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Abstract  

Spatial and temporal patterns in submarine groundwater discharge (SGD) of nitrate in a high-energy 

sandy beach system on Spiekeroog Island were examined utilizing UV photometry. SGD as pathway of 

nitrate was studied to gain better understanding of the variability of nitrate discharge and the factors 

causing this complexity in order to improve coastal management of eutrophication and assessment of 

nitrate fluxes. Spatial patterns were examined by collecting 72 pore water samples at four different 

shore heights along nine cross-shore transects covering sampling depths of 50 and 100cm and 

measuring nitrate concentration ex situ. Temporal patterns were studied by deploying a UV 

spectrometer in a filter tube in 80cm depth at the high water line and measuring nitrate in situ across 

four full tidal cycles. Quantitative analyses revealed diffuse, but highly variable patterns in the 

longshore direction, whereas distinct patterns were found in the cross-shore direction and across tidal 

cycles. Nitrate concentrations increased with shore height, which is likely a result of higher oxygen 

concentrations causing nitrification of ammonium into nitrate. Patterns across tidal cycles showed 

nitrate peaks shortly before high tide, a decline during high water and rising levels during low tide, 

likely resulting from mixing of sea water and pore water during high water, influences of salinity and 

a possibly time-delayed water exchange in the filter tubes. However, the relatively low nitrate 

concentrations found in the sandy beach system during this study support the findings of previous 

research suggesting a minor impact of SGD from the sandy beaches on Spiekeroog compared to SGD 

from the backbarrier tidal flats on total budgets of nitrogenous compounds entering the Southern 

North Sea. However, in other systems, where tidal flats are absent and impacts of nutrient pollution 

are higher, SGD fluxes of nitrate from sandy beaches play likely a more important role. 
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1. Introduction   
As one of the main limiting factors of primary production, nitrogenous compounds are crucial for life 

on earth and can be found in different forms in the atmosphere, soil and water (Kaiser et al., 2011). 

The conversion into bioavailable compounds (such as nitrate and ammonium) is controlled by 

chemical, physical and biological factors (Herbert, 1999). Organisms use nitrogenous compounds to 

build up biomass as well as to gain energy during metabolic activities and finally release the by-

products into the environment (Kaiser et al., 2011). Consequently, the availability of nitrogenous 

compounds strongly effects biomass and diversity of ecosystems. Nitrogenous compounds occur 

naturally in systems and availability is controlled by natural processes, such as atmospheric deposition, 

decomposition, geological formations and lightning. However, anthropogenic activities, such as the 

production of waste in the agricultural sector and the use of these by-products as fertiliser, runoffs as 

well as waste from other industries and municipalities have the potential to increase the amounts of 

nitrogenous compounds in a system dramatically (Buss et al., 2005). Increased levels of nitrogenous 

compounds stimulate eutrophication and have serious consequences, such as algal blooms and 

oxygen depletion (O'Neil et al., 2012). Thus, eutrophication presents a serious threat to vulnerable 

ecosystems and has the potential to alter food webs, support opportunistic as well as fast reproducing 

species and even trigger regime shifts (OSPAR, 2010). 

During the past decades, high nitrate availability was observed in the southern North Sea, which is an 

important habitat and foraging ground for various species (Common Wadden Sea Secretariat, 2016). 

However, in some areas of the Southern North Sea (such as Schleswig Holstein, Germany), a reduced 

probability of eutrophication has been recognized in recent years. Whereas in other areas, such as the 

Lower Saxon part the risk of eutrophication remains high and green macro algae coverage still exceeds 

background values (van Beusekom et al., 2018). Apart from this, oxygen depletion, leading to high 

mortality rates of bivalves, polychaetes and meiofauna was observed in the Lower Saxon part of the 

Wadden Sea as a result of high nutrient availability (Kolbe et al., 1995).  

Implications of increased nitrate availability is a known problem and several reports regarding the 

environmental state of the southern North Sea addressed the problem and identified the German 

coastal zone as a hotspot for eutrophication: ‘The national report on the eutrophication status of the 

German coastal region identifies the entire inner German Bight including the Wadden Sea as a 

problem area with regard to eutrophication’ (Keppner et al., 2012). Whilst the OSPAR Quality Status 

Report of 2010 identified eutrophication as a major threat to the German Lower Saxon part of the 

North Sea due to constant high nitrate levels (Keppner et al., 2012). The seriousness of increased 

nitrate concentration is underlined by the European Union’s legal actions against Germany due to the 

exceedance of critical values (European Commission, 2016). The trial forces Germany to take stronger 

actions with regard to the prevention, reduction and monitoring of nitrate induced pollution 

(European Commission, 2018a) and highlights the importance of understanding mechanism which 

influence the occurrence of eutrophic states.  
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A factor, strongly influencing the trophic state of coastal waters, is the transport of terrestrial 

compounds into marine systems. High proportions of nitrogenous compounds in coastal waters have 

a land based origin and consequently, land-sea pathways highly affect the nitrate availability in marine 

systems (Andersen et al., 2007). Nitrate is mainly transported by three mechanisms into marine 

systems: Riverine discharge, atmospheric deposition and submarine groundwater discharge (SGD) 

(Tamborski et al., 2017). SGD is defined by Burnett et al.  (2003) ‘as any and all flow of water on 

continental margins from the seabed to the coastal ocean, regardless of fluid composition or driving 

force’ (figure 1) and is globally observed (Moore, 1996).  

 

 

Figure 1. Schematic overview of SGD, illustrating the infiltration (In) and exfiltration (Ex) of fresh water and sea water at the 
Northern beach of Spiekeroog (Waska et al. 2019b). 

The occurrence and impact of SGD depends on multiple factors: sandy sediment texture stimulates 

pore water seepage due to its permeable characteristics (Beusen et al., 2013). Furthermore, the 

position of nearby aquifers, the tidal level and beach morphology affect the occurrence, intensity and 

spatial variability (regarding the longshore and cross shore direction, as well as depth level) of SGD 

(Lecher & Mackey, 2018) (Beck et al., 2017). Apart from this, the occurrence of underground fresh 

water lenses effect the formation of SGD. On islands, where fresh water lenses are usually formed as 

a result of underground accumulations of fresh water, feed by precipitation and floating above denser 

sea water, SGD occurs and is more intense (Röper et al., 2012).  On small islands, where surface 

freshwater bodies are usually absent (Moosdorf et al., 2015) SGD is from even greater importance due 

to the function as the main land-sea pathway for nutrient fluxes. As a result of the high variability of 

abiotic factors influencing pore water discharge, SGD is dynamic and often diffuse (Lee et al., 2016). 

Strong temporal fluctuations across tidal cycles occur due to the variable steepness of the hydraulic 

gradient between pore and sea water levels (Billerbeck, 2005). These temporal and spatial variations 

complicate the analysis of SGD (Waska et al., 2019a) (Burnett et al., 2006) and therefore, a large 

proportion of previous studies did not consider the impact of temporal and spatial variability of SGD 

on nutrient transport. Especially in high energy systems, where stronger impact of waves, wind and 

tides increases the variability in SGD, assessing the magnitude of SGD on nutrient transport is even 

more complex (Waska et al., 2019a).  
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Consequently, SGD, especially in high energy systems, is less studied than other nutrient transport 

mechanism (Burnett et al., 2006; Kwon et al., 2014) and for many years riverine discharge was believed 

to be the main input of terrestrial originated nitrate into marine systems and other factors were often 

neglected (Kwon et al., 2014). However, several recent studies assume a significant effect of SGD on 

nutrient transport, which might even exceed the impact of riverine discharge in some areas (Waska et 

al., 2019a; Cho et al., 2018; Beck et al., 2017; Kwon et al., 2014; McCoy & Corbett, 2009), due to high 

volumes of pore water entering marine systems, the longer residence time of pore water in soils and 

the consequentially high nutrient concentration (Stalker et al., 2009). Despite these indicators, SGD is 

not considered in current practices to manage and assess nutrient budgets entering marine systems:  

For example, the ‘Wadden Sea Quality Status Report Eutrophication’ stated a strong decline in riverine 

discharge of nitrate into the Wadden Sea since the early 1990’s, but concluded that the growth 

potential of green macro algae did not decrease (van Beusekom et al., 2018). However, the report 

considered riverine discharge as the only nutrient transport mechanism. The contradiction between 

decreasing riverine discharge and high algae growth potential leads to the assumption that other 

factors may play a key role in nutrient fluxes. At the moment no instruments in coastal and water 

management within Europe, such as the nitrates directives and the water framework directive 

consider SGD in assessing nutrient budgets and eutrophication. As stated by McCoy and Corbett 

(2009), neglecting SGD in management of coastal eutrophication is likely a result of the complexity 

and variability of SGD and its assessment, which results in an uncertainty regarding the magnitude and 

function of nitrate transport by SGD.  

Therefore, the aim of this study was to contribute to better understanding of SGD in complex and less 

studied high energy beach systems and to reduce the uncertainty regarding the variability, function 

and magnitude of SGD as pathway of nitrate. Better understanding of SGD as nitrate transport 

mechanism might help to assess whether and how SGD as pathway of nitrate should be considered in 

coastal management. Consideration of SGD in the management of coastal eutrophication might 

improve the assessment and modelling of nutrient budgets entering marine systems and eventually 

reach one of the EU nitrate directive’s aims of better monitoring of water quality regarding nitrate 

pollution (European Commission, 2018b). Specifically, better knowledge about spatial and temporal 

short term variability in nitrate discharge might contribute to improved monitoring and sampling 

strategies, which may result in qualitative as well as quantitative better data and more cost-effective 

monitoring practices and calculation of nutrient budgets. More accurate calculations of nutrient 

budgets might be the base for adjustments of existing regulations, such as the European fertilizer 

regulation or the nitrate directive.  

Apart from this, the study aims to provide better understanding of the general function of SGD as 

land-sea pathway for nitrate. Since nitrate presents a main limiting factor of primary production, 

better knowledge about the variability of nitrate fluxes helps to understand and predict productivity 

in systems. Besides this, tide inducted patterns in nitrate using optical in situ measuring techniques 

are not well studied and therefore, limited knowledge exists. Furthermore, the Wadden Sea system 

serves often as a model to understand mechanism which control tidal systems in general (Beck & 

Brumsack, 2012), understanding patterns of nitrate in the Wadden Sea area, might help to understand 

these mechanism in other areas as well.  
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Eventually, the outcomes of studies examining mechanism that control nutrient fluxes into marine 

systems are relevant to various parties, such as national and international authorities (e.g. the Minister 

for the Environment, Energy, Construction and Climate Protection of Lower Saxon, the German 

government, the European Commission), scientific institutions, but also the general public. 

Understanding the pathways of nitrate into marine systems helps to monitor pollution and identify 

vulnerable zones, which might help to designate water protection zones under the EU Water 

Framework Directive and help to conserve vulnerable ecosystems.  

The bachelor thesis project ‘Spatial and temporal patterns of NO3- in a beach ecosystem utilizing UV 

photometry’ is integrated in the interdisciplinary campaign ‘BIME’ (barrier island mass effect). The 

working group Marine Sensory Systems of the Institute for Chemistry and Biology of the Marine 

Environment (ICBM) and the Institute of Biology and Environmental Sciences (IBU/University of 

Oldenburg) along with the Max Planck Institute for Marine Microbiology in Bremen cooperate in this 

campaign to study the barrier island mass effect of the East Frisian Islands focusing on Spiekeroog 

Island. Apart from this, the campaign aims to gain better understanding of the impact of submarine 

ground water discharge on mass transport of nutrients and trace metals as well as the composition 

and microbiology of pore water (Carl von Ossietzky Universität Oldenburg, 2018). 

 

Research questions 

From the described problem statement the following main research question emerged:  

‘What spatial and temporal patterns of nitrate transported by SGD occur in a sandy beach ecosystem?’ 

 To examine this question the following sub questions were formulated: 

 

  Spatial patterns 

 

I. What variation in NO3- concentration can be observed in the longshore direction? 

 

II. What difference in NO3- concentration can be observed between pore water samples 

collected at 500mm and 1000mm depth? 

 

III. What variation in NO3- concentration can be observed in the cross-shore direction 

(HWL, runnel, ridge, LWL)? 

 

Temporal patterns  

 

I. What temporal variation in NO3- concentration can be observed across a tidal cycle? 
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2. Methodology  

2.1. Study site  
Sampling was carried out on the East Frisian Island Spiekeroog located in the Southern North Sea 

(figure 2). Main parts of the island are designated as nature protection area (Röper et al., 2013). Due 

to the island’s barrier function differs the sediment structure between the exposed shore in the North 

and the sheltered backbarrier area in the South. In the North, where sampling took place, sand is the 

dominant sediment type, whereas in the South mainly muddy sediments are found (Dijkema, 1991). 

The absence of limnic water bodies suggests that SGD fed by an underlying water lens (Röper et al., 

2012) is the main fresh water input into the marine waters surrounding Spiekeroog. Spiekeroog was 

chosen as sampling location due to legal requirements, the occurrence of permeable and sandy 

sediment texture in the North, which stimulates pore water seepage (Beusen et al., 2013) and the 

formation of a runnel system (Michel & Howa, 1999), the observation of pore water seepage in the 

past (Beck et al., 2017), but also due to the availability of a research station on the island.  

 

Figure 2. Map of the study area (Waska, et al., 2019c). 
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2.2. Sampling design  
To assess temporal and spatial patterns two different sampling strategies were applied. Spatial 

patterns were examined by collecting pore water samples from March 19 to 22, 2019 along nine 

transects (figure 3) and measuring samples ex situ. Whereas temporal patterns were studied by 

deploying nitrate sensors in the field (figure 3) and measuring nitrate in situ for 60 hours from May 14 

to 17, 2019. In both approaches, nitrate was measured utilizing the UV spectral sensor OPUS by TriOS 

GmbH (Rastede, Germany) with a path length of 10mm.  

 

Figure 3. Map of the study area, showing the sampling points along the nine transects sampled to assess spatial patterns as 
well as the position of the in situ deployed nitrate sensors to examine temporal patterns.  
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2.2.1. Spatial patterns  
To examine spatial patterns in nitrate discharge, nine vertical transects were sampled (figure 3). 

Distance between each transect was 300m and transect length was determined by the distance 

between MHWL and MLWL. The position of transects and sampling points was recorded using a high 

precision GNSS device (see appendix V). Along each transect, two pore water samples (from 50cm and 

from 100cm depth) were collected from each segment of the littoral zone (at the HWL, in the runnel, 

at the runnel ridge and at the LWL; see figure 5) which resulted in a sample size of eight samples per 

transect and a total sample size of 72 pore water samples.  Samples were collected using a stainless 

steel pore water lance (figure 6) and filtered in the field using 0.7μm (‘Minisart NML GF non-sterile 

syringe filter’ by Sartorius Stedim Biotech GmbH/Germany) and 0.2μm (‘Acrodisc 25mm‘ by Pall 

Corporation/USA) GRP filters. Samples were stored in the cold in sample-rinsed bottles and ex situ 

measured on the day of collection (to avoid changes in NO3- concentration over time) using a spectral 

nitrate sensors and a 10mm quartz cuvette. Each sample was ten times measured and the resulting 

mean nitrate concentration per sample was used in statistical analyses. 34 pore water samples were 

excluded from data analysis due to mean nitrate concentration under the detection limit (< 1.0930 

μmol/L), which resulted in an actual sample size of 38 pore water samples. The majority of excluded 

samples was collected in the runnel (15 samples), followed by samples collected at the LWL (ten 

samples) and at the ridge (seven samples), whilst in no samples collected at the HWL nitrate 

concentration under the detection limit were found (see appendix VI). In addition eight sea water 

samples were collected as control group. 

 

Figure 4. Schematic of the littoral zone showing the HTL, runnel, ridge and LWL (Bird et al., 2003). 



14 
 

 

Figure 5. Cross shore segments of the littoral zone at the Northern beach on Spiekeroog Island. 

 

Figure 6. Collecting pore water samples along the onshore transects using a pore water lance. 
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2.2.2. Temporal patterns   
To study variations in nitrate discharge across tidal cycles, nitrate concentrations in pore water were 

measured in situ at the Northern beach (figure 3) using two spectral nitrate sensors. Prior to the actual 

experiment which was conducted from May 14 to 17, 2019, a pilot study has been carried out from 

March 26 to 29, 2019. During the actual experiment in May, the sensors were deployed in the 

sediment (in 80cm depth) at the MHWL and in a tidal runnel for 60 hours (figure 7). Runnel ridge 

systems are characterised by a longshore tidal stream, which is separated by a sandbar (runnel ridge) 

from the open sea during low tide and submerged during high tide. Since tidal runnels gather and 

channel the leaking pore water of an extensive area (Scott et al., 2011) and no addidional freshwater 

flux takes place from the ridge into the sea (Beck et al., 2017), it is assumed that deploying sensors in 

the runnel enhances the measuring strategy. The positions of the sensors were recorded using a high 

precision GNSS device. Since OPUS sensors measure nitrate optically (appendix I) interference of 

particles needs to be avoided by hanging the sensors in closable HDPE filter tubes (filter width 0.3mm, 

tube length 1m, inner  diameter 89mm; Figure 8 & 9) and protecting the optical path with a synthetic 

filter sleeve (filter width 0.3μm). To avoid darkening of the optical path by the filter sleeve, an 

aluminium grid sheet was placed between the optical path and the filter sleeve (see appendix II). CTD 

sensors were deployed in each tube to record the control variables conductivity and water 

temperature. The sensors were supplied with energy using a 14 V underwater rechargeable Li-Ion 

battery. Energy supply was controlled using a MicroDI Power Timer. The batteries’ on time was 

programmed to 65 hours and the measuring interval of the optical and CTD sensors was set to 1 

minute.  

 

 

Figure 7. Schematic overview of the tidal experiment set up. 
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Figure 8. Schematic close up of the tidal experiment set up. 

 

Figure 9. Deployment of the sensors and battery at the Northern beach on Spiekeroog. 
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2.2.3. Control variables 
During transect sampling (spatial patterns), O2 content [%], conductivity [mS/cm] and water 

temperature [°C] were recorded using a handheld multi meter. During the tidal experiment (temporal 

patterns), water temperature [°C] and conductivity [mS/cm] were measured in situ utilizing CTD 

sensors by vanEssen (measuring interval 1 min.). Conductivity and water temperature [°C] were 

measured to calculate the salinity in PSU. Since nitrate and bromide, which is a natural element 

present in sea water (Pinet, 2013) absorb at similar wavelengths of the UV spectrum (Pellerin et al., 

2013a) it is crucial to consider salinity in optical nitrate measurements and to take a possible distortion 

by bromide into account. Apart from salinity, the temperature influences the absorption spectrum of 

nitrate. Thus, strong temperature fluctuations might distort results and therefore, temperature needs 

to be considered (Pellerin et al., 2013a). Since oxygen plays a key role in the nitrogen cycle and in the 

conversion of ammonium into bioavailable nitrate for primary producers (Campbell et al., 2014), it is 

crucial to consider oxygen availability as well.  

2.3. Sensor calibration and data preparation 
Each nitrate sensor was specifically calibrated using ultra-pure water of type 1 with 0.055 μS/cm 

produced by an ultra-pure water system by Sartorius Stedim Biotech GmbH/Germany. Sensors for in 

situ deployment were calibrated in filter tubes, whereas sensors for ex situ application were calibrated 

using 10mm quartz cuvettes. Raw data was corrected using MATLAB 7.12 (The Math-Works Inc.) and 

a correction procedure developed by Zielinski et al. (2011). Temperature and salinity correction was 

performed by recording reference spectra of artificial sea water (low nutrient load; 12.5 PSU; 18 °C) 

and nitrate (16.13 μmol/L) in the lab. Reference spectra were then subtracted from the absorption 

spectra measured in the field. Eventually, nitrate was calculated by means of a linear regression 

between nitrate spectra of a dilution series conducted in the lab (2 to 100 μmol/L; increment 8 μmol/L) 

and the spectra measured in the field (Zielinski et al. 2011). Nitrate and salinity reference spectra were 

recorded prior to the field measurements in May. Therefore, salinity and nitrate ranges of the 

reference spectra were based on measured values during the pilot study in March.  
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2.4. Data analysis – Spatial patterns  
Following data preparation, data was analysed using SPSS version 25 (IBM Corp, 2017). Results were 
considered statistically significant with α = 0.05. GNSS data was processed using ArcMap version 10.5.1 
(WGS84 32N; EPSG: 4326 projection) (Esri, 2016).  

2.4.1. Longshore patterns 
Longshore variability in nitrate concentration was examined for each segment of the littoral zone 

separately (HWL, runnel, ridge, LWL) due to high variability within transects. Since the variable nitrate 

concentration measured at each segment of the littoral zone did not satisfy model assumptions of a 

Pearson test (results of normality tests are shown in appendix III), a logarithmic transformation of the 

variable nitrate concentration was performed. Variability in nitrate discharge was then analysed by 

means of a Pearson correlation, which used the decadic logarithm of nitrate concentration as 

dependent variable and the transect number as independent variable.  

2.4.2. Depth-dependent patterns  
Since all samples collected in the runnel at 100cm depth were excluded from data analysis due to 

nitrate concentrations under the detection limit, no comparison regarding depth-depended 

differences was conducted for these samples. Nitrate concentration per depth level met t-test’s model 

assumptions regarding normality and variances, with exception of samples collected at the ridge in 

100cm depth, which did not follow normal distribution (results of the tests are shown in appendix III).  

Therefore, nitrate concentration was logarithmically transformed. Depth depended variability in 

nitrate discharge was analysed by means of independent T-tests, which compared the decadic 

logarithm of  nitrate concentration found in 50 cm and 100cm depth.   

2.4.3. Cross-shore patterns  
Differences in nitrate discharge in the cross shore direction were examined by comparing nitrate 

found at the different segments of the littoral zone (HWL, runnel, ridge, LWL). Since data did not satisfy 

model assumptions of an analysis of variances, a logarithmic transformation of the variable nitrate 

concentration was performed (results of the tests are shown in appendix III). Samples collected at the 

different segments of the littoral zone were compared by means of an analysis of variances (assuming 

unequal variances; results of the tests are shown in appendix III) and a Post Hoc comparison using a 

Games-Howell test (which considered the unequal variances and sample size). 

Apart from this, cross shore trends in nitrate discharge were analysed by means of a Spearman 

correlation (since model assumptions of a Pearson correlation were not satisfied; the corresponding 

test results are shown in appendix III), which used the decadic logarithm of nitrate concentration as 

dependent variable and the shore height of the sampling point as independent variable.  

2.4.4. Control variables 
The relationships between nitrate concentration and the control variables were examined by means 

of Spearman correlations, since the variable nitrate concentration did not satisfy model assumptions 

of a Pearson correlation (test results are shown in appendix III). Therefore, Spearman correlations 

between nitrate concentration and salinity [PSU], between nitrate concentration and water 

temperature [°C] as well as between nitrate concentration and O2 content [%] were performed. Apart 

from this, multicollinearity between the control variables was revealed, which indicated that model 

assumption of a multiple regression are not satisfied (see appendix III).  
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2.5. Data analysis - Temporal patterns  
To examine temporal patterns of nitrate discharge across tidal cycles, 3651 nitrate measurements per 

nitrate sensor were conducted across 61 hours (measuring interval 1 min.). However, due to strong 

interference of very fine sediments causing reduced light availability, data quality was insufficient in 

measurements conducted in the tidal runnel. Therefore, only data measured at the HWL was 

considered in this study. The first 7 hours of measurements were excluded from data analysis (420 

measurements) to avoid biased results caused by sensor deployment (e.g. low pore water levels in the 

filter tubes), which resulted in an actual sample size of 3231. Water level ranged from 21.797 to 

345.791cm and nitrate concentration ranged from 8.9394 to 26.1098 μmol/L. Due to high variability 

in nitrate concentration between falling and rising tides, nitrate concentrations of both tidal intervals 

were analysed separately. The variable nitrate concentration did not satisfy model assumptions (test 

results are shown in appendix IV), however due to large sample size (n =3231) the performance of 

parametric analyses was preferred. The relationship between water level and nitrate concentration 

was examined by means of a simple regression analysis, which used nitrate concentration as 

depended variable and water level as independent variable. Apart from this, differences in nitrate 

concentration during high and low tides were compared by means of an independent t-test, assuming 

normal distribution (test results of model assumptions are shown in appendix IV). 

2.5.1. Control variables  
A Pearson test was applied to test the correlation between nitrate and each control variable (salinity, 

water temperature). Apart from this, Pearson tests were performed to examine the correlation 

between water level and each control variable (salinity, water temperature). Although model 

assumptions of a Pearson test were not satisfied (test results are shown in appendix IV), the test was 

applied because of the sample size (n= 3231). Salinity ranged from 20.26 to 32.57 PSU (x ̄= 29.6310 

PSU, SD = 4.3701), whilst water temperature ranged from 10.70 to 14.65°C (x ̄ = 12.0571°C, SD = 

.71206). Apart from this, a multicollinearity between the control variables was revealed (see appendix 

IV).  
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3. Results - Spatial patterns 

3.1. Longshore patterns  
No significant correlations between the decadic logarithm of nitrate concentration and the transect 

position were found at the HWL (Pearson, r = 0.243, p = 0.347), in the runnel (Pearson, r = 0.409, p = 

0.732), at the ridge (Pearson, r = 0.574, p = 0.065) and at the LWL (Pearson, r = 0.108, p = 0.818). 

However, the data revealed high variability in nitrate concentration in the longshore direction as 

shown in table 1, figure 10 and 11.  

Table 1. Nitrate concentration across the different transects and segments of the littoral zone. 

 
 

 
Figure 10. Variability in nitrate concentration across the onshore transects at the HWL and in the runnel. 

 
Figure 11. Variability in nitrate concentration across the onshore transects at the ridge and at the LWL. 
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3.2. Depth-dependent patterns  
No significant differences between the decadic logarithm of nitrate found in pore water sampled in 

50cm and 100cm depth were found at the HWL (Pearson, r = 0.243, p = 0.347), in the runnel (Pearson, 

r = 0.409, p = 0.732) and at the LWL (Pearson, r = 0.108, p = 0.818). In samples collected at the ridge, 

the mean decadic logarithm of nitrate found at 50cm depth was significant higher than in samples 

collected at 100cm depth (t (9) = 2.804, p = 0.021; Table 2; Figure12) 

Table 2. Means of nitrate concentration and decadic logarithm found in pore water sampled at 50cm and 100cm depth. 

 

 

 

 

 
Figure 12. Distribution of the decadic logarithm of nitrate found in pore water sampled at 50cm and 100cm depth across 

the different segments of the littoral zone. 
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3.3. Cross shore patterns  
An analysis of variances revealed significant differences in the mean decadic logarithm of nitrate 

concentration found in samples collected at the HWL, in the runnel, at the ridge, at the LWL and in sea 

water (F (4, 41) = 10.917, p < 0.001). Apart from this, a multiple Post Hoc comparison using a Games-

Howell test indicated significant differences between the mean decadic logarithm of nitrate 

concentration found in samples collected at the HWL and LWL (p < 0.001), HWL and sea water (p < 

0.001), LWL and sea water (p < 0.001) as well as between samples collected at the ridge and LWL (p = 

0.001; see table 3 and figure 13 to 16).  

 

Table 3. Nitrate concentration and the corresponding decadic logarithm found in pore water sampled at the different 
segments of the littoral zone.  

 

 

 
Figure 13. Variation in NO3- concentrations across the different segments of the littoral zone. 
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Figure 14. Differences in the mean decadic logarithm of nitrate concentration found in pore water samples collected at the 

HWL, in the runnel, at the ridge, at the LWL and offshore. 

 

Figure 15. Spatial patterns of nitrate discharge (100cm depth) 
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Figure 16. Spatial patterns of nitrate discharge (50cm depth). 

Besides this, a significant positive correlation between the decadic logarithm of nitrate concentration 

and the shore height (sampling position at the littoral zone) was revealed (Spearman, ρ = 0.626, p < 

0.001; Figure 17). 

 
Figure 17. Positive correlation between the decadic logarithm of nitrate concentration and the shore height (position at the 

littoral zone; 1 = LWL, 2 = Ridge, 3 = Runnel, 4 = HWL).  
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3.4. Control variables 
The relationship between nitrate concentrations in pore water samples (n = 38) and the control 

variables salinity, o2 content and water temperature were analysed by means of a spearman 

correlation. The analyses indicate a negative correlation between nitrate concentration and salinity 

(Spearman; ρ = -0.602, p < 0.001; Figure 18) and a positive correlation between nitrate concentration 

and O2 concentration (Spearman; ρ = 0.682, p < 0.001; Figure 19) 

 
Figure 18. Negative correlation between nitrate concentration and salinity in pore water samples. 

 
Figure 19. Positive correlation between nitrate concentration and O2 content in pore water samples. 
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4. Results - Temporal patterns  
The relationship between water level and nitrate concentration was examined by means of a simple 

regression analysis, which reveals a significant curvilinear correlation between nitrate concentration 

and water level during rising tides (F (3, 1457) = 182.215, p < 0.001) and falling tides (F (3, 1766) 

=267.607, p < 0.001) as shown in figure 20 and 21.  

 
Figure 20. Curvilinear relationship between nitrate concentration and water level during rising tides.  

 
Figure 21. Curvilinear relationship between nitrate concentration and water level during falling tides. 
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Apart from the curvilinear correlation between nitrate concentration and water level, a distinct 

pattern regarding peaks and lows in nitrate concentration was observed across the tidal cycles (as 

shown in figure 22, 23 and 24). During rising tides, nitrate concentration increased until a tidal level 

of ≈ 15cm below the upcoming high tide level and then declined sharply during high tide resulting in 

nitrate concentrations of 12.0362 to 25.403 μmol/L (n = 4, x ̄= 19.3021 μmol/L, SD = 5.4984) during 

high water. During falling tides, nitrate concentrations declined further until a tidal level of ≈ 60 to 

130cm below the previous high tide level (as shown in table 4). From this point on, nitrate 

concentration increased again until low tide, where nitrate concentrations of 17.7878 to 19.7940 

μmol/L (n = 4, x ̄= 18.8558 μmol/L, SD = 0.7427) were observed. During and after low tide nitrate levels 

remained more stable but increased again until ≈ 25cm below the water level of the upcoming high 

water (peaks and lows in nitrate concentrations and the corresponding tidal levels are shown in 

appendix IV). A t-test comparing the mean nitrate level during high and low tide did not reveal 

significant differences (t (7) = -0.183, p = 0.860). However, as shown in table 4, nitrate concentrations 

during high tide indicated higher variability than during low tide.  

 
Figure 22. Variation in nitrate concentration across two tidal cycles measured on May 15th, 2019.  

 
Figure 23. Variation in nitrate concentration across two tidal cycles measured on May 16th, 2019.  
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Figure 24. Variation in nitrate concentration across a tidal cycles measured on May 17th, 2019. 

Table 4. Nitrate and water levels during high tides and low tides. 

 

4.1. Control variables  
Pearson tests indicated significant negative correlations between nitrate concentrations and salinity, 
between nitrate and water temperature as well as between the water level and salinity, whilst a 
positive correlation between water temperature and salinity was revealed (as shown in table 5). 
 

Table 5. Results of Pearson correlations testing the relationship between the control variables and NO3- concentration. 

 
  

LW 
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5. Discussion 
Spatial and tide induced patterns of nitrate discharge in a beach ecosystem on Spiekeroog Island were 

examined during this study. Spatial patterns were researched by means of ex situ analyses of pore 

water samples, which were collected along ten transects, covering different segments of the littoral 

zone (HWL, runnel, ridge, LWL) and sampling depths (50cm and 100cm). Variability in nitrate levels 

across tidal cycles (temporal patterns) were in situ examined by deploying a spectral nitrate sensors 

at the Northern beach at the HWL and measuring for 60 hours.  

5. 1. Temporal patterns  
Examining nitrate concentration across tidal cycles indicated distinct temporal patterns. Patterns in 

nitrate differed greatly during falling and rising tides, which indicated a high impact of tides on nitrate 

fluctuations. During rising tides, nitrate concentration increased until a tidal level of approximately 

15cm below the upcoming high tide level and then declined sharply during high tide resulting in 

moderate nitrate concentrations during high water. During falling tides, nitrate concentrations 

declined further until a tidal level of approximately 60 to 130cm below the previous high tide level. 

From this point on, nitrate concentration increased again until low tide. During and after low tide 

nitrate levels remained more stable but increased again until approximately 25cm below the water 

level of the upcoming high tide. During the first tidal cycle of each day, nitrate concentrations followed 

more stable curves, whilst during the second cycle of each day stronger fluctuations were observed. 

This pattern was observed across all examined tidal cycles and the curvilinear relationship between 

nitrate concentration and tidal level was revealed as statistical significant. At first glance, this pattern 

is unexpected due to outcomes of previous studies suggesting highest SGD rates during low tide, as a 

consequence of a steeper hydraulic gradient between pore and sea water during ebb tide, resulting 

in a more active flow of pore water into the sea (Billerbeck, 2005). However, besides the hydraulic 

gradient, variations in salinity and water temperature induced by fluctuating tidal levels might also 

contribute to the observed pattern in nitrate, since other studies found that the density gradient 

between pore water and sea water influences the intensity of SGD (Michael et al., 2016).  

Only a few field studies addressed the variability in nitrate transported by SGD across tidal cycles so 

far. However, a study conducted by Santos et al. (2009) examined variability of nitrate discharge across 

tidal cycles at a sandy beach in the Gulf of Mexico. Despite the differing study site and methodology 

of the research by Santos et al. (every 90 minutes a pore water sample was collected at the HWL at 

four different sampling stations across a time period of 16 hours and nitrate was measured ex situ 

using a standard colorimetric method) similar patterns were found: Shortly before high tide a peak in 

nitrate concentration was observed and during high tide nitrate levels decreased, whilst during low 

tide nitrate concentration increased until nitrate concentrations peaked again shortly before the next 

high water (Santos et al., 2009). The study by Santos et al. (2009) concluded that the observed 

temporal pattern results from mixing of pore water and recirculating sea water during high water, 

which might also explain the observed temporal pattern in nitrate on Spiekeroog. Mixing of sea water 

and pore water during high tide might also explain the observed higher variability in nitrate 

concentrations during high tide compared to the more stable concentrations in nitrate during low tide.  

A further explanation of the distinct temporal pattern might be the assumption of a time-delayed 

influx and exchange of pore water in the filter tube, resulting in time-delayed nitrate peaks. Time-

delayed nitrate peaks as a result of time-delayed water exchange in the filter tubes might explain the 

contrary result of highest nitrate concentration shortly before high water and not during ebb tide as 

stated by Billerbeck (2005). The revealed negative correlation between salinity and water levels 

supports the assumption that a time-delayed water exchange in the filter tubes influenced the results 

of this study.  
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5.1.1. Limitations 
Interference of very fine sediments causing reduced light availability presented a limitation in studying 

temporal patterns in nitrate. Whereas measurements conducted at the HWL were not affected, 

measurements conducted in the tidal runnel were interfered by fine sediments. Filter hoses, 

protecting the optical paths of the spectral sensors were used, however, mesh wide was likely too 

large (0.3μm). Therefore, it is recommended to consider the grain size in the choice of mesh wide in 

future studies. Apart from this, it should be mentioned that the day after finishing the tidal experiment 

full moon took place (on May 18, 2019) creating a spring tide, which let suggest that patterns in nitrate 

are less extreme during neap and average tides.  

5.2. Spatial patterns  

5.2.1 Cross-shore patterns 
Distinct spatial patterns in nitrate were mainly revealed in the cross shore direction: A significant trend 

of increasing nitrate concentrations towards the higher shore was revealed, indicating highest nitrate 

concentration at the HWL, followed by samples collected at the ridge and in the runnel whilst samples 

collected at the LWL showed lowest nitrate concentrations. Samples collected at the HWL and at the 

LWL differed the most from each other and differed as well from sea water samples regarding nitrate 

concentrations. However, it needs to be noted, that the highest proportion of excluded samples was 

collected in the runnel (15 excluded samples were collected in the runnel, 10 samples at the LWL and 

7 samples at the ridge) which might have affected the result. Previous research, found highest SGD 

rates in the runnel and at the LWL due to exfiltration and aggregation of pore water as a result of a 

steeper hydraulic gradient between the runnel/LWL and aquifers compared to the HWL/ridge (Scott 

et al., 2011). Based on these previous studies, it was assumed that nitrate discharge follows similar 

patterns. A possible explanation for the observed pattern of increasing nitrate levels with increasing 

shore height might be the influence of oxygen. In general, nitrate and oxygen are positive correlated 

due to the nitrification of ammonium into nitrate under the influence of oxygen (Kaiser et al., 2011). 

A positive correlation between nitrate and oxygen was also in this study revealed and the mean 

oxygen content in pore water at the HWL was found to be a multiple of the mean oxygen content in 

the runnel, at the ridge and LWL (as shown in appendix III), which might have affected cross-shore 

patterns found during this study. This suggestion is supported by outcomes of a study by Beck et al. 

(2017), which found higher nitrate concentrations higher at the shore, whereas closer to the LWL 

mostly ammonium were found.   

Apart from this, highest variability in nitrate patterns in the cross-shore direction was observed in 

samples collected at the ridge and in the runnel, which is in line with a previous study by Waska et 

al. (2019a) investigating pore water chemistry at the Northern beach of Spiekeroog. The study by 

Waska et al. (2019a) concluded that high variability in pore water composition at the ridge and in 

the runnel is likely linked to extremer and faster morphological shifts in this segments of the littoral 

zone, as a result of high exposure to waves and tides.  
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5.2.2. Longshore patterns  
In the longshore direction no significant trend in nitrate discharge was observed. However, the data 

showed diffuse discharge of nitrate and high longshore variability. This is in line with other research 

conducted at the Northern beach of Spiekeroog: The previous study by Waska et al. (2019a) suggests 

that diffuse patterns in nutrient discharge are likely linked to random factors. Consequently, the 

hypothesis of increasing nitrate levels towards the West, as a result of nutrient discharge from the 

tidal flats was not proven by this study.  

5.2.3. Depth-dependent patterns  
Analyses of depth-depended differences in nitrate concentration did not show distinct patterns, but 

also high variability. Only in samples collected at the ridge, significant differences were observed 

which indicated higher nitrate concentrations in 50cm than in 100cm depth.  Therefore, the 

hypothesis of increasing nitrate concentrations with depth due to lower salinity at greater depths 

(Rapaglia & Bokuniewicz, 2009) and the assumed negative correlation between NO3- and salinity (Knee 

et al., 2010) was not proven by this study. However, due to limited sampling depths, it was not possible 

to investigate a possible trend in nitrate concentrations.  

5.2.4. Limitations 
Variability in nitrate concentrations across tidal levels was not considered during the collection of pore 

water samples to examine spatial patterns. However, results of the tidal experiment indicate that the 

tidal level effects nitrate concentration in pore water. The main proportion of pore water collected at 

the LWL was sampled during low tide and the majority of pore water collected at higher littoral zones 

was sampled at higher tidal levels (to extend the working time for sample collection). The analysis of 

temporal patterns revealed increasing nitrate levels at higher tidal levels (and a sharp decline shortly 

before high water) and the spatial analysis revealed much higher nitrate concentrations at the HWL 

compared to nitrate levels found in samples collected at the LWL, which let suggests that results of 

the spatial analysis are possibly influenced by the tidal level at the moment of sample collection. 

Therefore, it is highly recommended to consider the tidal level during sampling in future studies.  

A further implication of studying spatial patterns in nitrate discharge, was the low sample size which 

resulted from excluding high numbers of samples due to nitrate levels under the detection limit (< 

1.0930 μmol/L). A higher detection limit could be reached by increasing the sensor’s optical path 

length, which requires larger quantities of pore water per sample (Pellerin et al., 2013a) and therefore, 

it is recommended to increase pore water volume per sample in future studies.  

Apart from this, it should be noted that the revealed negative correlations between nitrate and salinity 

as well as between nitrate and water temperature are commonly observed in science (Knee et al., 

2010) due to the dependence of the conductivity on the material and the resistance of the material 

(as a result of the capability to conduct electronic currents by ions serving as conductor), which in turn 

is linked to the temperature (McCleskey et al., 2012). Therefore, the revealed negative correlations 

are rather an indicator for a correct measurement of salinity and temperature, than an interference 

of optical nitrate measurements (since salinity and temperature were considered during data 

preparation).  
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Eventually, the relatively low nitrate concentrations measured during this study at the Northern beach 

of Spiekeroog, support the findings of a study by Beck et al. (2017), which compared SGD rates on the 

Frisian barrier islands at sandy beaches facing the open North Sea and SGD rates at the back barrier 

tidal flats. The study concluded that SGD plays a key role in sandy beach systems as pathway for 

nutrients due to high permeability of sand, resulting in a higher volumes of pore water flowing into 

the sea compared to other sediment types (Beck et al., 2017). However, on Spiekeroog, SGD from the 

backbarrier tidal flats is from greater importance for total nutrient budgets entering marine systems, 

due to the higher load of organic matter in the tidal flat system (Beck et al., 2017). The Wadden Sea’s 

tidal flats present a very unique ecosystem (Common Wadden Sea Secretariat, 2016) and in a global 

context, SGD in tidal flats is restricted to fewer areas and likely from minor importance as pathway for 

nutrients compared to SGD in sandy beach systems, which cover 31% of the Earth’s shoreline 

(Luijendijk et al., 2018). 

  



33 
 

6. Conclusion 
SGD in sandy beach systems plays a significant role in transporting nitrate into marine waters, as 

shown in research before. Studying SGD as pathway for nitrate at the sandy beaches on Spiekeroog, 

revealed diffuse, but highly variable patterns in the longshore direction, whereas distinct patterns 

were found in the cross-shore direction and across tidal cycles. The relatively low nitrate 

concentrations found during this study support the findings of previous research suggesting a minor 

impact of SGD from the sandy beaches on Spiekeroog compared to SGD from the backbarrier tidal 

flats on total budgets of nitrogenous compounds entering the Southern North Sea. However, in other 

systems, where tidal flats are absent and impact of pollution by nitrogenous compounds is higher, 

SGD fluxes of nitrate from sandy beaches play likely a more important role.  

Apart from this, the study further revealed the complexity of assessing SGD as pathway for nitrate and 

the large numbers of variables (tidal levels, salinity, water temperature, oxygen content and beach 

morphology) affecting the intensity and function of nitrate discharge. The variety of factors influencing 

SGD and side specific variability in these factors, impede the consideration of SGD as pathway for 

nitrate in current coastal management. However, this should not result in a negligence of SGD as 

pathway for nitrate but rather in assessing the magnitude of SGD in specific systems in order to enable 

the consideration of SGD as pathway for nitrate in coastal management. In areas where SGD has 

significant impact on nitrate budgets, monitoring and modelling of nitrate budgets should be adjusted 

in order to reduce the error rate in assessing nitrate budgets and the risk of eutrophication. Adjusted 

strategies for nitrate monitoring should be side specific and consider the tidal level and position 

(regarding the shore height) during monitoring. In addition, salinity, water temperature and oxygen 

concentration, which have significant impact on nitrate levels as shown in this study and various other 

studies should be considered in nitrate monitoring.  

In conclusion, this study suggest to conduct further, system specific research investigating the 

magnitude and function of SGD as pathway for nitrate as well as the variability across tidal cycles and 

in the cross-shore direction. Incomplete knowledge about temporal and spatial variability in SGD as 

pathway for nitrate likely results in errors estimating nitrate budgets. Therefore, it is recommended 

to further examine the variability of nitrate discharge across tidal cycles and to conduct in situ 

measurements across longer periods. By measuring across longer time intervals, the observed pattern 

might be confirmed and nitrate levels during low tide and high tide, as well as water levels during 

nitrate peaks and lows statistically tested. Besides this, it is strongly recommended to examine the 

water exchange rate in the filter tubes in order to recalculate possible time-delayed nitrate peaks and 

lows. Also spatial patterns in nitrate should be further studied. Specifically, cross-shore patterns 

should be investigated by measuring ammonium concentration in addition to nitrate to examine 

whether the observed pattern of increasing nitrate levels with shore height is a result of higher oxygen 

concentrations at the higher shore causing nitrification of ammonium into nitrate. Apart from this, 

depth-depended patterns in nitrate discharge should be investigated by sampling more depth levels 

in order to find possible patterns, which might be linked to depth-depended variability in salinity, 

temperature and oxygen. 

Conducting the recommended investigations and thereby reducing the remaining uncertainties 

regarding the magnitude of SGD as pathway of nitrate will likely contribute to the manageability of a 

complex component influencing the health of vulnerable and important ecosystems.  
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Appendix I 

Measuring principles of the spectral sensor OPUS 
The spectral sensor OPUS determines the concentration of a substance in an aquatic body by 
measuring its transmission (T) of light at a certain wavelength (nitrate at 210nm) (figure 1) and 
compares it with the transmission of ultra-pure water. By dividing the basic intensity of light through 
the current light intensity of the sample the transmission rate of the sample is calculated as following:   

T = I/I0 

 

Due to the linear relationship between the absorption (which is a logarithmic function of the 
transmission) and concentration, the absorption is commonly used instead of the transmission rate:  

A = – logT 
(Owen, 2000) 

 

 
Figure 1. General measuring principle of photometers (Pellerin, et al., 2013b). 

Where   
T       is the transmission rate (%)  
I        is the current light intensity of the sample  
I0           is the basic intensity of light (usually of ultra-pure water)  
A       is the Absorption 
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Appendix II 

Equipment 

 

Figure2. Waterproof subcon-M8 adapters constructed for the tidal experiment. 

 

 

Figure 3. The spectral sensor OPUS deep sea with a self-constructed optical path protector grid. 
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Appendix III  

Model assumptions – Spatial patterns 
Table 1. Results of normality and variance tests per segment of the littoral zone. 

 

Table 2. Results of normality and variance tests per segment of the littoral zone and depth level. 

 

 

Table 3. Results of normality tests for the variable NO3- concentration. 
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Control variables – Spatial patterns  
 

Table 4. Mean values of the control variables per segment of the littoral zone and in sea water samples. 

 

Table 5. Results of normality tests for the control variables. 

 

Table 6. Results of Spearman correlations testing the relationship between the control variables and NO3- concentration. 
The results indicate, that model assumption of a multiple regression are not satisfy. 
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Appendix IV  

Model assumptions – Temporal patterns 
Table7. Results of normality tests (NO3- concentration during rising tides).

 

Table 8. Results of normality tests (NO3- concentration during falling tides).

 

Table 9. Results of normality tests (control variables during rising tides). 

 

Table 10.  Results of normality tests (control variables during falling tides). 

 

Table 11. Results of normality tests indicating normal distribution of nitrate concentrations during high and low tide. 
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Table 12.  Water levels during peaks and low points in NO3-  concentration per tidal cycle. 

 

 

Control variables – Temporal patterns 
 

Table 13.  Mean salinity and water temperature during rising and falling tides. 

 

Table 14.  Results of Pearson correlations testing the relationship between the control variables and NO3- concentration 
(during rising tides). The results indicate, that model assumption of a multiple regression are not satisfy. 
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Table 15.  Results of Pearson correlations testing the relationship between the control variables and NO3- concentration 
(during falling tides). The results indicate, that model assumption of a multiple regression are not satisfy. 

 
 

 

 
 

Figure 4. Variation in water temperature across two tidal cycles measured on May 15th, 2019. 
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Figure 5. Variation in water temperature across two tidal cycles measured on May 16th, 2019. 

 

 

 
Figure 6. Variation in water temperature across 6 hours measured on May 17th, 2019. 
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Figure 7. Variation in salinity across two tidal cycles measured on May 15th, 2019. 

 
Figure 8. Variation in salinity across two tidal cycles measured on May 16th, 2019. 
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Figure 9. Variation in salinity across 6 hours measured on May 17th, 2019. 
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Appendix V  

GPS coordinates  
Table 16. GPS coordinates of the sampling points.  

Sampling 
point 

Transect 
no 

Littoral 
zone 

UTM 
coordinates* 

x y 

44 
Sea 

water 
Sea 

water 
413881 5960093 

85 
Sea 

water 
Sea 

water 
412740 5959396 

A19 
Sea 

water 
Sea 

water 
414775 5960102 

8 1 Runnel 415113 5960033 

19 1 HWL 415076 5959890 

20 1 HWL 415076 5959890 

25 1 LWL 415141 5960167 

26 1 Ridge 415110 5960056 

27 1 Runnel 415113 5960033 

31 1 LWL 415141 5960167 

32 1 Ridge 415110 5960056 

A1 2 HWL 414781 5959916 

A14 2 LWL 414775 5960102 

A17 2 Runnel 414780 5960003 

A18 2 LWL 414775 5960102 

A2 2 Ridge 414778 5960040 

A5 2 Runnel 414780 5960003 

A6 2 HWL 414781 5959916 

A9 2 Ridge 414778 5960040 

14 3 LWL 414459 5960036 

A11 3 Runnel 414472 5959948 

A12 3 Runnel 414472 5959948 

A16 3 HWL 414475 5959909 

A20 3 HWL 414475 5959909 

A3 3 Ridge 414468 5959987 

A4 3 LWL 414459 5960036 

A8 3 Ridge 414468 5959987 

17 4 Ridge 414192 5959934 

18 4 Runnel 414191 5959908 

24 4 Runnel 414191 5959908 

34 4 LWL 414201 5959990 

35 4 HWL 414191 5959848 

42 4 HWL 414191 5959848 

47 4 Ridge 414192 5959934 

2 5 Ridge 413955 5959898 

7 5 Runnel 413877 5959846 

9 5 LWL 413881 5960083 

28 5 Ridge 413955 5959898 
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37 5 LWL 413881 5960083 

43 5 HWL 413883 5959829 

45 5 HWL 413883 5959829 

50 5 Runnel 413877 5959846 

23 6 Runnel 413612 5959680 

29 6 Ridge 413581 5959734 

30 6 LWL 413477 5959949 

36 6 HWL 413624 5959666 

48 6 Runnel 413612 5959680 

76 6 LWL 413477 5959949 

92 6 Ridge 413581 5959734 

15 7 Ridge 413302 5959604 

21 7 LWL 413184 5959812 

38 7 LWL 413184 5959812 

40 7 HWL 413371 5959489 

49 7 Ridge 413302 5959604 

75 7 HWL 413371 5959489 

78 7 Runnel 413355 5959508 

86 7 Runnel 413355 5959508 

51 8 Runnel0 413081 5959323 

52 8 Runnel 413093 5959354 

53 8 Ridge 413052 5959426 

54 8 Runnel 413093 5959354 

57 8 LWL 412892 5959602 

63 8 Ridge 413052 5959426 

64 8 HWL 413145 5959298 

65 8 HWL 413145 5959298 

82 8 LWL 412892 5959602 

46 9 HWL 412930 5959088 

66 9 LWL 412640 5959386 

73 9 Ridge 412761 5959258 

74 9 Ridge 412761 5959258 

77 9 Runnel 412889 5959131 

81 9 LWL 412640 5959386 

84 9 Runnel 412889 5959131 

87 9 HWL 412930 5959088 
* Coordinate system = WGS84 N32 

 
Table 17. GPS coordinates of the in situ deployed nitrate sensors. 

Sensor 
location 

UTM coordinates* 

x y 

Runnel 415181 5959992 

HWL 415166 5959992 

* Coordinate system = WGS84 N32 
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Appendix VI 

Summary of excluded samples 
Table 18. Excluded samples due to nitrate concentrations under the detection limit 

Sampling point 
Transect 

no Segment littoral zone Sampling depth [cm] 

27 1 Runnel 100 

A17 2 Runnel 100 

A12 3 Runnel 100 

7 5 Runnel 100 

24 4 Runnel 100 

23 6 Runnel 100 

86 7 Runnel 100 

A5 2 Runnel 50 

A11 3 Runnel 50 

78 7 Runnel 50 

18 4 Runnel 50 

77 9 Runnel 100 

54 8 Runnel 50 

84 9 Runnel 50 

52 8 Runnel 100 

A9 2 Ridge 100 

49 7 Ridge 100 

47 4 Ridge 100 

29 6 Ridge 100 

2 5 Ridge 100 

A2 2 Ridge 50 

17 4 Ridge 50 

A18 2 LWL 100 

38 7 LWL 100 

37 5 LWL 100 

34 4 LWL 100 

A14 2 LWL 50 

14 3 LWL 50 

31 1 LWL 50 

9 5 LWL 50 

30 6 LWL 50 

81 9 LWL 100 
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