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Abstract 

Existing spatially-explicit freshwater eutrophication indicators focus on phosphorus as the sole 
contributor to the impacts, although nitrogen may be a limiting factor too. We developed Fate 
Factors (FFs) for both dissolved inorganic nitrogen (DIN) and dissolved inorganic phosphorus 
(DIP), distinguishing emissions from soil and emissions to freshwater. The fate processes modelled 
include nutrient attenuation from land to stream, in the river network, in reservoirs and lakes, and 
associated with water consumption. FFs were calculated at a river basin resolution with a global 

coverage. Preliminary emission-weighted global average FFs are (in days) FF_soil_DIN = 117; 
FF_river_DIN =251; FF_soil_DIP = 21; FF_river_DIP = 241. The present fate model is consistent 
with recent advances in marine eutrophication impacts assessment and complements such an 
approach.  
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1. Introduction  
 
Most Life Cycle Impact Assessment (LCIA) methods to date estimate freshwater eutrophication 
impacts from phosphorus (P) emissions only (Helmes et al. 2012, Struijs et al. 2009). This baseline 
assumption is not representative of the numerous freshwater systems across the world where 
eutrophication is nitrogen (N) limited or N and P co- limited (e.g. Lake Taupo in New Zealand 
(Pearson et al. 2016), rivers in Ireland (Elsaholi and Kelly-Quinn, 2013), lakes in Canada (Ogbebo 
et al., 2009)). As a result, for freshwater eutrophication impacts assessment, there is a need to 
account for the contribution of N to freshwater eutrophication as well, in those cases (Payen and 
Ledgard 2017). 
A comparison of eutrophication impact assessment indicators showed that farm inputs are an 
important determinant of the impacts, but the fate modelling (transport, attenuation) and the 
sensitivity of the receiving compartment are also crucial (Payen and Ledgard 2017). Given the 
globalization of current product chains and the ubiquity of the emission sources within, it is 
paramount to have both site-specificity and global coverage embedded in the characterisation 
factors for freshwater eutrophication.  
The objective of this work was to develop Fate Factors (FFs) for both N and P nutrients, at a 
worldwide river basin resolution.   
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2. Material and methods  
 
The proposed FF model work accounts for the attenuation processes of dissolved inorganic nitrogen 
(DIN) and dissolved inorganic phosphorus (DIP) in soil, rivers and lakes. The method discriminates 
two emission routes: diffuse emission from soils (FF_soil) and point emission to freshwater (FF_river). 
The model input parameters used, correspond to the removal coefficients developed in the Global 
Nutrient Export from WaterShed 2 (NEWS2-DIN and NEWS2-DIP) models suite (Mayorga et al. 
2010) and water residence time in lakes from the extensive HydroLAKES database (Messager et al. 
2016). The resulting FFs represent the persistence of the fraction of the original DIN or DIP 
emissions in the freshwater system. The fate processes modelled include nutrient attenuation (i) 
from land to stream, (ii) in the river network, (iii) in reservoirs and (iv) associated with water 
consumption (Mayorga et al. 2010). A missing component in Global NEWS2 is nutrient attenuation 

in lakes. For that, we used the water residence time of 1,420,891 lakes across the world (Messager 
et al. 2016) to estimate N and P attenuation, using Nixon et al. (1996) empirical relationships. These 
express the fraction of N or P inputs that are exported, as a function of the water residence time in 
lake and estuaries.  
FFs are modelled at an individual river basin resolution and are also aggregated at a country and 
global scales using an emission-based weighting scheme. Emissions per individual river basin were 
obtained from the NEWS2 models.  
All calculations were performed using a GIS software package (ArcGIS Pro v.2.0). 

 
3. Results and discussion 

 
Four sets of FFs were obtained corresponding to two emission routes (nutrient emitted from soil and 
emitted to river) and two nutrients (DIN and DIP), namely FF_soil_DIN; FF_river_DIN; FF_soil_DIP and 
FF_river_DIP. Among 6,081 river basins in the world, preliminary FFs show 4 and 7 orders of 
magnitude variation for DIN and DIP emissions from soil, and 2 and 3 orders of magnitude 
variation for DIN and DIP emissions to river. Figure 1 shows FF_river_DIN at the river basin scale. 
Preliminary results of emission-weighted global average FFs show (in days) FF_soil_DIN Global = 117; 
FF_river_DIN Global = 251; FF_soil_DIP Global = 21; FF_river_DIP Global = 241.  
A comparison of these results with FFs for P developed by Helmes et al. (2012) of FF_river_DIP =130 
days shows that we obtained higher FFs (241 days). This difference may not only be due to 
differences in the model used, but also to a different FFs aggregation rule, as Helmes et al. (2012) 

used human population density whereas we have used DIN and DIP emissions per river basin. 
A comparison with European FFs for P emitted to river available in ReCiPe 2008 (Struijs et al. 

2009) (111 days) and Helmes et al. 2012 (40 days) shows that we obtained values within that range, 
i.e. FF_river_DIP Europe = 68 days. 
The only comparison possible regarding FFs for N emitted to river, is with European values from 
ReCiPe 2008 (Struijs et al. 2009) (110 days) which shows that we obtained lower values with 
FF_river_DIN Europe = 74 days. 
When comparing FFs for P emission from soil with P emission to river, we obtained values that are 
11 times higher for direct emission to water, which is in the range of previous work with factors 
ranging from 7 (Potting et al. 2005), 18 (Struijs et al. 2011), and 20 (Huijbregts and Seppälä 2001). 
The main limitation of this work is the use of lake water residence time as a proxy for nutrient 
residence time in lakes. Future work will investigate the use of an empirical relationship based on a 

larger dataset specific for lakes and rivers. A sensitivity analysis on the parameters (exported 
fraction and water residence time) still have to be performed. 
Another limitation, is the resolution imposed by the NEWS2 model not distinguishing fate within 
river basin sections or at smaller spatial units. This can be an issue for large river basins, where 
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significant differences in nutrient attenuation rates per river section or spatial unit may bias the FF 
estimation. Higher spatial resolution modelling is currently under testing in New Zealand. 
 

 
Figure 1. Fate Factors (FF) for dissolved inorganic nitrogen (DIN) emitted to river (FF_river_DIN, in 

[yr]), calculated at the river basin scale and global coverage (green color gradient). Nutrient 
attenuation in 1,420,891 lakes (in blue) was accounted for in the FF model and calculations (Note 
the geometric scale). 
  

 
Figure 2. Fate Factors (FF) for dissolved inorganic nitrogen (DIP) emitted to river (FF_river_DIP, in 
[yr]), calculated at the river basin scale and global coverage (purple color gradient). Nutrient 
attenuation in 1,420,891 lakes (in blue) was accounted for in the FF model and calculations (Note 
the geometric scale). 
 

4. Conclusions  
 
We developed spatially differentiated and globally applicable FFs, in a consistent way for both N 
and P emissions from soil and to river. The use of these FFs, in conjunction with a spatially-explicit 

inventory of DIN and DIP emissions improves the environmental relevance and discriminatory 
power of the assessment of freshwater eutrophication impacts for LCA applications. The method is 
consistent with the work on marine eutrophication impacts assessment, recently developed by 
Cosme and colleagues (2017, 2018) and based on the same underlying model (Global NEWS2) and 
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spatial resolution. Future work includes application on case studies and the consideration of 
seasonality in nutrient limitation. 
The applicability of this method at high spatial resolution is hampered by the design of LCA 
commercial software that does not support a regionalised impact assessment based on multiple 
spatially-differentiated inventory datasets. This is a limitation for the application of all recent 
regionalised methods. 
 
Acknowledgement 

The authors thank AGMARDT for a Post-Doctoral Fellowship for the senior author and 
AgResearch for research support. 
 
References 

Cosme, N., Mayorga, E., Hauschild, M.Z. 2017. Spatially explicit fate factors for waterborne 
nitrogen emissions at the global scale. The International Journal of Life Cycle Assessment 
23(6):1286–1296. 
Cosme, N., Hauschild, M.Z. 2018. Characterization of waterborne nitrogen emissions for marine 
eutrophication modelling in life cycle impact assessment at the damage level and global scale. The 
International Journal of Life Cycle Assessment 22(10):1558-1570. 
Elsaholi, M., Kelly-Quinn, M., 2013. The effect of nutrient concentrations and ratios on periphyton 
biomass in low conductivity streams: implications for determination of nutrient limitation. Inland 

Waters 3:451-458. 
Helmes, R.J.K., Huijbregts, M.A.J., Henderson, A.D., Jolliet, O. 2012. Spatially explicit fate factors 
of phosphorous emissions to freshwater at the global scale. The International Journal of Life Cycle 
Assessment 17(5): 646-654. 
Huijbregts, M.A.J., Seppälä, J. 2001. Life cycle impact assessment of pollutants causing aquatic 
eutrophication. The International Journal of Life Cycle Assessment 6(6):339–344. 
Mayorga, E., Seitzinger, S.P., Harrison, J.A., Dumont, E., Beusen, A.H.W., Bouwman, A.F., Fekete, 
B.M., Kroeze, C., Van Drecht, G. 2010. Global Nutrient Export from WaterSheds 2 (NEWS 2): 
Model development and implementation. Environmental Modelling and Software 25(7):837-853. 
Messager, M.L., Lehner, B., Grill, G., Nedeva, I., Schmitt, O. 2016. HydroLAKES. Estimating the 
volume and age of water stored in global lakes using a geo-statistical approach. Nature 
Communications: 13603. 
Nixon, S.W., et al. 1996. The fate of nitrogen and phosphorus at the land sea margin of the North 

Atlantic Ocean. Biogeochemistry 35(1):141–180.  
Ogbebo, F.E., Evans, M.S., Waiser, M.J., Tumber, V.P., Keating, J.J., 2009. Nutrient limitation of 

phytoplankton growth in Arctic lakes of the lower Mackenzie River  Basin, northern Canada. Can. J. 
Fish. Aqut. Sci. 66 : 247-260. 
Payen, S., Ledgard, S. 2017. Aquatic Eutrophication indicators in LCA: Methodological challenges 
illustrated using a case study in New Zealand. Journal of Cleaner Production. 168:1463-1472.  
Pearson, L.K., Hendy, C.H., Hamilton, D.P., 2016. Dynamics of silicon in lakes of the Taupo 
Volcanic Zone, New Zealand, and implications for diatom growth. Inland Waters 6:185-198. 
Potting, J., Beusen, A., Øllgaard, H., Hansen, O.C., De Haan, B., Hauschild, M. 2005. Aquatic 
eutrophication. In: Potting J, Hauschild M (eds): Technical background for spatial differentiation in 
life cycle impact assessment. Copenhagen: Danish Environmental Protection Agency.  
Struijs, J., Beusen, A., van Jaarsveld, H., Huijbregts, M.A.J. 2009. Aquatic eutrophication. Chapter 

6. In: Goedkoop, M., Heijungs, R., Huijbregts, M.A.J., De Schryver, A., Struijs, J., Van Zelm, R. 
(eds): ReCiPe 2008 a Life Cycle Impact Assessment Method Which Comprises Harmonised 
Category Indicators at the Midpoint and the Endpoint Level. Report I: Characterisation factors (first 
edition). 


