest turnover rates were measured in autumn. 381 

In spring, we found that NO3
- consumption at the agricultural site clearly exceeded production. 382 

This may be due to higher temperatures (Tab.1) compared to the pristine station, promoting 383 

microbiological processing, and maybe additional inputs of NO3
- and organic material due to the 384 

human and animal waste [41, 44]. This can release the limitation of denitrification by organic 385 

matter and nutrient loads and hence, will lead to an increase in consumption rates.  386 

In autumn, NO3
- consumption decreases. As with the pristine section, we expect assimilation to 387 

decrease at this time of the year, so that the remaining uptake should mainly be due to 388 

denitrification.  389 

 390 

 The role of nitrification as an internal nitrate source 391 

Another focal point of our study was the role of nitrification, along the stream. Nitrification 392 

dominated over NO3
- consumption at the pristine station in summer but gross rates were low in 393 

this river section (199 to 306 µmol N m-2). In addition to the overall increase in NO3
- 394 

consumption in the agricultural area, we also saw a rise in NO3
- production with production rates 395 

between 869 to 1589 µmol N m-2. The magnitude appeared to be linked to external inputs: NO3
- 396 

production was highest in summer, and at this time, we also found high DIN concentrations 397 

downstream the WWTP. We assume that high NH4
+ concentrations in the WWTP are a source 398 

for intense nitrification in the river [40, 53]. Based on the lower water discharge in summer, it is 399 

likely that the additional amount of NH4
+ is less diluted than in other seasons, increasing the 400 

average NH4
+ concentration in the river so that it is still detectable at the last station of the 401 
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transect. Therefore, NO3
- production rates in the agricultural section are controlled by external 402 

nutrient inputs, in this case especially by the WWTP. This additional NO3
- can then in turn lead 403 

to a further increase in NO3
- consumption. However, the direct effect of this dissolved NO3

- due 404 

to internal production may be minor here, because our rate measurements suggest that 405 

consumption exceeds production by a factor of 4 – 5 (Tab. 3) and such additional effect due to 406 

coupled nitrification-denitrification appears to be of limited importance.  407 

Like organic matter supply, the additional NO3
- may stimulate sedimentary NO3

- consumption 408 

[51, 54, 55] which is the case in the agricultural part of the river (Fig. 4). However, increase in 409 

consumption does not significantly affect NO3
- concentration in the water column: Neither a 410 

decrease in NO3
- concentration nor an increase in isotopic composition of NO3

- was measureable 411 

in the surface water (see Fig. 2 and 3).  The minor influence of consumption on NO3
- 412 

concentration in the water column is also reflected in the estimated overall consumption in the 413 

river. Estimation was done by multiplying the determined consumption rate (µM N m-2) from the 414 

incubation experiment with the estimated sediment surface area of our transect (97650m2) and 415 

set to relation to the measured NO3
- load in the river (NO3

- concentration in µM multiplied by the 416 

water discharge in m³/s). It showed that only ~ 9% of external NO3
- inputs were consumed in 417 

annual average. Along with the lack of NO3
- concentration decrease and measureable changes in 418 

isotopic composition, the low percentage of NO3
- consumption additionally demonstrates that the 419 

influence of sedimentary consumption on NO3
- loss in the water column decreases, even though 420 

an overall increase in NO3
- consumption rates was measured in the agricultural section.  421 

Hence, we find that sedimentary NO3
- consumption only had a minor influence on water column 422 

NO3
- concentration and thus, was inefficient in counteracting excess NO3

- loads [51, 55]. In 423 

addition, even in such a small river and in cases where we found high sedimentary consumption, 424 

effects of internal biological turnover on water column isotopic composition were barely 425 

detectable and apparently masked by external N inputs. 426 

Summing up, based on the IMM results, isotope measurements in the water column and the 427 

incubations, the NO3
- load along the river is mainly affected by diffuse inputs rather than by 428 

biological activities. This assumption is underlined by the measured winter data which also 429 

shows an increase in NO3
- concentration and isotopic enrichment from the pristine to the 430 

agricultural section (Fig. 2 and 3). Since almost no biological activity is expected during winter 431 



17 
 

time [e.g. 56, 57], measured NO3
- concentration increase, as well as the isotopic enrichment, 432 

must be due to anthropogenic discharge rather than by biological nitrogen turnover. Hence, the 433 

supplementary input of anthropogenic derived NO3
- seemed to be the major contributor to the 434 

riverine NO3
- load. 435 

 436 

 Conclusions 437 

As expected, we find that the source of NO3
- in this small river, changes along the transect. There 438 

was no visible effect of internal processing on isotope composition in the water column outside 439 

the pristine area, except a minor effect of WWTP discharge in summer. The importance of NO3
- 440 

derived from soil nitrification in forest soils decreases, and the influence of anthropogenic 441 

derived NO3
- gains more weight. The IMM data show that in the pristine river section, NO3

- 442 

derived from forest soil nitrification acts as a major contributor to riverine NO3
-, but this 443 

percentage decreases by about 70% downstream with increasing human land use.  444 

In the pristine area, we find that NO3
- production at times exceeds NO3

- consumption, whereas a 445 

shift towards dominant NO3
- consumption occurred in the anthropogenically impacted section 446 

during all seasons, independent of seasonal factors. Nevertheless, this caused no visible change 447 

in NO3
- concentration or isotope composition in the water column in the agricultural area. This 448 

suggests that consumption only inefficiently removed N in the surface water, and that the filter 449 

capacity of the sediment was exhausted.  450 

Thus, even in a small river, the enhanced consumption rate in the sediment cannot cope with 451 

anthropogenic derived NO3
- loads and cannot reduce the potential for eutrophication. Instead, we 452 

find that additional anthropogenic DIN inputs not only increase consumption, but also 453 

production rates, which at times had a notable effect on water column NO3
- concentration and 454 

isotope composition. This increased NO3
- input can have additional adverse effects on rivers of 455 

higher orders.  456 

 457 
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 Tables and figure captions 614 
 615 
Table 1. Ambient conditions during transect sampling: anthropogenic influences, river kilometre 616 
and water temperatures for each station, discharge of stations 1 and 6 617 
(http://www.hochwasservorhersage.sachsen-anhalt.de/), and according weather conditions  618 
Table 1  619 

 620 
 621 
  622 

Season 
Date 

  Summer 
6/24/2014 

Autumn 
9/8/2014 

Winter 
2/6/2015 

Spring 
4/14/2015 

Station Anthropogenic 
influence  

River 
km 

Temp  
[°C] 

Temp 
[°C] 

Temp 
[°C] 

Temp  
[°C] 

1 Pristine 2.7 11.0 12.6 0.3 3.7 
2 Transient -

Urban 
7.4 12.5 13.5 1.2 6.6 

3 Transient -
Urban 

11.8 12.6 14.2 1.3 6.7 

4 WWTP 16.2 16.7 16.4 3.4 8.4 
5 Agriculture 18.5 17.1 16.1 3.1 9.1 
6 Agriculture 24.4 16.4 15.8 2.7 9.4 

Discharge 
station 

Station name 
 

 
 

Discharge 
[m³ s-1] 

Discharge 
[m³ s-1] 

Discharge 
[m³ s-1] 

Discharge 
[m³ s-1] 

1 Steinerne 
Renne 

 0.11 0.11 0.12 0.41 

6 Mahndorf  0.36 1.07 1.48 2.20 

Weather 
conditions 

  Mainly 
sunny 

Mainly 
sunny 

Snow 
covered 

Snow  
melt 
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Table 2. Conditions during sediment core sampling and incubation experiments: river regulation, 623 
water depth and major sediment type; starting date of incubation experiment and incubation 624 
temperature  625 

 626 
Table 2  627 

 Anthropogenic 
influence 

River 
state 

Water 
depth 

Sediment type 
 

Incubation Temp [°C] 

Station     Summer 
6/26/2014 

Autumn 
9/10/2014 

Spring 
4/16/2015 

1 Pristine natural 0.1-
0.2m 

gravel, sand,  
silt 

16 16 12 

6 Agriculture regulated 
 

0.5-
0.7m 

clay, silt 16 16 12 

 628 
 629 
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Table 3. Calculated values of the isotope mixing model (IMM) and the GIS-data based 630 
calculations of areas influencing the watershed 631 

 632 
Table 3  633 
 IMM [%] GIS [%] 

Station Pristine 
(forest 
region)  

Atmospheric 
Deposition 

Agricultural 
Land -

Manure 

Pristine Agricultural 
& Urban 

Land 

1 89.7 6.5 3.8 100 0.0 

2+3 63.3 0.8 35.9 79.4 20.6 

4+5+6 17.6 1.2 81.2 52.2 47.8 

total 21 1.1 77.9   

       

Source values for IMM 

   

 Pristine  

(forest region) 

Atmospheric deposition  Agricultural 
Land –Manure 

fertilization 

 

δ15N 
[‰] 

 

-3 (1) 

 

0.4 (2) 

  

13.9 (3) 

δ18O 
[‰] 

2 (1) 75 (*)  3.4 (3) 

 

 

    

 (1) [32] Mueller et al. 2015 

 (2) [8] Beyn et al. 2014  (*) F. Beyn, personal communication, 2014 

 (3) [2] Aravena et al. 1993 

  

 634 
  635 
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Figure 1. Site map of the Holtemme River created in ArcGIS; different colors indicate land use 636 
classes (pristine, urban, agriculture), the sampling stations are located as black points: station 1 - 637 
pristine area, station 2 & 3 - urban area, station 4 - WWTP (brown rectangle), station 5 & 6 - 638 
agricultural area 639 
Figure 2. DIN concentrations for each sampling point along the river transect over all seasons. 640 
(a) Nitrate concentration in µM during summer (rectangle), autumn (circle), winter (triangle) and 641 
spring (plus) (b) Ammonium concentration in µM at the according season 642 
Figure 3. Seasonal profiles of δ15NNO3 vs. δ18ONO3 isotope values along the Holtemme River 643 
Figure 4. Nitrate turnover rates at the pristine station 1 (a) and at the agriculturally impacted 644 
station 6 (b) from spring to autumn (note: different scales) 645 
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