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The IPW9 abstracts in this electronic abstract book are sorted as follows: 
 

The 7 keynote lectures, ordered chronologically according to the program 
 

The 68 oral presentations in the 14 parallel sessions, ordered chronologically 
according to the program 

 
The 102 posters, ordered by theme and within each theme according to the 
numbered posters list in the program booklet 

 
Presenting authors are indicated in bold. 
 
Some abstracts have been edited for style and layout but never in their content, 
which remains responsibility of the authors. 
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The importance of adequate phosphate rock quantity and fertilizer 
quality in the 21st century 

 
Andrea E. Ulrich 

 
Plant Nutrition, ETH Zurich, and Phosagro Trading, Zug, Switzerland  

 
aulrich@phosagro.com 

 
For a hundred years, mineral fertilizers based on phosphate rock have been the most 
important source of P in plant nutrition. Not surprisingly, sufficient phosphate rock 
supply was and still is a top priority in securing agricultural production. While the link 
between food security and ample phosphate rock reserves is well established, less 
emphasis has been placed on quality considerations, i.e. the fact that mineral P 
fertilizers are well known to be a source of heavy metals which can accumulate in 
soils, enter the food chain or move to waterways. This year`s EU initiative on 
regulating several heavy metals, amongst Cd, in mineral P fertilizers, may emerge as 
flagship activity to tackle these long-term environmental and human health 
challenges. It is argued that for feeding crops sustainably, not only adequate 
quantities of phosphate rock but also safer fertilizers are needed. By revisiting the 
challenge of sufficient reserve quantities (“to peak or not to peak”), world shifts in 
production, and the EU legislative concern over cleaner P fertilizers, the notion is put 
forth that the right (safe) fertilizer choice is equally important for food security than 
dominating quantity concerns.   

 
Keywords: phosphate rock, supply security, cadmium, legislation 
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A need to better integrate substance flow analyses in to 
transdisciplinary spaces for transformative change in phosphorus 

recycling 
 

Geneviève S. Metson 
 
Division of Theoretical Biology and Center for Climate Science and Policy Research, 

IFM Linköping University, Sweden 
 

genevieve.metson@liu.se 
 
Tracking phosphorus through substance flow analyses and nutrient budgets have 
been, and will continue to be, essential to understand where there are opportunities 
to increase recycling and efficiency, while decreasing demand and pollution. 
However, the results of these tools are not enough to create the change necessary 
for sustainable phosphorus management. The social, economic, and environmental 
conditions that affect how phosphorus flows in a region need to be explicitly 
integrated to knowledge on phosphorus flows in order to identify potential solutions. 
In fact, the integration of other types of dimensions to nutrient budgets can help 
identify unintuitive explanations to observed patterns, and thus to implement 
appropriate intervention strategies. For example, in Phoenix Arizona USA high 
phosphorus recycling was unintentional and caused by a combination of global 
market forces and local water management priorities.  
Making phosphorus budgets spatially explicit can be one way to increase their 
usability, including combining them with other types of spatial data. Furthermore, 
using such maps with stakeholders can be part of a more holistic strategy to identify 
barriers and enablers of change and can form the basis of further scenario and 
intervention creation. In both Montreal Canada and Sydney Australia for example, 
combining phosphorus budgets with interviews and workshops was useful to be able 
identify a disconnect between cities as producers of organic waste and farmers as 
potential users of such fertilizers. 
In the advent of inter and even transdisciplinary funding calls becoming common at 
the national, EU, and even global level more research groups are integrating different 
expertise, including substance flow analyses. Still, when published, or used for policy 
decisions, many of the pieces of the puzzle remain separate. To create meaningful 
and actionable change in phosphorus recycling communities (including academics) 
requires continued monitoring and cooperation in order iteratively adapt as new 
information comes in. However, many of these transdisciplinary funding calls are 
intended as ‘kick starters’ and not sustained streams of financial resources. The 
question then becomes: How do we, as scientists, get this important work done? 
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How to transform a phosphorus waste stream into a fertilizer? 
 

Anders Nättorp and N. Rastetter 
 

School of Life Sciences, University of Applied Sciences Northwestern Switzerland, 
Switzerland 

 
anders.naettorp@fhnw.ch 

 
We humans and our industrialized food production generate huge phosphorus flows. 
Depending on the existing infrastructure on the different continents, these streams 
are collected and mostly treated to a certain degree. However, a large proportion of 
the phosphorus is not recycled, but is lost in wastewater, manure, slaughterhouse- 
and other wastes. Europe is well advanced in the collection and recovery of 
phosphorus for environmental reasons. With the vision of a circular economy, steps 
are now being taken to increase the recycled phosphorus amount. In order to recycle 
it as mineral fertilizer, numerous technical processes have been proposed which 
achieve one or several of the following objectives: 1) purification, 2) improvement of 
plant availability and 3) concentration. 
Examples of different types of processes, which have reached a certain technological 
readiness level, mostly at least pilot scale, will be presented. However, how can the 
suitability for a successful implementation be evaluated and what are the technical 
requirements? The outputs of recovery processes will soon be subject to the new 
European fertilizer regulation. This regulation will support recycling efforts by 
ensuring sufficient quality and qualifying many wastes as potential raw materials for 
fertilizer production. 
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Strategies for efficient phosphorus (P) use in crop and pasture 
systems 

 
Therese M. McBeatha,b, M.J. McLaughlinb and T.I. McLarenc  

 
a Agriculture and Food, Commonwealth Scientific and Industrial Research 

Organisation, Adelaide, Australia 
b School of Agriculture Food and Wine, University of Adelaide, Adelaide, Australia 

c ETH, Zurich, Switzerland 
 

therese.mcbeath@csiro.au 
 

Motivation for the efficient use of phosphorus (P) inputs is strong in Australian 
agricultural systems due to several key drivers. The soils are fragile and weathered 
with relatively low inherent P fertility, the majority of cropping is rain-fed with climate 
risk a key driver of decision making and there has been significant intensification in 
both crop and animal production under declining terms of trade. In cropping systems, 
a national audit (2017) suggests that 70% of P applied is exported in crops, but this 
varies according to system and soil type. There is emerging evidence that soil P 
fertility is not being maintained at levels adequate to achieve crop yield potential in 
some soil types. Despite this trend, only 25% of the cropped area utilises soil P 
testing to inform P management. Maintenance of P fertility has a key role in cropping 
systems for ensuring optimal crop P nutrition and access to and recovery of other 
nutrients (eg N, Zn). Identifying more efficient ways to maintain P fertility remains a 
challenge. In low P fertility soils, intensification of crop production has exhausted 
potentially labile P at depth resulting in an increased demand for either P applied 
near the seed or at depth (up to 20 cm depth). Strategic placement of fertiliser at 
depth has increased yields by more than 15% by increasing root access and placing 
fertiliser in a layer less prone to drying. The use of liquid formulations have been 
found to have a key role for increasing P use efficiency (>20%) in precipitation (Ca-P 
species) prone highly calcareous soils. However, the exploration of foliar applied 
liquid P formulations, a strategy that would appear attractive to reduce upfront risk in 
drought years, while absorbed by plants with up to 80% recovery has not shown 
consistent yield effects. In pasture systems, a low P balance efficiency of 11-19% of 
P input being exported, depending on the livestock enterprise prompted the 
exploration alternative strategies for the management of P inputs. Experiments using 
radiolabelled P fertilisers measured the amount of P fertiliser recovered in clover 
pasture managed with varying depth of placement, timing of application and rate of 
application. In these relatively low P sorbing soils, the current practice of pre-growing 
season surface application of P fertiliser at maintenance inputs was in fact found to 
be the most efficient strategy with up to 50% of P applied recovered in the first 
season. 
Opportunities remain to both optimise P fertility and significantly increase the P use 
efficiency of crop and pasture systems by providing labile P for the longest possible 
duration in a location that is available to growing roots. Strategies under investigation 
including deep P placement and P formulation modifications aim to achieve this goal. 
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350 years after P discovery: Addressing environmental challenges 
of P deficiencies and excesses 

 
Helen Jarviea, A. Sharpleyb, P. Kleinmanc, D. Flatend 

 
aNERC Centre for Ecology & Hydrology, Wallingford, U.K. 

bDepartment of Crop, Soil, and Environmental Sciences, University of Arkansas, USA 
cUSDA-ARS Pasture Systems and Watershed Management Research Unit, USA 

dDepartment of Soil Science, University of Manitoba, Canada. 
 

hpj@ceh.ac.uk 
 

As we mark the 350th Anniversary of the discovery of phosphorus (P), we face a 
conundrum of simultaneous deficiencies and excesses of P, from local to global 
scales.  
Phosphate rock is a non-renewable resource, and there are major challenges in 
overcoming current and future P deficiencies to sustain food production. With 
growing populations and the transition to a bioeconomy - which will be reliant on 
agriculture to generate the raw materials and bioenergy for industry and society - our 
demand for, and dependency on, P is set to accelerate.   
The decoupling of livestock and crop production systems has led to one-way 
transfers of P (as feed to livestock, then fertilizers and manure to soils), contributing 
to the build-up of soil P above levels needed for crop production. This has degraded 
ecosystem services, especially through greater risk of P loss to water.  We face the 
increasing occurrence and severity of water-quality impairment from excess P 
entering aquatic systems, with eutrophication a global cause of water-quality 
impairment, and a pervasive threat to our water security. Furthermore, the 
accumulation of legacy P stores - within the landscape and water bodies – can cause 
chronic water-quality impairment, masking the effects of today’s conservation 
programmes and threatening water security over a wide range of timescales.   
This presentation explores the implications of this growing P conundrum, the 
vulnerability of aquatic systems to eutrophication, and how transitions between P 
limitation and P impairment have impacted the water quality and ecological health of 
our rivers, from headwaters to the basin scale. Improved stewardship of P will be vital 
in optimising the balance, and minimising the trade-offs, between agricultural 
production, urban development, waste management, and the quality and security of 
our water resources. Addressing these challenges will require collaboration across all 
sectors of society, to create a more circular P economy, and increase our P use 
efficiency through the entire food system: from farm to fork, to wastewater 
management and disposal. 
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Building blocks containing phosphorus for atom efficient 
syntheses 

 
Hansjörg Grützmacher, 

 
Department of Chemistry and Applied Biosciences, ETH Zürich, Zürich, Switzerland 

 
hgruetzmacher@ethz.ch 

 
It is a formidable challenge for chemistry to create processes which can be 
considered as truly sustainable. This does not only require to develop processes 
which are highly efficient but also take into account the availability of starting 
materials. On top of that, the fate of a chemical product after its use has to be taken 
into account. In other words, when a product with a certain function has turned into 
waste its maximal recyclability into usable chemicals has to be considered and 
designed from the beginning into the production process. In this area of conflict, 
chemistry has therefore the task to generate products of high functionality, quality, 
and sufficiently long life-time from cheap and readily available resources which in 
addition can be completely recycled. At the same time, research must also focus on 
the finding of entirely new molecules and materials. Only these offer the chance to 
find even better products which surpass the properties of known species. These 
considerations have to be made especially for so called specialty chemicals which 
mostly have highly specific functions but because of their high market value are often 
prepared using procedures which are far off the principles of sustainable chemistry. 
Our own research focuses on the synthesis of just such special chemicals containing 
phosphorus. These find application as photoinitiators for a wide range of established 
coating processes but also in emerging technologies such as 3D printing or as 
additives in composite materials. Considering the principles of atom economy for the 
synthesis of such compounds, we have developed building blocks from simple and 
easily available starting materials. On one side, these building blocks allow to 
assemble a variety of new molecules in a short time using simple processes which 
open up the opportunity to find new applications. On the other side, they also allow to 
streamline processes to known molecules and materials and reduce waste and cost. 
Using mostly examples from our own research efforts, the lecture will illustrate the 
value taking the effort of developing new functional groups and building blocks in 
phosphorus chemistry. 
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30 years of activities, an Overview of MELiSSA project 
 

Christophe Lasseur 
 

European Space Agency, Belgium 
 

Christophe.Lasseur@esa.int 
 

Seeded in 1987 with a precursor flight experiment on board the Chinese rocket 
longue Marche, conceptualized and published in October 1988, and initiated in 
March 1989, the European project of regenerative life support, from its early days 
has followed a very progressive approach. Today, after almost 30 years of activities. 
The project gather a very large community from scientists to engineers, from 
universities to spin-off companies, from industry to space companies, from students 
to European civil servants. This large community distributed over 15 European 
countries is pursuing two main objectives: - Space life support system and - 
Terrestrial circular economy. 
It is correct to state that the key challenge of MELiSSA is: how to select, to assemble 
and to demonstrate  processes and technologies to reach the highest degree of 
closure within the ALISSE criteria set : Mass, Energy, Efficiency, Safety, Reliability 
and Crew Time.  
 Mainly due to these final objectives, the overall project is structured in a very 
progressive approach. 
Within Phase 1, Basic R&D, the processes and technologies, generally at low TRL 
are characterize a stoichiometry’s level, energy and safety, then static and dynamics 
models are elaborated for an integration in the overall system. After this intensive 
characterization, within phase 2 called: Preliminary Flight experiments, the critical 
space issues are identified (e.g. reduced gravity, multi-phases processes, 
radiations,.. ) and propose for flight experiment, generally in LEO. So far, the main 
part of the flight s experiments were done via International competition of the ILSRA 
ISS. From this already solid information the selected processes and technologies are 
integrated and demonstrated over a long period and with a living consumer, human 
but potentially animals too. The core of this activity is performed at the MELiSSA Pilot 
plant in Spain. In parallel, of these 3 phases run as well the Phase 4 : Technology 
transfer, where already 3 spin-off company have been created. Initiated to transfer 
space technology to Earth, this phase is becoming more and more a platform of 
collaboration for join R&D efforts. Phase 5, which has taken a reasonable amplitude 
over the last years: Education and Communication is led by the MELiSSA foundation 
and support Students and STEM activity ( e.g. AstroPlants). 
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Environmentally and economically sustainable phosphorus use in 
Flanders 

 
Fien Amerya, B. Vandecasteelea, W. Odeursb, A. Elsenb, H. Vandendriesscheb, 

S. Nawarac and E. Smoldersc 
 

a Institute for Agricultural and Fisheries Research, Plant Sciences Unit, 
Merelbeke, Belgium 

b Soil Service of Belgium, Heverlee, Belgium 
c Department of Earth and Environmental Sciences, KU Leuven, Leuven, Belgium 

 
Fien.Amery@ilvo.vlaanderen.be 

 

Soil phosphorus (P) levels and P concentrations in surface waters are generally high in 
Flanders (Northern part of Belgium). The maximum application limits of P for farmers 
depend upon the measured soil P availability. The Flemish Land Agency (VLM) initiated 
a research project (2015-2018) in order to select the best soil P test method, to set the 
target soil P availability for both agriculture and environment, and to formulate fertiliser 
and management recommendations for sustainable P use. 
Six soil P tests were evaluated:  (1) extraction with ammonium lactate  and acetate at pH 
3.75 (P-AL, Egnér et al., 1960); (2) extraction with 0.5 M NaHCO3 (P-Olsen); (3) 
extraction with 0.01 M CaCl2 (P-CaCl2); (4) extraction with ammonium oxalate (P-Ox), 
with possibility to calculate the phosphate saturation degree (PSD, 5) and (6) diffusive 
gradient in thin film technique (DGT). In general, no large differences in soil P test 
performance for explaining yield (losses) were observed in 11 long term field studies 
across Europe (Nawara et al., 2017) and in a greenhouse P depletion trial (Nawara et al., 
2018). The capacity of the soil P tests in estimating soil P leaching losses were 
evaluated by a soil column leaching experiment, in which the PSD slightly outperformed 
P-AL and P-CaCl2. P-Ox performed worst for both yield and P leaching estimations. 
Taking the method performance and the familiarity into account, it is reasonable to keep 
using the P-AL method in Flanders. 
It was investigated which P-AL values are acceptable for both agriculture and 
environment. First of all, field trials were studied to look for the minimum P-AL value 
necessary for acceptable crop yields. A Mitscherlich fit revealed that for all crops 
together and at optimal soil pH, a P-AL value of 110 mg P/kg is necessary to reach 95% 
relative yield (yield compared to the maximal yield in that field). Secondly, it was 
investigated which P-AL in the topsoil is related to 25% PSD in the soil profile, limiting 
the P concentration leaching to the ground water to 0,1 mg ortho-P/L (P standard for 
surface waters in Flanders). This maximum P-AL acceptable for the environment is 160 
mg P/kg. Consequently, the agro-environmental target zone for Flanders is between 110 
and 160 mg P/kg measured in the topsoil. 
On soils with P-AL values lower or higher than this target zone respectively positive or 
negative soil P balances (= inputs by P application minus outputs by crop removal) 
should be applied. A multiple linear regression with data from 33 long term field trials 
revealed that the higher the initial P-AL value, the more P fixation in time and the larger 
the net P-AL change per kg P added or removed from the soil. To stay in the target zone, 
a small positive soil P balance is necessary. Interestingly on average only 27% of the net 
amount of P added or removed is measured as change in the P-AL fraction of the topsoil. 
The results of the project will nourish the Flemish legislation and recommendations 
regarding P fertiliser strategies (quantities and management) are issued to the farmers.  
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Phosphorus: evaluation of P surplus in Lombardy agricultural soil  
 

Silvia Renata Motta and S. Brenna 
 

ERSAF – Regional Agency for Agriculture and Forestry, Milan, Italy 
 

silvia.motta@ersaf.lombardia.it 
 

Phosphorus is an essential building block of life. It is an irreplaceable part of modern 
agriculture, as there is no substitute for its use in animal feed and fertiliser. The 
current situation, involving waste and losses at every step of the phosphorus life 
cycle, contributes to concerns about future supplies and water and soil pollution, both 
in the EU and worldwide. In 2013 the European Commission published a 
Consultative Communication on the Sustainable Use of Phosphorus that addressed 
for the first time at EU level, the issues around the sustainability of phosphorus use, 
both in terms of losses to the environment and of supply for crops. The current use of 
phosphorus is inefficient at many stages of the life cycle, causing problematic water 
pollution and the waste of a wide range of associated resources.  
P manure and fertilizers have been applied in excess to increase crop yield, resulting 
in varying accumulation of P within soil systems. Although the addition of P input to 
soils had a positive impact on crop production the impact on the environment such as 
eutrophication has become a problem. 
To assess the current situation in Lombardy, a simplified balance method was 
applied. The available data concerning P inputs to agricultural soils were collected: P 
from manure, P from civil/industrial source (sewage sludge), P from mineral source 
(synthetic fertilizers) and then compared with the P outputs (crops P uptake). Both 
the data in bibliography and the data from the monitoring network of the Lombardy 
region were collected to establish phosphorus MAS (maximum application standards) 
for the key crops grown in Lombardy region. 
A map of the phosphorus surplus at regional level was obtained through the 
application of this methodology.  
Significant values of P surplus was found where the livestock density is higher, 
resulting in a serious pression on the environment. 
Together, a monitoring action was carried out for several years measuring the 
concentration of P in agricultural soils at 3 depths (0-90 cm) in nitrate vulnerable 
zone and outside. Higher P concentrations where detected in Lombardy plain soils 
resulting mainly from the past and current use, of massive rates organic fertilizers. 
The P2O5 values in the 0-30 cm depth varied from a minimum of 1.8 mg/kg to 280 
mg/kg DM in soils. 
In conclusion, specific measures to manage this resource must be applied at regional 
level to ensure the crops production standard but limiting the risk of dispersion in the 
environment and the accumulation in soils. 
Livestock density is at some point identified as one of the main drivers for nutrient 
losses and phosphorus is used as an indicator for the pressure from agriculture on 
water quality. Therefore, policies are needed to push towards phosphorus recovery 
systems, both from civil/industrial sources and from agricultural sources, using the 
territorial level as a dimension that could makes these solutions applicable and 
sustainable. 
 
Keywords: phosphorus, soil, surplus  
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https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/crop-yields-increase
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/eutrophication
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Can manure trade make an effective contribution towards 
sustainable P cycles in Swiss agroecosystems? 

 
Raniero Della Peruta, M. Mueller and A. Keller 

 
Swiss Soil Monitoring Network (NABO), Agroscope, Zurich, Switzerland 

 
raniero.dellaperuta@agroscope.admin.ch 

 
Farm manure is the most important P resource in Swiss agriculture. However, as in 
many other European countries, livestock density can vary substantially between 
agricultural regions. Where density is high, the large production of farm manure, 
combined with other aspects of the farms’ fertilization strategy (including rates and 
timing), can lead to local P surpluses with respect to crop requirements. The excess 
manure should be exported to avoid P wastage and prevent P accumulation in soil 
and related environmental problems. Conversely, farms with low livestock density 
can import manure in order to optimize their fertilization strategy, in particular 
reducing the use of mineral fertilizers while profiting from the benefits of manure 
application. However, there is a lack of studies on the extent to which manure trade 
between regions, i.e. cantons in the case of Switzerland, can be optimized to 
sufficiently reduce local P surpluses. 
We developed a tool to simulate manure trading at local and national scale, by 
combining data on geo-referenced farm census, chemical composition of soil 
amendments, crop nutrient requirements, and typical agricultural practices. The tool 
depicts farms’ fertilization strategy as influenced by several factors including the farm 
structure as well as regulation and incentive policies. The tool is part of a more 
general model we designed to capture the spatial and temporal pattern of nutrient 
fluxes in agricultural soils. We tested different scenarios by varying some parameters 
related to the transport distance and the number of trading partners involved. We 
verified the plausibility of the results by comparing them with the data collected by the 
HODUFLU platform, where farmers can record their transport operations. The results 
show that there is scope for improving manure trading, especially between 
specialized agricultural districts. 
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Development of a phosphorus recovery urinal 
 

Dyllon Garth Randall and C.P. Flanagan 
 

 Future Water Institute/Department of Civil Engineering, University of Cape Town, 
South Africa 

 
dyllon.randall@uct.ac.za 

 
Waterless urinals can save significant amounts of water but they can also be used to 
separate concentrated urine at source. Urine collection in established buildings is 
often costly because the plumbing system must be retrofitted for separate urine 
pipes. In addition, waterless urinals often have issues with blockages because of 
solids building up in the piping system. 
To solve these challenges, we have developed a fertilizer-producing urinal that uses 
no water and does not have to be connected to a conventional sewage line to 
operate. We designed and constructed the urinal using a plastic funnel and collection 
tank. The urinal recovered 11.23 ± 1.3 g of solid fertilizer per kg of urine and we found 
that 1000 nutrient recovery urinals could produce an income of $85/day. The solid 
fertilizer was predominately calcium phosphate. This novel approach offers a new 
and easy method for collecting urine within office blocks or other commercial 
buildings. In addition, the recycling of nutrients at source offers a more sustainable 
and environmentally method for fertilizer production since minimal energy is required 
and “waste” streams are converted into useful products. The work has been 
published in the Journal of Environmental Chemical Engineering and this abstract is 
an extract of the published article. 
 
Keywords: calcium hydroxide, urea, urine 
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Assessment of nutrient provision by the secondary fertilizers 
hazenite and struvite 

 
Conor Watsona, J. Clemensb and F. Wicherna 

 
a Faculty of Life Sciences, Rhine-Waal University of Applied Sciences, Kleve, 

Germany 
b Soepenberg Fertilizers BV, Deventer, Netherlands 

 
 

conor.watson@hsrw.eu 
 

 
Maximum yields are not achieved on 40 % of global arable land due to insufficient 
phosphorus (P). This, as well as projected rising fertiliser cost and geopolitical 
concentrations of rock phosphate, has led to secondary fertilizers attracting interest 
as potential P sources. Secondary fertilizers can be precipitated from societal waste 
waters. We produced hazenite (KNaMg2(PO4)2.14H2O) from milk industry waste 
water; to our knowledge this is the first time it has been synthetically made. A 77-day 
pot trial was set up to establish whether hazenite was comparable with commercially-
available P, magnesium (Mg) and potassium (K) fertilizers in terms of Italian ryegrass 
(Lolium multiflorum italicum L.) biomass production and nutrient uptake. Shoots were 
harvested four times and their dry weights and P/Mg/K concentrations determined. 
Hazenite proved to be as effective as or superior to conventional fertilizers when 
used as an Mg or K source; as a P source it induced a significantly lower P uptake 
than triple super phosphate (TSP). Nevertheless, there was no corresponding 
significant reduction in biomass production and the relative fertilizer efficiency was 
almost 82 %. 
Struvite (MgNH4PO4.6H2O) was also produced from the milk industry waste water. 
Struvite and nitrification inhibitors are applied to soils to respectively provide nutrients 
and reduce nitrogen (N) loss. Given its low N composition, struvite could be added to 
soil concurrently with N fertilisers and nitrification inhibitors. Nutrient release from 
struvite could be impacted if nitrification of its ammonium component is reduced. A 
separate 65-day pot trial was conducted to ascertain whether struvite induced Italian 
ryegrass nutrient uptake and shoot yields to be comparable with replicates receiving 
conventional Mg or P fertilizers. The inhibitor dicyandiamide (DCD) was added to 
gauge its effect on P uptake. Shoots were harvested four times and their dry weights 
and P/Mg concentrations determined. In comparison with a conventional fertiliser, 
struvite led to superior ryegrass Mg uptake without significantly greater shoot 
biomass, indicating luxury Mg consumption. Shoot yield and P uptake data 
demonstrated struvite to be as effective as TSP. DCD significantly reduced P uptake 
in the first harvest. In later harvests, it led to a trend of increased biomass, probably 
due to degradation of this N-rich compound. The observed short-lived impact of DCD 
on P uptake should be considered in the light of its degradation occurring less rapidly 
in the field, and early P supply being vital for optimum yield.  
 
Keywords: hazenite, struvite, dicyandiamide 
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A comparative analysis of European struvite: production volume, 
quality and P release in soil 

 
Marc Spillera, R. Phukana, M. Muysa, G. Braderb and S.E. Vlaemincka 

 
a Sustainable Energy, Air and Water Technology Group, University of Antwerp, 

Belgium 
b Austrian Institute of Technology, Tulln, Austria 

 
marc.spiller@uantwerpen.be  

 
With the revision of the EU fertiliser directive a common regulation is in place for the 
trade of recovered phosphorus (P) from waste streams in the EU. Struvite is one 
recovered product that is generally considered a slow release fertiliser with low heavy 
metal contamination and a theoretical P content of 12.7% of dry weight. However, 
currently there is no comprehensive and unified assessment of EU struvite 
production volumes and struvite quality. In this research, the current production 
volumes and quality of struvite (chemical, physical and biological) from EU industrial 
scale installations and large pilot plants are determined. The researched also aims to 
understand the differences in struvite quality as a function of the substrate, the 
processes and the operation used for production. Additionally, struvite dissolutions 
tests in soil were carried out, including tests with P solubilizing bacilli to determine 
whether P release rates from struvite can compete with that of single super 
phosphate. At present 17 struvite samples were obtained (14 analysed so far) and 
analysed for nitrogen, P, dry weight, cations, total organic and total inorganic carbon, 
thermo-gravimetric weight loss, grain size distribution, E. coli & Salmonella, micro 
pollutants and P dissolution rates for soil plant interaction.  
Struvite available in the EU is estimated to be ~9500 t/year; of which 2/3 was 
sampled. About 65% of the struvite is originating from municipal wastewater 
treatment and 35% is derived from potato wastewater. Until 2020 an additional 
1200t/year production capacity are estimated to be added. The current recovery 
accounts for only ~0.09% of the total imported fertiliser P in 2005; or 3% of the total 
of P in the effluent of centralised municipal wastewater treatment in 2005.  
The physico-chemical analysis shows that the P content of 11/14 struvite samples is 
within ±10% of the theoretical composition of struvite, of which 9 exceed the 
theoretical value; the latter is indicating the presence other types of precipitates 
probably with Ca. The organic carbon content of 11/14 samples was below 0.5% and 
therefore well below the suggested threshold value of 3%. The heavy metal content 
of all struvite samples was below the limit values, with exception of one sample that 
exceeded Cr levels. First results indicate that soluble P content after soil and plant 
exposure differs remarkably between struvite sources and that P solubilizing bacilli 
can increase available P. 
In conclusion, it can be said that the majority of struvite samples are of good quality. 
Notable exceptions are a number of samples from potato effluent which contain 
higher amounts of organic matter, heavy metals and a low proportion of P. 
Furthermore, it is also evident that the current production of struvite is too limited to 
realise meaningful P recycling in the EU. Analysis results for the biological 
contamination, particle size distribution and dissolution are currently ongoing and will 
be presented during the conference. 
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plants as affected by post-anthesis phosphorus supply 

 
Mohamed El Mazlouzia,b , C. Morela, T. Roberta, C. Chesserona and A. Molliera 

 
a ISPA, Bordeaux Sciences Agro, INRA, France 

b Université de Bordeaux, France 
 

mohamed.el-mazlouzi@inra.fr 
 

Phosphorus (P) management in cropping systems is an important component to 
secure future food demand. P export with harvested grain is a key step in P cycle in 
agroecosystems. To improve P use efficiency, plant P uptake and allocation need to 
be better understood. In wheat, the accumulation of P in grain can originate from 
both exogenous and endogenous P sources.  
The aim of this study was to investigate the effect of P supply in post-anthesis period 
on P partitioning and remobilization in two durum wheat varieties, Dakter and 
Sculptur. Wheat plants were grown in quarter-strength, Pi-sufficient (+P) Hoagland’s 
nutrient solution until anthesis. From anthesis, half of plants were transferred on 
nutrient solution lacking Pi (-P). A set of control plants was maintained on the 
complete nutrient solution (+P). P uptake, remobilization, and agronomic traits related 
to yield and grain P were determined. 
Grain yield was affected by P deprivation only for Dakter. Harvest index was not 
affected by P treatment and ranged from 50% for Dakter to 61% for Sculptur. 
Throughout grain filling period, P contents increased in both treatments with a 
significantly higher increase under +P condition. P deprivation treatment resulted in 
an enhanced remobilization of P from source organs, mainly leaves, roots and stems 
(35%, 20% and 17% respectively) to the growing grains in both varieties. P harvest 
index (PHI) of both varieties responded in the same way to P deprivation treatment 
by a significant increasing in PHI, ranging from 55% in P sufficient supply and 87% in 
P deprivation treatment. In term of PUE, Sculptur was more efficient in utilizing the 
absorbed P than Dakter. PUE increased significantly in P deprivation treatment. 
Our results suggest that under post-anthesis P deprivation, endogenous P source 
remobilization can sustain grain growth with minor yield penalties. Thus, optimizing 
endogenous P remobilization would improve P use efficiency and thereby reduce the 
need for P fertilization. 
Further research will concentrate on determining the relative contribution of 
exogenous and endogenous P source to grain P using isotope tracer technique. 
 
Keywords: phosphorus, remobilization, grain filling 
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Critical phosphorus concentration in cereals – dilution with growth 
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Knowledge of the critical phosphorus concentration (Pc), defined as the minimum 
concentration in the shoot biomass (SB) sufficient for maximum plant growth, may 
serve as a tool for a number of purposes, as identifying excess or suboptimal P 
nutrition, comparing P use efficiency in plants and modelling crops growth response 
to P uptake. As for nitrogen, critical Pc decreases as plants grow; however, while the 
decline of the critical plant nitrogen concentration with increasing shoot biomass (SB) 
has been quantified for a number of crops, remarkably limited attention has been 
devoted to the dilution of the critical Pc.    
In order to quantify the critical Pc dilution curves, we sampled winter wheat at the 
Exhaustion Land long-term trial, Rothamsted Research (Harpenden, UK), and oats 
and spring wheat at the Long-term PK trial at NMBU (Ås, NO) for a total of five site-
years combinations. At both sites, there were four levels of plant available soil-P. We 
analysed standing SB and Pc at intervals (up to 11 per season) from the early 
vegetative up to the ripening phase. We compared two methods for identifying the 
critical Pc at each sampling event: 1) the average of the treatment with lowest Pc in 
the group of treatments with similar highest yield; and 2) the Cate-Nelson procedure. 
We found that the critical Pc was best described by a decreasing power function of 
the standing shoot biomass (t ha-1). The two methods gave similar results, but 
method 2) estimated lower critical Pc of winter wheat than method 1), and it failed 
with spring wheat. A segmented regression with breaking points around the start of 
the stem elongation significantly improved the model, indicating that the critical Pc of 
young plants is highly dependent on the SB. The critical Pc dilution curve was 
significantly lower for winter wheat than for spring wheat and spring oats. This 
suggests a much higher P use efficiency of the winter wheat, although further studies 
are needed to know whether this was a specific cultivar trait, or a general trait of 
winter wheat. An interesting application of the critical Pc curve is that it can 
discriminate the P status of crop plants which cannot be identified by the Pc 
concentration of the tissues alone. This was the case in some sampling events, when 
the treatment with reduced growth due to limited P supply had the same Pc in SB as 
treatments with rich P-supply and much greater biomass. Plotting Pc versus SB 
rather than versus time clearly revealed a sub-optimal Pc in the P-limited treatment. 
In conclusion, we provide estimate of critical Pc curves for selected cereals and 
demonstrate the advantages of including the concept of dilution by growth compared 
to other approaches. This study was part of the NRC project 225330/E40. 
 
Keywords: Phosphorus use efficiency, plant modelling, plant nutrition.  
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With the increasing global demand for phosphorus (P), diminishing phosphate rock 
resources and the adverse environmental impacts on water quality and related 
ecosystem services of P leakage in the food chain, there is a need for more 
innovative and diverse solutions to enhance P use efficiency (PUE) in crop 
production. This study explored the feasibility of reducing P concentrations in the 
grain of barley by genetic improvement through mutation of target genes involved in 
the phytic acid metabolic pathway. Possible reductions in crop P requirements of up 
to 25% have been suggested for P-efficient barley cultivars with low P (lpa1-1) 
mutants that have shown both good yield performance and reduced seed total P 
content. To confirm heritability of the low phytate trait in lpa 1-1, an M2 and an M3 
population was screened for low grain P. Over 90% of both M2 and M3 population 
had lower total seed P concentrations of up to 2.8 mg P/g of seed.  Phosphorus 
accumulation and phytic acid storage in vegetative tissue and grains were also 
studied in low phytic acid mutants of Harrington barley (lpa 1-1 and lpa M955) as well 
as control barley cultivars Harrington and Sanette grown under different soil P 
concentrations. The low phytic acid mutants had slightly lower P accumulation during 
plant growth as compared to the control cultivars, however, this was not significant. 
There were significant differences in the grain total P with low phytic acid mutants of 
barley having lower grain P compared to the control cultivars and no significant 
differences in grain weight (yield). Low phytic acid mutants of barley also showed 
significantly lower levels of phytic acid. Grain P offtake for the control cultivars was 
also significantly higher than low phytic acid mutants indicating that lower levels of 
fertilizer will be required to produce a tonne of low phytic acid mutants of barley as 
compared to cultivated barley. This will allow for a “slowdown” in global P cycling and 
reduced eutrophication risk. 
 
Key words: Low phytic acid, Genetic improvement, Soil P  
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Legume growth and functioning of legume-bacteria symbiosis are affected by a 
multitude of nutrient disorders, especially the phosphorus (P) deficiency. Legume 
species have different behaviour regarding this constrains. For instance, the yellow 
serradela apparently requires lower P than subterranean clover to produce a similar 
yield. Since P fertilizers are expensive and their sustainable use in agriculture is an 
urgent issue, procedures to improve the legume P use efficiency are a key strategy. 
Within this context, a short-term study was developed in a moderately acid soil 
representative of Southern Portugal, under controlled environmental conditions, to 
compare i) the N2 fixation by subclover and pink serradela, ii) the legume efficiency on 
the use of P, and iii) the changes of soil chemical characteristics in the root zone, after 
P fertilization. It was hypothesized that pink serradela was more efficient on the use of P 
than the subterranean clover regarding the N2 fixation capacity, and affects the soil pH 
and the cations and organic carbon concentrations in the root zone more than the 
subclover. In 2015-2016, a pot experiment with three pasture species was run for 103 
days in a greenhouse belonging to the Instituto Nacional de Investigação Agrária e 
Veterinária located in Oeiras (Portugal), with controlled air temperature, humidity, 
and sunlight. The soil used in the experiment was the Ah horizon of a Leptic Haplic 
Regosol (dystric) developed on granitic rock. Fourty-eight pots were arranged in the 
greenhouse under a complete randomized design with three annual monocrop 
pasture species (subclover–Trifolium subterraneum L. cv. Dalkeith, pink serradela–
Ornithopus sativus L. cv. Margurita, and annual ryegrass–Lolium multiflorum L. cv. 
Lifloria), four P rates (0, 30, 60, 90 kg ha-1) and four replicates. Overall, shoots 
showed a higher P concentration than roots (without nodules). For both shoots and 
roots, legume P concentration responded positively to P rates. In shoots, subclover had 
a higher P concentration than pink serradela. As to the nodules, P concentration 
increased with P rates and was also higher in the subclover than the pink serradela, and 
higher than shoots and roots (without nodules). Results showed that study legumes 
grown in a soil very low in available P require a starter P in the range of 30-60 kg ha-1 for 
an adequate symbiotic fixation capacity. The efficiency of N2 fixation per unit P in the 
nodule varied in both pasture legumes, pink serradela was almost twice more efficient 
than the subclover. Both legumes presented lower physiological and agronomic P use 
efficiencies for the highest P doses. Legume exudates reduced the soil pH and the 
exchangeable calcium and magnesium, especially after the most efficient N2 fixing 
pink serradela (89%). A decrease of soil organic carbon was also associated with this 
legume possibly due to a lower carbon exudation by efficient mycorrhizal and fixation 
symbioses, but P addition contributed slightly to raise calcium and carbon in the root 
zone. 
 
Keywords: N2 fixation, legume P use efficiency, soil chemical changes in the root zone.  
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Phosphorus (P) is an important driver for the functioning and productivity of 
agroecosystems. A major challenge of sustainable agriculture is now to develop 
cropping systems that increase P availability, while decreasing inputs of chemical 
fertilizer. One way to achieve such results is to include plants with high P mobilisation 
or acquisition potential in the cropping systems, i.e. in the rotation, intercrop, 
permanent cover crop and intermediate crop. Intermediate crops can improve P 
availability through root effects (phosphatases activity, carboxylate and proton 
release) or through the decomposition of their residues (release of P, change in soil 
pH). The influence of intermediate crop species on P dynamics and availability, 
however, depends on their multiple above and belowground functional traits, and 
their interactions in different soil types are only partly understood. A better 
understanding of the relationship between traits in crops could help ensuring 
enhanced ecological complementarily in multi-species systems, hence increasing P 
availability.  
The objective of this study was to examine the covariation of plant functional traits 
involved in P availability to identify the different P-acquisition strategies, in order to 
design the functional structure of intermediate crops in two types of soil (Retisol and 
Calcisol). We carried out a three months greenhouse experiment with 14 
intermediate crop species presenting a trait gradient (six replicates per specie for a 
total of 180 pots). The main leaf traits (P, Mn and Ca concentrations, N/P and SLA) 
and root traits (i.e. release of organic acids and protons released, phosphatase 
activity) involved in P acquisition and the changes in soil P pool (soluble P, resin P, 
Olsen P, microbial P and organic P) were measured.   
Multivariate analysis of leaf and root functional traits involved in P acquisition and P 
availability showed an economic spectrum of traits and several global P-acquisition 
strategies. As covariation between traits and their organisation in different P-
acquisition strategies were soil-dependent, designing the functional structure of 
intermediate crops to maximise ecological complementarities should be performed 
taking soil type into account.  
 
Keywords: Intermediate crop, Phosphorus-acquisition strategies, Phosphorus availability 
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Intensification of agriculture, together with globalization of trade and specialization of 
production, has spatially and temporally decoupled production and consumption of 
feed, food and waste. The wide availability of relatively cheap inorganic fertilizer has 
reduced the necessity to recycle nutrients contained in human and animal waste 
back to soil for crop production. The decoupled nutrient use in the current agro-food-
waste system is causing multiple negative impacts, such as surface water 
eutrophication due to phosphorus (P) losses and ground water contamination caused 
by leaching of excess nitrate, especially in local areas with intensive animal 
husbandry. Furthermore, current nutrient management practices deplete finite 
resources. To avoid negative environmental impacts and preserve valuable nutrients, 
supply and demand have to be better balanced through recycling of nutrients instead 
of losing these from the food system.  
There is increasing insight in nutrient substance flows on farm, national and 
international level, which feeds the development of strategies for more circular 
nutrient management on these scales. However, there is little insight in nutrient 
substance flows on a local scale, which hampers the development of such strategies 
for this scale. Therefore, we have conducted a literature review of papers presenting 
nutrient stock and flow analyses of local agro-food-waste systems. The review 
showed that the focus of most studies is on P in areas with a large agricultural sector. 
Moreover, studies predominantly cover the complete agro-food-waste system, 
including crop production, animal production, consumption, waste management and 
to a lesser extent food – and feed processing. Results highlight the significance of an 
overall system approach for nutrient flow analysis. 
Based on the findings in the literature, a case study was conducted on the local area, 
the district Kleve in Germany. This area is characterized by several intensive 
agricultural sectors which provide food for large population centres in its vicinity, 
resulting in a strong local nutrient surplus and issues related to nutrient losses. The 
developed Substance Flow Analysis (SFA) model includes the complete agro-food-
waste system and identifies and quantifies besides P, also nitrogen (N), potassium 
(K) and carbon (C) stocks and flows, recognizing the importance of stoichiometric 
nutrient balances in agriculture. This analysis gives insight into points of nutrient use 
inefficiency, represented by underutilized nutrient exchange pathways and nutrient 
accumulation in the area and its subsystems. This case study, following the 
guidelines, can provide an example for initiatives towards restoring nutrient circularity 
in other comparable local areas.  
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A transition towards a circular economy of phosphorus (P) in Switzerland is a multi-
faceted challenge as P use is subject to a variety of influencing factors comprising 
policy interventions, consumption trends, or technological innovations. In order to 
identify and implement measures for sustainable P management, a comprehensive 
understanding of national P flows and stocks and their temporal dynamics is 
essential. We conduct a substance flow analysis (SFA) of the Swiss P system of the 
year 2015, study the dynamics of the national P system by looking into its 
development since 1989. Furthermore, we investigate how political-legislative 
interventions affected the P system in this period. The results show that between 
1989 and 2002, Switzerland's P import dependency significantly decreased due to a 
reduction of mineral fertilizer use. Between 2002 and 2015, the import dependency 
stagnated because further improvements in P use efficiency in agriculture were 
outweighed by a decrease of P recycling and an increase of P losses in the waste 
management system. By embedding these temporal dynamics in their political-
legislative context, we found that top-down interventions such as incentives for a 
balanced nutrient budget in agriculture, restrictions of the use of animal by-products 
in the agri-food system or the ban of direct sewage sludge recycling in agriculture 
significantly affected and shaped the national P system. Our analysis provides 
profound quantitative and qualitative insights into past and present P management in 
Switzerland. Furthermore, based on the P system of the year 2015, we assess the 
quantitative implications of the scenarios for the Swiss P system. While scenario 1 
mainly affects the agricultural system by reducing the overall P throughput, scenario 
2 significantly changes P use in waste management, because P losses to landfills 
and cement plants decrease and the production of secondary P increases. Scenario 
3 shows little quantitative impact on the national P system. From a qualitative 
transition perspective, however, urine separation entails fundamental socio-technical 
shifts in the wastewater system, whereas P recovery from sewage sludge (ash) 
represents an incremental system adaptation. The combination of flow and transition 
oriented research provides more general insights into how a circular economy of P 
can be reached. 
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In the present economy many natural resources are becoming scarce while on the 
other hand waste disposal is increasing. Large amounts of nutrients are lost through 
incineration of waste, accumulation in soils and through harmful nutrient emissions to 
water and air. Organic waste streams like manure, sewage sludge, food waste and 
bio-waste are the most abundant nutrient-rich streams in Europe, containing large 
amounts of valuable components like phosphorus, nitrogen and organic matter. 
Within a circular economy, these nutrients should be reused in an efficient way and 
utilised for food production.  
The H2020 project SYSTEMIC (www.systemicproject.eu) aims to develop and 
demonstrate viable business cases for processing of organic waste streams into 
valuable, customer-specific products. In order to facilitate a fast uptake of these new 
concepts, they should be built upon existing value-chains for waste and fertilizers and 
make use of proven state-of-the-art technologies for nutrient recovery and reuse. In 
Europe, five existing Anaerobic Digestion (AD) plants will be enhanced with proven, 
novel nutrient recovery and reuse technologies. The five demonstration plants are 
located in different regions and will present a broad pallet of NNR technologies to 
produce different types of products, like, calcium/magnesium phosphates, 
ammonium sulphates, mineral concentrates and organic soil amendments.  
The experiences gained at the demonstration plants will be transferred to ten other 
AD-plants in the Europe; the so-called ‘outreach locations’. For these outreach 
locations, current business cases will be used as a starting point and promising 
business cases including nutrient recovery will be formulated in relation to its regional 
market, legislative conditions and technological possibilities of the outreach location.  
The experience gained in SYSTEMIC in relation to technology, business case 
development, innovation processes, regularly policy barriers and recommendations 
will be synthesized into a roadmap, facilitating the further roll-out of circular economy 
solutions for digested waste streams.  
During the presentation the information of the large scale nutrient recovery of 
demonstration plants will be given including the development of biobased fertilisers 
products as substitute for mineral fertilisers. 
 
Key words: Nutrient Recovery and Reuse (NRR), organic waste, bio-based fertilisers  
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The scarcity of phosphorus (P) is a global concern that is not restricted to western 
industrialized nations. Until now, most countries in the world are highly dependent on 
importing mineral P fertilizers for agriculture. Almost half of the EU-wide P-footprint is 
virtual due to imports of agricultural products. At the same time, agricultural systems 
around the world are increasingly determined by export-oriented politics, that can be 
detected as drivers for high mineral P use. 
Based on a comparison of environmental and agricultural legislation in Germany/ 
Europe with the emerging economy Costa Rica and the developing country 
Nicaragua, deficits regarding sustainable P governance will be illustrated in the 
presentation. It will be discussed regarding command-and-control law how in each 
case exemption clauses or enforcement deficits as well as control deficits hinder a 
sustainable P use in agriculture and why misguided subsidies from the European 
Common Agricultural Policy exacerbate this situation further. Building on that, it will 
be pointed out why voluntary certification standards as well as market driven 
instruments like payments for ecosystem services alone cannot close the existing P 
legislation gap and why a consistent P legislation on national, European and 
international level is needed to close national P cycles.  
 
Keywords: phosphorus governance, legal comparison, sustainable phosphorus use 
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While livestock production is related to greenhouse gas emissions, biodiversity loss, 
soil degradation, water contamination and also to strongly disturbed N and P cycles, 
global consumption of animal-based products is on the rise. This presentation 
analyzes whether regulating animal food by means of caps or prices on livestock, 
animal feed, phosphorus, nitrogen (surplus), fossil fuels or land-use in general might 
be the core element of an effective regulation of P (scarcity and environmental side-
effects), given that there is a strong interplay of the above-mentioned environmental 
issues. It will show the strength and weaknesses of economic instruments that aim at 
regulating livestock production/ consumption so that hot spots of nutrient surpluses 
and eutrophication of water bodies due to intensive livestock farming are avoided, 
nutrient cycles are closed and, building on this, dependency from mineral NPK 
fertilizers is reduced, finite mineral resources are preserved, and climate and 
biodiversity are more effectively protected. All this aims at delivering a broader 
perspective on P governance that suffers from a mere focus on command-and-
control options for technical details of fertilization, recycling, etc. – without taking the 
nature of modern environmental issues as quantity problems into account and, 
therefore, lead to shifting effects and rebound effects. One main finding is that 
economic policy instruments can help to change production and consumption 
patterns if they are set up at a broad geo-graphical and sectoral scope. The 
regulated parameter will not necessarily have to be animal-based products directly. 
Instead, regulating a central governance unit such as fossil fuels and livestock as 
such could substantially contribute to limit livestock production meanwhile tackling 
various interlinked environmental problems and also P scarcity and environmental 
side-effects related to P. 
 
Keywords: Governance, Animal Food, Agricultural Policy, Economic Instruments, 
Environmental Law 
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Between 20% and 80% of total phosphorus (P) in soil exists in an organic form. The 
chemical nature of organic P is commonly identified using solution 31P nuclear 
magnetic resonance (NMR) spectroscopy on (alkaline) soil extracts. However, this 
technique has only identified inositol hexakisphosphates (IP6). This is in contrast to 
lower order IP (IP5 to IP1), which can be measured when using hypobromite oxidation 
followed by chromatography. To resolve this discrepancy, we recently carried out 
hypobromite oxidation on four soil extracts to identify lower order IPs using NMR 
spectroscopy. The NMR spectra revealed a multitude of sharp peaks, on average 40 
peaks across all soils, which is a significant increase compared to samples not 
subjected to hypobromite oxidation. Spiking experiments confirmed the presence of 
four stereoisomers of IP6 and five different isomers of IP5 and scyllo-IP4. In addition, 
a broad signal was present in the phosphomonoester region of brominated extracts, 
similar to a broad signal found in untreated samples. The integral of this signal, 
however, comprised on average only 46 % of the one in untreated extracts. 
The aim of this study is to probe the structural composition of the broad signal in 
brominated extracts. We hypothesise that the broad signal is caused by 
‘homogeneous’ broadening due to large polymeric structures in high molecular 
weight material. We measured transverse relaxation (T2) times using the Carr-
Purcell-Meiboom- Gill (CPMG) pulse sequence on brominated extracts. In general, 
T2 times are inversely related to a compound’s molecular motion, which is itself 
related to molecular weight. Therefore, small molecules which are of low molecular 
weight tend to have long T2 times, whereas large molecules which are of high 
molecular weight tend to have a short T2.  
Our results show that the broad signal rapidly decays compared to that of the sharp 
signals within the phosphomonoester region. The T2 times of the four IP6 
stereoisomers (myo, scyllo, neo and chiro) are on average 150 ms (SD=41). In 
contrast, the T2 times of the broad signal are on average 66 ms (SD=19). Our results 
support the hypothesis that the broad signal in brominated extracts dominated by 
homogenous broadening, which is due to large polymeric structures in high 
molecular weight material. The implication of these results is that about half of the 
broad signal detected in untreated extracts appears to be highly complex and stable. 
 
Keywords: lower order inositol phosphates, broad signal, transversal relaxation time 
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Vertical phosphate (PO4) leaching through the ‘unsaturated zone’ of agricultural soil 
can enrich groundwater with phosphorus (P) and trigger eutrophication. This zone is 
thought to be oxic and our previous work showed that PO4 sorption on particulate 
and colloidal ferric iron- and aluminium (oxy)hydroxides (Fe(III) and Al 
(oxy)hydroxides) controls P leaching. However, in reducing conditions (i.e. small 
concentration of dissolved oxygen O2, presence of electron donors such as organic 
matter and low pH), reductive dissolution of Fe(III) to ferrous iron (Fe(II)) releases 
previously bound PO4. This creates the risk of P migration, especially in cases where 
agricultural soil is being restored to nature reserve. This process often involves 
‘rewetting’ previously drained soil, which can potentially trigger reductive PO4 
release. The goal of this work was, therefore, to elucidate the mechanisms controlling 
P mobility in unsaturated and waterlogged agricultural soil. This was done via soil 
core sampling (storing soil in sealed vacuum bags) and analysis (e.g. extractions on 
fresh soil; 1 mM CaCl2; solid/liquid 0.25 kg L-1; 24 hours shaken; inside or outside an 
anoxic hood; 2500 relative centrifugal force; 0.45 µm filtered) on soils from two long 
term field trials in Belgium and France and two toposequences representing a natural 
gradient in ‘wetness’, i.e. slopes from dry to wet. On all sites, we found clear 
evidence that reductive dissolution of manganese (Mn) and/or Fe(III) oxyhydroxides 
triggers the release of colloids and PO4 into the soil solution. First, there are very 
strong correlations between the concentration of P, Mn, Fe and Al in the soil extracts. 
Second, these elements are released in zones with reducing conditions. Third, 
surface complexation modelling (CD-MUSIC model) predicts most of the released P 
to be bound to Fe and Al oxyhydroxide colloids. Fourth, the concentrations of these 
elements in the extracts performed in an anoxic hood are larger than similar 
extractions outside the hood. This can be explained by Mn(IV) acting as a cement-
like structure in soil aggregates. Reducing conditions in the unsaturated zone reduce 
and dissolve Mn(IV) to Mn(III or II) and later Fe(III) to Fe(II). When this cement-like 
structure of the matrix dissolves, colloids and sorbed PO4 are released. In the next 
few weeks, the causality behind the presented correlations will be investigated 
through the incubation of waterlogged soil and detailed speciation of the elements. A 
distinction will be made between ‘truly’ dissolved Mn, P, Fe and Al (< 10-12 kDalton) 
and colloidal forms (> 10-12 kDa and < 0.45 µm) by using dialysis membranes. This 
experiment will allow us to substantiate the proposed theory and reveal whether 
ecological restoration might trigger eutrophication. 
 
Keywords: Reductive phosphate and colloid release, Colloid-mediated phosphate leaching 
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Drying and rewetting (DRW) cycles are a common phenomenon in semiarid 
grassland soils and can thereby influence soil nutrient availability. The soil microbial 
biomass can be strongly affected by DRW. Yet, the effects of DRW on microbial 
bound P are little known. In particular, microorganisms may act both as a source or 
as a sink of P during DRW, via P release at die-off of microbial biomass, and 
immobilization of P by growing biomass due to carbon pulses from dead 
microorganisms. We thus aimed to determine and quantify the effect of DRW on 
microbial P cycling on a semiarid grassland topsoil from northern China that regularly 
experiences DRW cycles.  
For that, pre-incubated soil was labelled with carrier free 33P-orthophosphoric acid. 
The soil was then either incubated at constant soil moisture or exposed to three 
DRW cycles, where one cycle consisted of a 2-day drying phase, a 3-day dryness 
phase and a 4-day moist phase after rapid rewetting. For both treatments, water 
extractable and microbial (i.e. fumigation labile) 31P (orthophosphate) and 33P, and 
soil respiration rates were determined in 2 to 8-day intervals. 
At the first DRW cycle, microbial P decreased by half during soil drying, with a 
concomitant increase in water extractable P. Similar observations were made in the 
second and third DRW cycle, yet, with less pronounced effects. Soil respiration rates 
increased during all of the three drying phases, but respiration rates were almost nil 
during phases of dryness. In treatment with constant soil moisture, water extractable 
P and microbial P remained rather constant.  
Changes in specific activity (SA, i.e. the fraction of total applied 33P isotopic tracer 
over 31P) in the microbial P pool indicated microbial P turnover. The SA of microbial P 
decreased strongly during the first drying and dryness phase. This might be 
explained by the quicker die-off of microorganisms that earlier took up more 33P 
isotopic tracer (higher initial growth rates, but also more susceptible during drying), 
compared to slower growing microorganisms. Alternatively, microorganisms 
withstanding the drying phase could have taken up mineralized non-labelled organic 
P causing the decrease in microbial SA. Organic P mineralization was indicated by 
increased soil respiration rates during drying phases. 
Microbial P turnover was thus strongly affected by DRW events, but their effects 
appear to diminish with close repetition of the DRW cycles.  
 
Keywords: Drying-rewetting, microbial P turnover, 33P isotopic pool dilution 
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Nitrogen (N) inputs are predicted to increase and shift grasslands to be more 
phosphorus (P) limited, therefore P mobilization processes in soil get increasingly 
important. Microorganisms mobilize P by mineralizing organic P via phosphatase 
enzymes and by solubilizing bound inorganic P. We studied how the relative 
abundance of P-solubilizing bacteria (PSB), phosphatase activity, microbial 
community composition, and PSB community composition are affected by N and P 
addition. For this purpose, we sampled two depth increments (0-15, 15-30 cm) of four 
treatments (control, +N, +P, and +NP) of element addition experiments in six 
grassland soils in South Africa, USA, and UK. The relative abundance of PSB ranged 
between 0.3 and 56 % across all soils and treatments. On average across all soils, 
the relative abundance of PSB was 65 % and 76 % lower in the NP treatment than in 
the control in the topsoil and deeper soil, respectively. In contrast, phosphatase 
activity in the topsoil was significantly higher in the N than in the P treatment across 
all soils. In a linear mixed-effects model, soil C:P ratio, pH, water-extractable P, and 
sand content explained 71 % of the variance of the relative abundance of PSB. 
Microbial community composition did not differ significantly between treatments. 
However, PSB community composition was significantly different in N and NP 
treatment compared to control and P treatment. Most PSB belonged to 
Pseudomonas sp., Acinetobacter sp., Paraburkholderia sp., Burkholderia sp., and 
Enterobacterales. Taken together, this study shows that increased N inputs lead to a 
decrease in the relative abundance of PSB, to a shift in the PSB community, and to 
an increase in phosphatase activity as compared to the P treatment. Increasing N 
inputs may therefore increase mineralization of organic P but decrease solubilization 
of inorganic P, and therefore change P mobilization processes in grassland soils. 
 
Keywords: N fertilization, phosphorus cycling, phosphorus mineralization 
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In deglaciated surfaces, habitats characterized by different ages coexist over short 
distances and their development is influenced by lithology. In particular, serpentinite 
inhibits soil evolution and plant colonization because of insufficient phosphorus (P) 
content, among many other stressful properties. Small quantities of gneiss in the till 
can partly compensate the harsh conditions for biota and enhance plant colonization 
and pedogenesis. In nutrient poor environments, ectomycorrhizal fungi (EMF), 
symbiotically associated with trees, play a key role exploring the soil for P beyond the 
rhizosphere, and producing enzymes for P release from organic P compounds. 
However, several studies show a limited enzymatic hydrolysis of inositol phoshates 
when the latter interact with the mineral phase, although this has never been 
explored for EMF. 
In this study we followed the role of EMF on P plant availability in two proglacial soil 
chronosequences in the Alps, characterized by pure serpentinite till and serpentinite 
mixed with 10% of gneiss, respectively. The dominant tree in the area is European 
Larch, which forms associations with EMF. The tree cover is sparse on 50-190 year-
old soils, and it increases to dense stands in later successional stages (1000-3000 
year-old soils). Sites at 5, 70, 190 and 3000 years of age were chosen in each 
chronosequence and the uptake of inorganic and organic P forms by EMF was 
studied using specific mesh bags for fungal hyphae entry but not roots. The mesh 
bags were filled with inorganic phosphate (Pi) or myo-inositolhexaphosphate (InsP6) 
adsorbed onto goethite and associated to quartz sand. These bags were incubated 
over 3 and 13 months at the organic/mineral horizon interface. After harvesting, EMF 
colonization via ergosterol analysis and the amount of P and Fe removed from mesh 
bags were measured. 
Ergosterol increased along the two chronosequences with slightly higher values on 
serpentinite and in the Pi containing bags. On pure serpentinite, up to 65% of Pi was 
removed from mesh bags after 13 months, only partly accompanied by a parallel 
release of Fe. The amount of InsP6 released was instead less than 45% and almost 
completely removed contemporary to Fe. This may suggest that EMF can produce 
organic acids as competitors for the same sorption sites and electron donor 
compounds for goethite reductive dissolution, suggesting the combination of different 
strategies for taking up Pi, but also InsP6,  in a such limited environment. 
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During the last years, the incineration of sewage sludge has become more and more 
important in Germany. Up to date, 2/3 of all sludges are incinerated. It is quite certain 
that this share will even increase; mainly due to strict limitations of land / agricultural 
use of sludge. 
Since the German “sewage sludge ordinance" (AbfKlärV) includes the obligation to 
recover phosphorus in 2029 or 2032 (depending on the size of the wwtp), it is self-
evident that the aspects “incineration” and “sewage sludge ashes” will play an 
important role with regard to P-recovery. 
Unfortunately, phosphorus fixed in sewage sludge ashes (ssa) is poorly plant 
available. Moreover, pollutants such as heavy metals are concentrated in ssa; thus, 
the quality of the ssa strongly depends on the input material. Thus, ssa are 
considered as not suitable for a direct agricultural use (i.e., recycling). To be in 
accordance with the requirements of the AbfKlärV, phosphorus must then be 
recovered with high effort via leaching processes. 
The EuPhoRe-process aims at creating a ssa that might be directly used in 
agriculture, thus avoiding complex add-on technologies. The process consists of a 
rotary kiln where dewatered sewage sludge is successively dried, reduced and 
oxidised. Additives such as MgCl2 are added to the sludge in order to remove heavy 
metals through the gas phase. Given this process, the ssa of the EuPhoRe-process 
is – compared to the aforementioned ashes of e.g. a fluidised bed incineration – plant 
available, contains (besides P) additional nutrients such as Mg and has a notably 
lower heavy metal content. 
Based on previous lab-scale results in which the feasibility of the EuPhoRe-process 
and the quality of the ashes has been has been proven, the Emschergenossenschaft 
(as one of Germany’s largest water boards) constructed the first stand-alone 
EuPhoRe pilot plant within the framework of the Interreg VB NWE-project Phos4You. 
The pilot plant has a capacity of 100 kg dewatered sludge/h; corresponding to the 
sludge of 6.000 – 7.000 population equivalents. 
At IPW 2019, we’ll present the results of the first year of operation (starting Jan. 
2019). Besides technical aspects of plant operation, we’ll focus on the optimisation of 
the pollutant removal and the relation between input- and output quality. First results 
of the actual use of the EuPhoRe-ssa as a fertiliser component are also expected.   
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Phosphorus (P) in sewage sludge holds the main proportion of P currently lost in 
waste streams, and options to recycle it for agriculture are needed. We developed 
alkaline pyrolysis as a promising decentralized alternative to large-scale sewage 
sludge incineration plants. Products were characterized with respect to soluble 
nutrients, total element contents and mineral phases, and nutrient availability to 
plants was evaluated in pot experiments and in one field experiment. Initial tests with 
pyrolysis of dry sewage sludge indicated very low availability of P in the resulting 
biochar, except for sewage sludge from a waste water treatment plant using 
enhanced biological P removal rather than precipitation of P with iron and aluminium. 
Consequently, alkaline pyrolysis was developed which uses a potassium (K) donor 
during pyrolysis and renders a potential PK-fertilizer. The process was optimized with 
respect to pyrolysis temperature, K donor and K/P ratio, reaching P and K use 
efficiencies of 80% relative to soluble P and K fertilizer. Remarkably, P use efficiency 
of the resulting PK-fertilizer was independent of soil pH. Characterization of mineral 
phases using XRD suggested formation of the mineral forms CaNaPO4 and CaKPO4 
during alkaline pyrolysis. Plant P uptake could be predicted from measurements of 
resin-exchangeable P in incubated soil:fertilizer mixtures. Pathogens and organic 
pollutants are destroyed and cadmium, zink, lead and mercury are partly eliminated 
during pyrolysis. Contaminant limits of most countries can be reached and also those 
of the new EU fertilizer regulation. The relative simplicity of the process and the high 
energy-efficiency make it an attractive solution for decentralized P recovery from 
sewage sludge. 
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Increasing phosphorus recycling rate from sewage sludge as a competitive mineral 
fertilizer requires separating phosphorus from the organic matter. Chemical 
dissolution before struvite crystallization had been tested on sewage sludge but 
economic and environmental performances with sludge coming from Iron based 
phosphorus removal .technologies are low if we consider the pH and so, the amount 
of reactant required to dissolve phosphorus. 
An innovative approach for phosphorus dissolution by a biological process (bio-
acidification) upstream from anaerobic digestion is developed at Irstea (France). The 
idea is to provide substrate for in situ acid production by endogenous bacteria. 
Surprisingly higher phosphorus dissolution rate but also Iron dissolution rate was 
reached with the biological process compared to chemical process at the same pH. 
This work presents the influence of the bio-acidification stage on struvite quality and 
energy production. Perspectives for Iron recycling were also discussed. 
Bio-acidification was performed on sewage sludge coming from municipal WWTP. 
The substrate used to induce bio-acidification was a commercial additive sold as 
carbon source for denitrification in WWTP. A pH closed to 4 was reached after 24h. 
Bio-acidification allowed dissolving 73% of the total phosphorus and 75% of the Iron. 
After separation by centrifugation, 60% of the total initial phosphorus and 63% of the 
total initial Fe were in the liquid phase. Iron removal by cations exchange resins was 
efficient allowing trapping 92% of dissolved Iron and less than 10% of the dissolved 
phosphorus. About 80% of the Iron was recovered in the regenerant solution. 
However this solution was also containing calcium and magnesium which was 
trapped on the resin too. The impact of using it as reactant in the WWTP has to be 
assessed. More selected resins could also been tested to avoid calcium and 
magnesium removal from the liquid phase. Phosphate crystallisation was induced 
adding NH4Cl, MgCl2 and NaOH. Nearly 99% of the dissolved phosphorus was 
precipitated mainly as struvite (75% of the solid mass). Around 5kg of solid were 
produced from 1 m3 of sludge. Both acidified sludge from the bioacidification step 
and the liquid from the crystallization which was containing the VFA produced by 
bacteria during the bioacidification were mixed. The biological methane production 
potential (BMP) of the mixture was twice that of sewage sludge alone and 20% 
higher than the same mixture (co-substrate+sewage sludge) before the phosphorus 
recycling process. This is due to the fact that the co-substrate used for 
bioacidification had a very high BMP and that the bioacidification induced probably 
sludge hydrolysis increasing the BMP from the sludge itself. In this study we have 
used a commercial product but we have tested some food production by products 
locally available that could replace the commercial product decreasing the cost by 
three or four. Struvite recovery, Iron recycling and mostly doubling the energy 
production from anaerobic digestion of sludge could compensate for the cost of the 
process.   
 
Keywords: phosphorus removal, bioacidification, sewage sludge.  
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As mineable phosphorus (P) reserves are depleting, scientific and technological 
efforts are focusing on the recovery of P from wastewater streams to reduce the 
dependency on external P inputs. Due to legislative restrictions in Germany, the P 
cycle is opening as the direct utilization of sewage sludge in agricultural production 
systems is prohibited. It is therefore detrimental to find the link between wastewater 
treatment plants and agricultural production systems and to close regional P cycles. 
The two main pathways for recovering P from sewage sludge are the precipitation of 
a phosphate-rich recyclate (e.g. struvite) and the thermal utilization (mono-
incineration) of sewage sludge, resulting in P rich ashes (sewage sludge ash: SSA). 
Both of these pathways show drawbacks: The precipitation of struvite fails to recover 
all P contained in wastewater but results in a high quality product. Thermal utilization 
recovers most P from sewage sludge but SSA show very low plant availability, 
depending on the reactivity of the product.  
As the technological requirements to increase the availability of P contained in SSA 
may be restrictive due to costs, we propose feeding SSA directly into the production 
of superphosphate fertilizers, which are produced through the digestion of rock 
phosphate with mineral acid. Replacing part of rock phosphate with SSA may open a 
pathway for returning P contained in SSA to agricultural production systems within 
well-established production and distribution chains while ensuring the availability of P 
for plant uptake at minimal technological efforts. 
In a laboratory scale, we produced “superphosphate” fertilizers using 
stoichiometrically necessary amounts of sulfuric acid in which 8, 16, 30, 60 and 100% 
of rock phosphate P were replaced through SSA P. We analysed these fertilizers for 
total P concentration, water- and neutral ammoniumcitrate-soluble P and tested 
these fertilizers in a pot experiment using a high pH, low P subsoil. 
Our results show that at least 8 % of rock phosphate P can be replaced through SSA 
P under these conditions, while maintaining the solubility of P in the fertiliser product 
and the formation of maize biomass. Increasing the amount of SSA P in the 
production of superphosphate fertilizers led to decreasing solubility of P contained in 
the fertilizers, as well as reduced plant growth, as the buffering capacity of SSA 
prohibits the digestion of P minerals contained in rock phosphate and SSA.  
We will pursue this promising approach for the partial replacement of rock phosphate 
through SSA by defining the mineralogical requirements on SSA as well as the effect 
on heavy metal accumulation in soils and plants and by optimising the process of 
acidic rock phosphate/SSA digestion, e.g. by altering the acid application. 
 
Keywords: phosphorus, nutrient cycling, sustainability.  
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Thermo-chemical treatments extract heavy metals from sewage sludge ashes (SSA) 
allowing for the production of substrates low in contaminants but rich in phosphorus 
(P), which could be recycled in agriculture. Our objective was to quantify P release 
from SSA products using an ion sink assay. The results of this assay were related to 
P speciation in SSA measured by X-ray powder diffraction (XRD) and P uptake by 
ryegrass assessed in a pot experiment. The assay was based on a combination of 
differently conditioned anion and cation exchange membranes (AEM/CEM) creating 
a gradient in pH, P or cation concentration between SSA product particles and the 
surrounding solution. XRD results revealed that the use of CaCl2 (SSA Ca) for heavy 
metal removal favoured the formation of chlorapatite, while the use of MgCl2 (SSA 
Mg) favoured the formation of stanfieldite and amorphous P. The use of H saturated 
CEM led to the dissolution of all P species. At alkaline and neutral pH, P release was 
controlled by the transport of P and/or cations away from the solid surface. While this 
enhanced the release of diffusible P and the dissolution of non-crystalline P in SSA 
Ca, in SSA Mg stanfieldite was also dissolved. Blending of SSA Ca with KCl hardly 
changed P release, while blending SSA Ca with KCl and TSP masked P release from 
SSA Ca. Plant P uptake from soils amended with SSA products was positively 
correlated to the amount of P extracted from SSA products at alkaline and neutral 
pH. 
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On dairy farms, mineral P starter fertilizers are often used in maize crops even 
though the farm as a whole has a surplus of P in manures.The P surplus could be 
reduced if the starter fertilizer could be replaced by the manure.  
In the years 2016, 2017 and 2018 field experiments were performed on two locations 
in Denmark with contrasting soil types to test if placement of cattle slurry close to 
maize rows could replace the mineral P fertiliser. New slurry injection tines were 
developed in order to apply the slurry in broad bands below the maize row. This 
injection technique was compared to narrow-banded injection next to maize rows. 
Furthermore the injection techniques were combined with addition of nitrification 
inhibitors and/or acidification of slurry (pH 5.2-5.8). These treatments were compared 
with traditional slurry handling with or without additional mineral starter P. All 
treatments also received a mineral N starter fertilizer. Effects of manure management 
were studied both on early season plant height, tissue concentrations of N and P at 
the five-leaf stage and on dry matter (DM) yield, N and P uptake at normal harvest 
time. We hypothesized that early P uptake, growth of maize and crop yields at 
harvest could benefit from 1) placed slurry with broad-banded slurry placement 
strategy being superior to narrow-banded slurry, 2) slurry acidification and 3) addition 
of a nitrification inhibitor to slurry due to increased P availability to maize during early 
growth.  
The experiments showed that often the concentration of P in maize at the five-leaf 
stage was higher in treatments with slurry placement compared with non-placed 
slurry, and P concentrations were around those in maize receiving 10 kg P/ha in 
mineral starter fertilizer. Both acidification and use of a nitrification inhibitor in slurry 
could increase the P concentration in the early growth stage. In some of the 
experiments starter P fertilizers increased the final DM yields significantly, in others 
there was no significant yield increase. In some experiments the final DM yields in 
treatments with slurry placement combined with acidification or use of inhibitor 
matched the yield by traditional slurry application combined with 30 kg P/ha in 
mineral starter. The highest average DM yield across treatments and locations was 
observed after broad-band injection combined with application of a nitrification 
inhibitor. 
We conclude that cattle slurry placement can replace the use of mineral P fertilizers 
in maize cropping and contribute to reduced P surplus on intensive livestock farms. 
Placement of cattle slurry positively affected the initial P concentration and growth, 
even though this was not always reflected in the final DM yields. Both slurry 
acidification and addition of a nitrification inhibitor showed beneficial effects on initial 
P concentrations and growth, and in some cases also on DM yields. Implementation 
of slurry placement in Denmark in practise requires development of improved 
commercial injection machinery. 
 
Keywords: acidification, manure placement, nitrification inhibitor  
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In Switzerland, the amount of phosphorus (P)-containing waste is roughly equivalent 
to the annual amount of P provided by fertilizers (i.e. 4200 t). In order to fully recycle 
the P, we suggest the use of calcium phosphite (Ca-Phi), a by-product of a Swiss 
factory that is currently discharged, as P source for crops after being previously 
oxidized in the soil. The objective of this study was to test in a greenhouse 
experiment the effect of Ca-Phi on crop productivity (aboveground biomass), soil 
available P and soil microbial properties. Ca-Phi was applied to a green manure crop 
(GM) to assess the potential of P as nutrient for a subsequent maize crop (Zea Mays 
L.), the latter being recognized as high P demanding and highly sensitive to Phi 
phytotoxicity. Both crops were grown successively in the same pots. After eight 
weeks, GM aboveground biomass was harvested, ground and incorporated to the 
soil in the same pot before maize sowing. Phosphorus fertilisation treatments 
included a control 0P (without P fertilizers) and two mineral P fertilizations, one as 
Ca-Phi and the other one as TSP (triple super phosphate), applied at the dose of 33 
kg P ha-1 (official reference amount for maize in Switzerland) before GM sowing. 
Four different GM species (Lupinus Albus, Pisum Sativatum L., Brassica Juncacea, 
Avena Strigosa) and two soils, a sandy soil (pH=5.8) and a clay soil (pH=7.8), were 
considered. Crop productivity, soil available P (P-NaHCO3), microbial biomass (CNP) 
and soil enzymatic activities (β-glucosidase, chitinase, leucine-aminopeptidase and 
alkali-phosphatase) were measured at the end of both the GM and the subsequent 
maize crop. 
Productivities of GM and maize were mainly governed by soil type and plant species 
that masked fertilization effect. However, by considering the species effect, Ca-Phi 
decreased GM productivity for the clay soil (p<0.05). Similarly, Ca-Phi and TSP 
decreased maize productivity (p<0.05). In contrast, no effect was observed for the 
sandy soil. 
Fertilization treatments influenced soil available P differently for each soil. In the 
sandy soil, Ca-Phi and TSP increased soil available P at the end of the GM (p<0.01) 
compared to the 0P treatment. No significant effect was observed for the clay soil, 
probably because of the higher P fixing capacity of this soil. 
Microbial biomass was affected by P fertilization treatment to a lesser extent 
compared to soil type and plant species effects. In contrast, soil type, plant species 
and P fertilization treatments influenced enzymatic activities within the same order of 
magnitude. In fact, fertilization treatments modified enzymatic activities especially for 
all plant species and soil type combinations. 
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In north-west Europe, intensive livestock farming has led to highly positive nutrient 
balances at field level, resulting in the accumulation of nutrients such as phosphorus (P) 
in soils. Via erosion, run-off and leaching these soils are nowadays major non-point 
sources of P losses towards the environment. Whereas P losses via erosion and run-off 
can be cut back by means of catch crops, buffer strips and reduced tillage, P leaching 
can only be cut back by reducing the soil P stocks. Lowering the soil P stocks is possible 
by reducing the P fertilizer application rates below the crop demand level. Although these 
P fertilizer application rates have decreased markedly in the past decade, there was little 
improvement in P concentrations in surface waters. Therefore, additional measures are 
needed. Greenhouse experiments have shown that a rapid reduction of the plant 
available P pool is possible by reducing the P fertilizer input to zero, but field trials 
confirming these findings are rare. Moreover, following questions arise: (i) will crops 
continue to perform equally well under 0 P fertilization, (ii) which crops reduce soil P 
stocks most efficiently and (iii) how can soil organic carbon levels (SOC %) be 
maintained without organic matter application. In order to address these questions we 
set up two 0 P fertilization field trials at sites with a very high soil P status (P saturation 
degree > 35 %). In each of these trials, the effect of 0 P fertilization on crop yield, soil P 
status and SOC % was compared to organic P fertilization following the P application 
standards, for two crop rotations. For the first field trial, a comparison was made between 
the presence or absence of a harvested catch crop, i.e. grass, whenever possible after 
the main crop. For the second field trial, a vegetable crop rotation was compared to an 
arable crop rotation including two years of grass. The soil P availability in the plough 
layer was determined in two ways (extraction with calcium chloride and 
ammonium-lactate acetate) annually and the dry matter yield and P content of the crops 
were determined. For the P fertilized objects the total P input was determined. The effect 
of both the P fertilization regime and the crop rotation on the SOC % was evaluated 
using the ‘Demeter’ decision support tool, which simulates the SOC % evolution based 
on the Roth-C model. Four consecutive years of 0 P fertilization had no negative effect 
on neither the crop yield nor the crop P uptake. Further, grass, maize and celeriac make 
the largest contribution to P removal. Although 0 P fertilization reduced the P balance at 
field level with 60 to 90 kg . ha

-1
 over four years, this had no significant effect on the P 

availability. Inclusion of grass as green manure or as main crop in the rotation 
maintained the SOC % without the need for any organic fertilizers. However, in case of 
grass being the main crop, this may come at an economical cost, depending on the crop 
that is replaced. These results indicate that P mining may be carried out in a sustainable 
way without compromising SOC %, but that it will take a long time to reduce the soil P 
availability and associated leaching risks significantly. Such field trials should thus be 
continued in the long term. 
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Mineral fertilizers processed from rock phosphates, such as superphosphates, are an 
important P source in agriculture. In the past, P fertilizers from iron and steel slags 
(basic slag) have also contributed to increased biomass productivity. Both fertilizer 
types contain heavy metals as potentially adverse environmental contaminants: they 
can accumulate in the soil, be taken up by food crops or be transferred into aquatic 
ecosystems. AGES has carried out P fertilization experiments with the application of 
different amounts of superphosphate and basic slag (Thomasphosphate) for more 
than 50 years. The Austrian P field experiments were established in 1954 und 1956 
in Alpenvorland and Marchfeld, respectively. Both had the following treatments: 
control (0 P fertilization), and P fertilization amounts of 44 kg P ha-1 yr-1 and 175 kg P 
ha-1 yr-1 as superphosphate and basic slag. The trials ended in 2004 and were re-
cultivated in autumn 2011, when soil samples were taken in 0-25 cm and analysed 
for Aqua Regia trace element concentrations, such as cadmium (Cd), uranium (U), 
chromium (Cr), vanadium (V). 
Following 48 years of very high phosphate fertilization (175 kg P ha-1yr-1) the aqua 
regia soluble trace elements in the soil significantly increased. Superphosphate 
application led to a +25%/+22% increase of Cd and a +34%/+21% increase of U in 0-
25 cm/25-50 cm soil depth at the Marchfeld site. At the Alpenvorland site, which is 
rich in silt and clay, only U was significantly enhanced (+37%/+25% in 0-25 cm/25-50 
cm) after long-term, very high superphosphate fertilization. In Marchfeld, long-term 
basic slag fertilization also significantly enriched Cr and V at lower application 
amounts (44 kg P ha-1yr-1) in 0-25 cm soil depth, in 25-50 cm only with very high P 
fertilization (175 kg P ha-1yr-1). In Alpenvorland, high fertilization significantly 
increased the Cr concentrations in 0-25 cm (+34%) and the V concentrations in both 
0-25 cm (+80%) and 25-50 cm (+50%). After long-term, very high superphosphate 
fertilization (175 kg P ha-1yr-1), winter wheat grains showed the highest but non-
critical Cd concentrations at both experimental sites. 
Especially long-term intensive P fertilization resulted in significant increases of trace 
element concentrations in the soil at two sites in Austria. Currently, for the first time, 
the new European Fertilizer Regulation will include a Cd limit of 60 mg Cd/kgP2O5, 
thus, it is obligatory to monitor Cd in mineral P fertilizers. However, also U 
concentrations in P fertilizers should be controlled and minimised. 
 
Keywords: Plant nutrition, Field experiments, Heavy metals. 
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Crop response modelling is a key element of fertilization recommendation schemes. 
However, complex P dynamics in the plant-soil system are strongly governed by soil and 
climate, making it difficult to decipher short-term effects of soil P on yield. Hence, long-
term data from different sites are indispensable to establish general relationships but 
their multilevel structure needs to be modelled appropriately. Here, we present an 
approach to analyse yield response to soil P under different management and 
pedoclimatic conditions with particular regard to the spatial and serial grouping of data. 
We analysed data of six long-term field trials in Switzerland established in 1990. The 
sites differ markedly in soil properties (e.g. clay content 9–38%, pH 5.8–8.1) and climate 
(e.g. temperature 9.3–11.8 °C, precipitation 910–1810 mm) and are mainly cropped with 
small-grain cereals, maize, potato and grass-clover ley in varying rotations. On each site, 
mineral P has been annually applied in six dosages of 0 to 5/3 of recommended P, which 
has resulted in distinct soil P gradients among treatments (CO2-P 0.3–1.2 mg kg

-1
, 

AAE10-P 17–56 mg kg
-1

) and significant yield differences between under- and fully 
fertilized crops (small-grain cereals: 5.1 vs. 5.7 Mg ha

-1
). 

To derive general response models, we converted absolute to relative yields [%] based 
on data from agricultural practice. The explanatory variable was soil P extracted by either 
CO2-saturated water or AAE10 and the selected functions were linear-plateau, 
Mitscherlich, and quadratic that each comprise a parameter for maximum yield (Ymax), 
rate of yield increase, and intercept. Management (crop, fertilization) and pedoclimatic 
variables (clay, pH, temperature, precipitation, precipitation deviation) were applied as 
fixed factors to all parameters and site and year as random factors to Ymax only. 
Irrespective of model, the fit increased considerably when Ymax was allowed to vary 
between sites and years (R

2
: ~0.25 at population level vs. ~0.85 including random 

effects). The model based on the Mitscherlich function provided a slightly better fit than 
the other two and was selected for further analyses. For CO2-P as explanatory variable, 
the parameters averaged 94 [%], 6.3 [(mg kg

-1
)
-1

], and 0.52 [mg kg
-1

] for Ymax, rate, and 
negative x-intercept, respectively. The latter represents the CO2-P-equivalent covertly 
provided by the environment. Crop choice had the largest impact on all parameters but 
the associated coefficients also varied strongest. Fertilization was positively related to 
Ymax and negatively to rate. Increasing soil clay and pH both had a negative effect on 
Ymax, whereas pH was positively related to rate and clay to environment. Climate 
variables predominantly affected the rate and environment parameters. 
Our results show that crop response to soil P is strongly driven by management and 
pedoclimatic conditions and highlight the need for covariates in response functions. 
Further, spatial and serial grouping greatly affects the model fit. Those findings will be 
used to derive critical soil P values for different crops and pedoclimatic scenarios to be 
implemented in future fertilization recommendation schemes used in Switzerland. 

  



IPW9, ETH Zurich, Switzerland, 8-12 July, 2019 - Abstracts 

46 
 

The effectivity of phosphorus fertilisation on grasslands across the 
world 

 
Mart B.H. Rosa,b, G.F. Koopmansa, D. Abalosb, O. Oenemaa,c, H.M.J. Vosa,b, 

K.J. van Groenigend and J.W. van Groenigenb 

 
a Department of Soil Chemistry and Chemical Soil Quality, Wageningen University 

and Research, Netherlands 
b Department of Soil Biology, Wageningen University and Research, Netherlands 
c Wageningen Environmental Research, Wageningen University and Research, 

Netherlands 
d Department of Geography, University of Exeter, UK 

 
mr2249@cornell.edu 

 
As phosphorus (P) is one of the most limiting nutrients for crops, fertilisation is 
essential to feed the world. However, declining reserves demand far more effective P 
use. Here, we study the effectiveness of P fertilisation in grasslands in a global meta-
analysis of 67 studies and 1227 observations. Overall, yield increased 36% after 
fertilisation but the response differed dramatically between systems: it was 80–100% 
higher in (a) tropical vs temperate regions; (b) grass/legume mixtures vs grass 
monoculture; and (c) soil pH of 5-6 vs other pHs. Soils with low P availability reacted 
disproportionately strong to fertilisation. A kilogram of P fertiliser was 5-10 times 
more effective in Oceania or Africa than in other parts of the world. Our results show 
how we should more judiciously use a crucial resource: small fertiliser application 
rates to P-deficient soils result in stronger yield benefits than larger rates applied to 
less deficient soils. 
 
Keywords: grassland, fertilisation, soil P status 
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Mineral dust provides essential nutrients to aquatic and terrestrial ecosystems. It has 
been generally proposed that aeolian P inputs sustains the productivity of nutrient 
poor ecosystems that are located downwind to major dust sources such as large 
deserts. However, the sources, amounts and ecological effects of dust P are still not 
well established. Here we present the major findings of a multi-year work aimed on 
characterizing dust P and its ecological effects in the global scale and in ecosystems 
affected by local dust sources. We have found that Trans-Atlantic Saharan dust over 
the Eastern Atlantic Ocean and over a tropical rain forest contains 10 times more 
bioavailable P than previously assumed. Analysis of phosphate oxygen isotopes 
( 18OP) in dust showed that dust emitted from specific magmatic hotspots scattered 
across the Sahara enrich the dust in P. Based on P measurements, remote sensing 
and isotopic mass balance we estimate that Saharan dust P provides up to 30 % of 
the P in monthly litter fall in a Panamanian tropical forest. . Laboratory experiments 
and field sampling have shown that plants in dust affected ecosystems may boost 
their growth by absorbing dust P directly from their leaves, thereby decreasing their 
dependence on P uptake through roots where competition with soils minerals, 
microorganisms and other plants is common.  
P analysis in dust and soils that were sampled over 6 years in Northern Israel 
revealed that dust particles emitted from local agricultural soils provide 90 % of the 
dust P deposited to Lake Kinneret, the largest fresh water body in the region.  
Our results demonstrate that dust inputs nourish P poor terrestrial and aquatic 
ecosystems and highlights the central role of dust in the global P cycle, with 
implications for predicting future responses in nutrient budgets to changes in climate 
and land use. 
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Phosphorus is one of the main driving nutrients forcing eutrophication in the Baltic 
Sea. 
For this reason, the land-based input of phosphorus into the Baltic Sea is strictly 
controlled and monitored by its riparian countries. In contrast, the phosphorus 
deposition from the atmosphere is assumed to be mostly from natural sources. 
Therefore, no frequent monitoring of emission and deposition exists. A constant 
background input of 15 kg P km-² y-1 was assumed by HELCOM for the 
establishment of the phosphorus reduction target of the Baltic Sea Action Plan as it is 
acknowledged that atmospheric deposition is not negligible for the eutrophication of 
marine systems. Based only on punctual measurements for the northern Baltic Sea, 
this deposition rate was revised to 5 kg P km-² y-1, which corresponds to a total input 
of about 2200 tons. 
Verification of this deposition rate is strongly needed. Therefore, Germany has 
initiated a monitoring program at 2 onshore and initially 2 offshore stations (replaced 
by 1 Station aboard RV Elisabeth Mann Borgese) over the period of more than one 
year. The onshore stations are located at the Leibniz Institute for Baltic Sea 
Research in Warnemuende (IOW) and at the Biological Station of the University 
Rostock in Zingst (BSZ). The initial offshore stations were the FINO2 station near 
Kriegers Flak and the MARNET Arkona buoy, both in the Arkona Basin. Both 
offshore stations were replaced after 1 year with 1 ship based station due to 
continuous sample contamination. The onshore stations measure both dry and wet 
deposition separately, while the offshore stations only measure wet deposition trying 
to avoid possible contamination of samples with faeces of bird populations. Onshore 
samples were taken every 3 days for dry deposition and after every precipitation 
event for wet deposition. Offshore samples were stored refrigerated on a weekly 
basis until collection. Analysis was done with Molybdenum-blue-method with alkaline 
digestion for total phosphorus (TP) and without for dissolved inorganic phosphorus 
(DIP). 
Data on coastal measurements show, that the atmospheric phosphorus input has 
seasonality and variability. In 2017, deposition rates from 13.45 kg P km-² a-1 to 16.2 
kg kg P km-² a-1 for wet TP and 15.4 kg P km-² a-1 to 23.6 kg P km-² a-1 for dry TP 
were measured. DIP measurements were between 3.4 kg P km-² a-1 to 4.5 kg P km-² 
a-1 for wet deposition and 4.9 kg P km-² a-1 to 9.2 kg P km-² a-1 for dry deposition.  
The assumed background deposition rate seems to underestimate the input at least 
for the coastal regions of the German part of the Baltic Sea. The sources for dry and 
wet deposition may be the same as deposition rates are alike. To further investigate 
this assumption particle and isotope analysis of samples were started in late 2018, 
but results are still pending. 
Keywords: on- and offshore phosphorus deposition, southern Baltic Sea  
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Anthropogenic impacts such as nitrogen (N) deposition, elevated atmospheric carbon 
dioxide and change in rainfall and temperature patterns can alter nutrient cycling at 
ecosystem level. In Europe, increases in tree productivity and nutrient demands as 
well as decreasing foliar phosphorus (P) concentrations have been observed in 
recent years triggering discussions on the underlying mechanisms of P cycling in 
forest systems. 
Forest trees, as most plants in terrestrial ecosystems, take up their P mainly as 
inorganic phosphorus from the soil solution, which is supplied with P from other less 
available pools by abiotic and biotic processes. The quantification of P pools by well-
established chemical extractions gives a picture of their relative proportions. In 
addition, phosphorus radioisotopes (32P, 33P) can be used to trace the fate of P 
inputs into these different soil P pools.  
Our study is part of the German priority program "SPP 1685 - Ecosystem Nutrition". 
The overall objective of the program is to investigate the importance of soil organic 
matter turnover on P cycling under environmental changes induced by N and P 
fertilization. Full factorial N and P fertilization experiments were set up at beech 
(Fagus sylvatica) forest field sites in Germany. In this part of our study we are 
focussing on tracing the fate of P fertilizer in the presence and absence of N 
fertilization. Radioisotope (33P) labelled P fertilizer was applied in water-soluble form 
to a protected beech forest field site. We sampled the soil organic horizon before and 
5 and 15 days after labelling, performed Hedley extractions and measured P 
concentrations and radioactivity in extracted P pools.  
We observed differences in P concentrations between P and NP fertilized treatments 
for resin P and inorganic NaOH-EDTA extractable P, but not for microbial P, organic 
NaOH-EDTA extractable P or HCl extractable P. Largest proportions of the 
radioactive label were found in the resin P pool and further in the inorganic NaOH-
EDTA extractable P pool independent of N fertilization. 
 
Keywords: 33P, fertilization, forest 
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Natural soil colloids (1 nm – 1 µm) and specifically their subset nanoparticles (1 nm –100 nm) 
are known to associate phosphorus (P) and this affects the P mobilisation and transfer in soils 
and hence the availability of P for plants and microorganisms. However, in many P studies the 
presence of low nm-sized particles has been neglected and quantitative knowledge is very 
limited. In this study the size and composition of leached forest soil colloids and their 
characteristics regarding P association and P transfer were investigated.  
The Field-Flow Fractionation (FFF) size separation technique was used to characterise the 
colloids present in soil leachates. The FFF was coupled online to various detectors, e.g. to a 
UV-vis detector, an inductively coupled plasma mass spectrometer (ICP-MS), an organic 
carbon detector (OCD) to quantify the size related element composition of leached colloids.  
Initially, artificial rain experiments on forest topsoil mesocosm were designed to simulate field 
conditions for P leaching and colloid-facilitated P leaching. 
Following, at three forest sites zero tension lysimeters were installed under the litter layer, 
organic layer and topsoil at two sites. Irrigation experiments were conducted in the field to 
sample horizon defined leachates under natural conditions.    
The studies demonstrated that significant proportions of P leached from acidic forest topsoil 
were associated to colloids with a maximum size of 400 nm. Using FFF, leached colloids (LC) 
were separated into three size fractions of natural nanoparticles (NNP) and fine colloids (FC). 
The size-components of NNP and FC were present in all forest leachates and were highly 
comparable with NNP and FC found in forest stream waters. 
Characteristic for the forest sites was the composition of NNP and FC as well as the 
frequency with which the respective size components were washed out. However all size 
components of LC were dominated by Corg and the sum of these colloids contained 12–91% 
of the leached P depending on the forest soil. The percentage of colloid–associated leached P 
decreased with increasing total P concentrations within the leachate. The lysimeter 
experiments corroborate the findings of the mesocosm experiment. The detailed analysis of 
horizon-specific colloids in seepage waters showed the characteristic structure of the colloid 
size components for each soil horizon and provides deeper insights into the formation of NNP 
and FC. 
The study demonstrates that colloid associated P can be more important for the P leaching 
from forest surface soils than dissolved P and should not be neglected in soil water flux 
studies. The investigations gain a deeper insight in the colloids present in forest soils, raise 
the current knowledge about P translocation from top- to subsoil and allow the conceptual 
discussion about P dynamic from forest soil to stream.   
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The accumulation of organic layers in forests is linked to the ratio between litterfall 
and decomposition rates, the latter being decelerated due to acidification and 
associated with low nutrient availability. Nevertheless, the organic layers might still 
represent an important interim storage and source pool for phosphorus (P) nutrition 
of forests on P-deficient soils. In order to assess the importance of the organic layers 
as a potential P source pool a mesocosm experiment with 3-year old beach (Fagus 
sylvatica) saplings and soil from two forest sites characterized by contrasting P status 
(nutrient-poor: LUE, nutrient-rich: BBR) was applied. Two treatments were 
conducted, one that excluded the organic layers and one which included it. 33P was 
added in form of orthophosphate to the mesocosms and the trees were destructively 
harvested after 0h, 24h, 48h, 96h, and 192h, respectively, after addition of the label. 
For each time step, the radioactivity was measured in different soil P fractions and 
plant compartments (xylem, leaves, branches, stems) along with total P 
concentrations. Measured P concentrations in respective soil fractions and in foliar 
biomass were lower in LUE than in BBR (p ≤ 0.001). Accordingly, soil and plant 
material was more intensely labeled in LUE as compared to BBR as indicated by the 
specific 33P activities (ratio between radioactivity and stable isotope P concentrations; 
0.04 > p > 0.0001). More radioactivity was recovered in the aboveground biomass in 
LUE than in BBR, which can be either attributed to a more intense labelling effect in 
combination with a higher root density in the organic layers in LUE. Less radioactivity 
was recovered in the NaOH-P fraction in LUE and BBR if the organic layers were 
present, which was due to a combination of P retention and increased plant uptake 
as well as different infiltrating regimes in presence of the organic layers. The organic 
layers were crucial for the nutrient-poor site LUE as trees were not able to maintain 
their productivity as indicated by decreased foliar- and tree tissue P concentrations. 
Furthermore, P mobilization and efficient subsequent uptake by aboveground 
biomass was significantly decreased. In conclusion, our results highlight the 
importance of the organic layers for P nutrition of young beech trees growing on 
nutrient poor soils. 
 
Keywords: 33P tracer, phosphorus nutrition, forest floor 
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Phosphorus (P) is an essential macronutrient for plant growth and development due 
to the central function in energy metabolism, inheritance and metabolic control. In 
many ecosystems, plant available soil-P gets limited by soil aging. It was thus 
assumed that the P nutrition strategy of ecosystems depends on the soil type and 
paedogenesis. The P nutrition of ecosystems combines the soil P cycle, soil-plant 
interactions and the P nutrition of plants. Plants growing on P-poor soils established 
adaptation strategies to cope with P limitation. For example, Fagus sylvatica forests 
of Central Europe have been established on P-limited soils. This requires an efficient 
P-nutrition strategy of beech trees to sustain sufficient P for growth and development 
during annual growth, which results in similar biomass increment at forests stands 
with high and low soil-P availability. In contrast, the floodplain habitat of the fast and 
continuously growing Populus x canescens can be characterize as P-rich sites. 
Consequently, the P-nutrition strategy of P. x canescens may be different compared 
to beech according to the growth habitat and growth behaviour.  
P nutrition strategies were investigated in adult European beech (Fagus sylvatica L.) 
trees and their offspring at P-poor forest sites as well as in adult P. x canescens trees 
growing on P-rich soil. Therefore, different P fractions (total P, organic bound P and 
inorganic P) and their respective concentrations in brunch leaves as well as in the 
branch bark and wood were analysed over one growing season. Beech trees 
established in P limited forest ecosystems developed an efficient plant internal P-
cycling. The latter was characterized by P storage during dormancy and P 
remobilization during spring. Inorganic P (Pi) and organic-bound Pi (Porg) in form of 
phospholipids and glucosamine-6-phosphate was stored in the branch bark. N-
acetyl-D-glucosamine-6-phosphate was the Porg storage form in the branch wood. 
Moreover, dormant leaf buds build a ‘start-up capital’ of Porg in form of phospholipids. 
Hence, the P nutrition strategy of adult beech trees of P-poor forests can be 
characterized by P-recycling. Beech offspring in contrast, did not show any P storage 
in the branch bark and wood but accumulated P in dormant leaf buds during 
dormancy and may thus be characterized as P acquiring plants. The P-nutrition of P. 
x canescens markedly differs from that of European beech. This was mainly due to 
the lack of internal P cycling during annual growth. The latter was indicated by the 
absence of any P storage in the brunch bark and wood during dormancy and P 
remobilization in spring. Obviously, a strategy to economize the P nutrition and to 
prevent P losses has not developed in poplar and may characterize poplar trees as P 
acquiring trees.  
In conclusion, the different P nutrition strategies of beech and poplar correspond 
indeed to their growth strategies and growth habitats. F. sylvatica developed on P-
poor soils whereas the fast and continuously growing poplar established at 
unrestricted P availability of floodplains. 
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Crop productivity and sustainable land use require consistent replenishment of nutrients, 
including phosphorus (P). Soil fertility amelioration measures include applying synthetic 
P fertilizers, manure, and/or other organic matter as well as liming to increase P 
availability. In order to create sustainable systems for nutrient cycling, residues from 
cooking and ecological sanitation (EcoSan) can be employed in soil fertility management. 
Such recycling-driven approaches address an existing problem for many smallholders in 
sub-Saharan Africa (SSA), namely, the lack of appropriate soil amenders to sufficiently 
replenish soil nutrients and soil organic matter (SOM) in soils used for agricultural 
activity. However, the link between energy, sanitation, and agricultural productivity is 
often neglected and the potential self-sufficient nature of many smallholdings in SSA is, 
thus, underexploited. 
Using Tanzania (TZ) as an example, I have systematically examined the triple nexus of 
‘energy-sanitation-agriculture’ in smallholder farming systems. Starting point was the 
intention of two farmer’s initiatives to disseminate locally developed and adapted cooking 
and sanitation technologies to smallholder households in Karagwe District, in northwest 
TZ. These technologies include improved cooking stoves (ICS), such as microgasifiers, 
and a system combining biogas digesters and burners for cooking, as well as urine-
diverting dry toilets, and thermal sterilization/pasteurization for EcoSan. Switching to the 
new alternatives could potentially lead to a higher availability of domestic residues for P-
recycling. The latter include biogas slurry from anaerobic digestion, powdery biochar 
from microgasifiers, and sanitized human excreta from EcoSan facilities. In my inter- and 
transdisciplinary research, I applied an integrated multi-method approach, including inter 
alia a practice-oriented field experiment and model-based system analysis employing 
material flow analyses (MFA), soil nutrient balances (SNB), and the ‘Soil and Water 
Integrated Model’ (SWIM). 
Empirically and analytically, my results shed light on agronomic values of circular 
economies and P-recycling as well as on weak points in the system, from both ecological 
and socio-economic perspectives. For example, I demonstrated that all soil amenders 
analyzed could enhance crop productivity in a short-term experiment on the local 
Andosol. Referring to maize, so-called ‘CaSa-compost’, the product of co-composting 
biochar with sanitized human excreta, quadrupled grain yields. The observed stimulation 
of crop yield and also plant nutrition are attributed to improved nutrient availability caused 
by a direct increase of soil pH and of plant-available P in the soil. The assessment of 
lasting soil implications by using SWIM revealed that CaSa-compost or biogas slurry 
both show the long-term potential to roughly double yields of maize grains. 
Corresponding nutrient requirements can, meanwhile, be adequately compensated for 
through residue capturing and subsistence production of soil amenders. Overall, the 
potential of CaSa-compost for sustainable soil fertility management is superior to that of 
standard compost, especially with respect to replenishing soil P, liming, and restoring 
SOM. Biogas slurry, however, yields inferior results in all aspects when compared to 
compost amendments.  



IPW9, ETH Zurich, Switzerland, 8-12 July, 2019 - Abstracts 

55 
 

Recovery of phosphorus and other nutrients from source-separated 
urine by stabilization of the urine and evaporation of the water 

 
Michel E. Riechmann and K.M. Udert 

 
Department of Process Engineering, Eawag, Switzerland 

 
michel.riechmann@eawag.ch 

 
Phosphorus recovery is of high interest, not only to secure the access to this limited 
resource, but also to avoid eutrophication of water bodies polluted by inadequately 
treated wastewater. The recovery of nutrients from sewage treatment plants is in 
principle possible, but associated with a high procedural effort. Decentral wastewater 
treatment, on the other hand, offers much more flexibility to adapt to recycling 
necessities. New approaches have been developed, examining separate treatment 
options for the different waste streams rather than aiming to treat the mixed wastewater. 
Decentral wastewater treatment not only allows for the reduction of a large part of the 
maintenance-intensive infrastructure, but also for considerable simplifications of the 
treatment processes. 
The Blue Diversion Autarky toilet is a decentralized household-based sanitation system, 
which converts wastewater into valuable products directly on-site. One of the main 
guiding principles is source separation. In three different modules flushing water, feces 
and urine are treated according to their specific properties. As the major part of the 
valuable nutrients, including phosphorus, are excreted with urine, a process was 
developed to conserve and recycle the nutrients from urine in an efficient manner. 
The Autarky urine treatment consists of two main processes: urine stabilization and 
water removal. In the stabilization reactor, calcium hydroxide (Ca(OH)2) is dissolved to 
elevate the pH. As a result, urea hydrolysis and the consequent nitrogen loss by 
ammonia volatilization is prevented and nearly all phosphorus is precipitated as 
amorphous calcium phosphate. Additionally, the high pH kills pathogens and prevents 
biological processes that produce malodour. Due to the low solubility of calcium 
hydroxide only about the amount dissolves that is needed to reach the necessary high 
pH value. This allows providing a depot of the reagent in the stabilization reactor; thus, 
no expensive and complicated dosage mechanisms are required. Moreover, calcium 
hydroxide, also known as hydrated lime, is a cheap reagent and readily available 
worldwide. The amorphous calcium phosphate product was shown to have a high 
phosphorus availability when used as fertilizer. 
Offering an alternative to energy-intensive water removal processes, our approach uses 
forced convection to reduce the volume of the urine. The evaporation reactor consists of 
a stacked tray system to create a large surface area. Fans generating a high air stream 
accelerate the evaporation of the water from the incoming urine. The whole system is 
designed to be very robust. No pumps or other devices prone to clogging are applied, as 
the urine flow is solely based on gravity. 
The remaining end product collected on the trays is a multi-nutrient concentrate. It 
contains not only phosphorus, but also a range of other macro nutrients, such as 
nitrogen and potassium, as well as the trace elements contained in urine.  The recovery 
of all nutrients differentiates this precipitation process from other processes such as 
struvite precipitation, which basically targets phosphorus alone. Nevertheless, the 
process would also allow separating phosphorus from the other nutrients contained in 
urine.  
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Humans produce phosphorus (P) at a median amount of 0.924 g P/day. This 
accounts for 50 % of the P present in municipal wastewater and globally, total urinary 
P emissions are estimated to be 2 Mt P/annum. Phosphorus emissions need to be 
removed from wastewater as they are a potential environmental hazard that can 
cause eutrophication. In agriculture, however, P is applied widely in fertilisers to 
maintain high crop production. These P fertilisers are mostly made from rock 
phosphate, which is a limited commodity. Thus, P recycling techniques need to be 
developed to both reduce eutrophication risk and guarantee P fertiliser supply. 
Layered double hydroxides (LDHs) are a class of anion exchange clay minerals that 
follow the general chemical formula [M2+

1-xM
3+

x(OH)2]
x+[An-]x/n ·yH2O. These materials 

have a high anion exchange capacity and selectivity for PO4. Furthermore, P loaded 
LDHs have been shown to have good agronomic potential as P fertilisers. These 
combined characteristics make LDHs interesting candidates for P recovery. This 
research investigates the use of LDHs as P recycling adsorbents from urine. Different 
aluminium (Al) LDHs were synthesised using different divalent cations (Mg2+ and 
Zn2+) in the LDHs, changing the ratio of M2+ to M3+ and synthesising the LDHs at 
different pH. These different LDHs were compared for their P adsorption capacity 
and kinetics at different adsorption pH. P uptake is highest (61 mg P/g LDH) at an 
adsorption pH of 6 using LDHs with a high Al content . After adsorption, desorption 
experiments were conducted to rank the LDHs for their fertilisation potential. While 
Mg-LDHs and Zn-LDH adsorb equal amounts of P, Mg-LDHs desorb up to 84 % of 
adsorbed P, this is more than Zn-LDH, which only desorb 35 % of adsorbed P. 
Kinetic experiments indicate that P adsorption from urine by LDHs is reasonably fast 
and efficient. After only 4.88 hours, 90% of the P capacity is reached. The pseudo-
second order kinetics model proved a better fit than the pseudo-first order kinetics. 
This combined with the XRD measurements suggests that there are multiple P 
removal mechanisms present. Depending on the type of LDH, these mechanisms are 
ion exchange, ligand exchange and precipitation of secondary P phases. Finally, 
column adsorption experiments prove this technology to also be efficient in realistic 
conditions. 
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Microorganisms and plants are often limited by phosphorus (P) availability. This 
limitation is usually compensated by fertilization. Excess phosphate and other 
nutrients from fertilizers that are applied to agricultural land leach from the soil and 
wash off into water bodies, potentially causing harmful algal blooms. The capacity of 
algae to accumulate nutrients can be used to complement conventional wastewater 
treatment. The algal biomass can serve as a slow-release biofertilizer that can, in 
addition, also improve soil quality. We demonstrated that dried as well as wet 
biomass of the green microalga Chlorella vulgaris can support growth of wheat on 
nutrient deficient soil substrates. In addition, a rhizotron experiment visualized uptake 
of 33P from algae via soil to roots and shoots of wheat plants.  
Typical algae cells contain 0.5 to 7 % P of their dry weight, often in the form of 
polyphosphate (PolyP). Raman microscopy enables identification, quantification and 
localization of PolyP in situ in individual algal cells, together with other important 
storage molecules, such as starch, lipids and guanine. The maximum accumulation 
of PolyP occurs in P-starved cells following reapplied orthophosphate. Later when 
growth resumes, PolyP reserves are again consumed. We utilized Raman 
microscopy to monitor this transient polyphosphate accumulation dynamics in algae 
to obtain biomass with different PolyP contents.  The main aim of the study is to 
identify in which way the PolyP content and its chain length in algal cells affect 
release of plant-available P.      
 
Keywords: algal bio-fertilizer, Raman microscopy, polyphosphate. 
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For all organisms, phosphorus (P) is a vital element and its usage and application 
across agricultural production systems requires great attention. Monogastric species 
such as pigs and poultry depend on a sufficient supply of mineral inorganic P in the 
diet. However, pigs and poultry are also excretors of P, therefore animal husbandry 
at regional level is an important source of P inputs into the environment. The 
sustainable use of P ensuring sufficient but not excessive P supply makes a 
significant contribution to global food security and environmental protection. In animal 
sciences, this implies the need of an improved understanding of genetics and 
physiology with regard to absorption, retention (storage in bones) and excretion 
processes of P. In fact, P homeostasis is maintained via a number of known and yet 
to be elucidated regulators, transporters, hormones, and paracrine signals. Indeed, 
pigs show a wide variation in blood P levels, which is partly attributed to genetics. A 
targeted genetic study of functional candidate genes involved in mineral and bone 
metabolism revealed only minor contributions to the phenotypic variation in pigs 
(German Landrace). Genome-wide association analyses revealed genomic regions 
containing additional, previously unknown candidate genes for P homeostasis. In 
dietary intervention studies, transcriptomic alterations following an intrauterine P 
conditioning during pregnancy (‘Metabolic Programming’) were investigated in sows 
and their offspring. The gene expression patterns of relevant tissues, such as jejunal 
mucosa, kidney cortex and parathyroid glands, showed attempts to maintain the 
mineral homoeostasis and to meet physiological ranges via intrinsic mechanisms. 
However, current transcriptomic analyses indicated that variable dietary P regimens 
prompt immunomodulatory implications in intestinal and renal tissue sites. This led to 
new research questions with an emphasis on osteoimmunological aspects. The 
biodiversity of pigs regarding genetics and physiology provides a huge potential for 
breeding and management towards improved P efficiency. 
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In agriculture production, the poultry sector is using large amounts of mineral 
phosphorus (P). For several reasons efficiency of P utilization has received 
considerable attention in poultry research. One sustainable way to increase this 
efficiency is to breed animals for an improved P utilization. Recent studies in poultry 
revealed a heritability of P utilization in the range of 0.1-0.2, which suggest that 
selection response can be expected if this trait is included in a selection index. 
However, until now little is known about the genetic relationship of this trait with other 
traits. In addition, a genomic characterization of the genetic architecture of P 
utilization has not been done so far. The aim of this study was to estimate genetic 
parameters in univariate and multivariate settings for a range of traits including the 
focal trait P utilization and to assess the genetic architecture of P utilization by 
genome wide association analyses (GWAS). We used Japanese quail as a model 
species and generated an F2 design with about 900 individuals and well balanced 
family structure. These individuals were genotyped with about 4K SNPs. Because the 
quality of the quail reference genome is weak, a linkage map was calculated. Genetic 
parameters were estimated either with pedigree or with genomic information using 
linear mixed models. Single marker as well as Bayesian multimarker GWAS were 
conducted. The results showed a heritability of P utilization of about 0.15, which 
confirms that breeding for this trait is in general possible. The trait is genetically 
correlated with other traits like growth, feed intake, or bone mineral traits. The results 
from the GWAS revealed some trait-associated SNPs with weak significance. This 
suggest that the trait is of polygenic nature with many genes and small effects 
contributing to the genetic variation. From the results obtained so far it can be 
concluded that breeding for improved P utilization is in general promising, but due to 
the polygenic nature of the trait a continuous data recording is needed, which is 
complicated by the fact that P utilization is an extremely-hard-to-measure-trait. Future 
work will focus on the identification of proxy traits which can be used instead of P 
utilization in a breeding effort. In addition, gene expression profiles, eQTL studies, as 
well as microbiota studies will be conducted in order to understand the biology 
underlying the genetic and phenotypic variation. 
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Dairy farms in the UK are seeing increased intensification and phosphorus (P) import as 
concentrate feeds, which have potentially contributed to accumulation of P on dairy 
farms, leading to diffuse P losses and eutrophication. In order to reduce P accumulation 
on farms, fertiliser P use has been reduced over the past several years but P is still over-
applied to land as P-rich manure, which is generated from dairy cows fed P above their 
requirement. This practice of P overfeeding has no proven benefit and minimizing P 
overfeeding (i.e. precision P feeding) could reduce diffuse P loss from dairy farms, save 
farmers P supplement costs and promote sustainable use of P. Therefore, this study 
aims to identify the current P feeding practices on UK dairy farms and the key barriers 
and motivators to achieving precision P feeding. Two surveys involving dairy farmers and 
nutritionists were conducted. Total 2000 UK dairy farms were randomly selected from 
AHDB Dairy member list to evenly cover 5 different herd size groups (0-50, 51-100, 101-
150, 151-200 and over 200) and nutritionists were selected via relevant societies and 
course alumni. Farmer questionnaires were posted and emailed (Qualtrics) while 
nutritionist questionnaires were distributed online. Responses were collected weekly, 
collated into a spreadsheet (Microsoft Excel) and statistically analysed using Chi-square 
and ANOVA in Minitab. Responses from 124 farmers and 14 nutritionists were received 
whilst collection is still ongoing. Majority of farmers (71%) did not know dietary P 
concentration on their farms; however, of those who knew, 11% fed above NRC (2001) 
recommended range (0.30 to 0.38% of diet, dry weight basis) of dietary P for dairy cows. 
Farmers were less aware of the link between P overfeeding and pollution compared to 
nutritionists (69% farmers vs 100% nutritionists). Despite this greater awareness, 45% of 
nutritionists formulated diets containing P above NRC (2001) recommendation. Farmers 
typically do not implement phase feeding (28%) whereas almost all nutritionist do (80%). 
Of the portion of farmers that analyse forage P (67%), almost half (46%) do not consider 
this forage P in diet formulation whereas all nutritionists analysed forage P and almost all 
(89%) considered this in diet formulation. Farmers with smaller herds were significantly 
less aware of P pollution (P = 0.001) and less likely to have dietary professionals 
responsible for their herds nutrition (P = 0.004). Almost all farmers (97%) and all 
nutritionists are willing to reduce dietary P concentration if found to be overfeeding. The 
main barrier preventing both farmers (29%) and nutritionists (27%) from reducing dietary 
P concentrations is the uncertainty of or lack of information on P availability in different 
feed ingredients. In conclusion, P overfeeding is an existing issue on UK dairy farms. 
Strategies to address this issue need to utilize nutritionists’ influence, increase availability 
of awareness and training on best practices for precision P feeding and improve 
accuracy and communication of P availability in different feeds.  
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Conversion of land from undisturbed vegetation to long-term agricultural cropping is 
known to have adverse effects on soil phosphorus (P) reserves. However, there 
remains a lack of a detailed understanding about changes of P forms in soils over 
time as a result of agricultural use and other land management practices.  
We studied changes in P concentrations, availability, speciation, and cycling in long-
term agricultural systems. Surface soils were collected from paired sites at three 
locations in subtropical Australia, comparing soil from undisturbed vegetation with the 
adjacent soils converted for cropping, pasture, and plantation for up to 115 y. The 
speciation of the P was examined in bulk soils and in four aggregate fractions. We 
used the Hedley sequential P extraction method and solution 31P nuclear magnetic 
resonance (NMR) spectroscopy to provide detailed information on changes in 
organic P. In addition, we used in situ synchrotron-based analyses at the K-edge with 
X-ray absorption near edge structure (XANES).  
This study has provided detailed assessment of how changes in concentrations and 
speciation influence P availability in long-term agricultural systems, and provide 
important information on how land management practices alter P within the soil 
matrix. This information is important to effectively and efficiently manage production 
systems with a finite, and increasingly expensive, P resource. 
 
Key words: Sequential phosphorus fractionation, 31P NMR spectroscopy, XANES  
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Kosakonia radicincitans DSM 16656 is a plant growth-promoting bacterial strain, 
isolated from winter wheat, which proved to increase yield and product quality of a 
range of agricultural and vegetable plants under optimal plant growth conditions, but 
also under phosphorus (P) deficiency. 
Under both, rock phosphate and tricalcium phosphate fertilization the bacterial 
application improved the plant P nutrition significantly. K. radicincitans genome 
comparison with other P solubilizing strains revealed that K. radicincitans shares 
most genes of phosphorus assimilation (pho, pst) and the largest gene cluster for 
siderophore production (ent/fep) and an mdtABC operon with almost all other strains, 
while other additional genes for siderophore production are unique to K. 
radicincitans, such as the duplicated mdtABC operon. The up to now best described 
pqq genes, responsible for P solubilizing activity, are missing in DSM 16656. QTOF 
based analysis of bacterial metabolite profiles revealed a significant impact of the 
carbon source applied on bacterial P solubilizing activity, which is based on the 
genetic potential and finally reflected in the organic acid composition. 
We show new putative mechanisms of P solubilizing activities to be enclosed in 
Kosakonia radicincitans. Further evaluation of these processes can refine our 
selection procedures for adapted biological products, which could improve plants’ P 
utilization efficiency under various environmental conditions. 
 
Keywords: P-solubilization, genome comparison, metabolic profiling. 
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Phosphorus (P) is an increasingly limited resource for food production, which 
necessitates studying soil factors controlling rates of P release to soil solution. 
Phosphorus use efficiency is among other, affected by the plants, the plant root 
induced displacement of P equilibrium in soil during uptake and the following rates of 
replenishment from geochemically active P stores in soil. Here, soil P partitioning and 
flux data collected from a 50 year field trial, based on application of differing P 
masses, was investigated using a diffusive gradients in thin films (DGT) technique 
and “DGT-induced fluxes in sediments” (DIFS) model. Partitioning of P in soil was 
accomplished by deploying DGT at increasing contact times (6 hours to 120 hours). 
DGT induced P fluxes increased with soil P, and they were highest the first hours 
after installation. A Langmuir adsorption approach to determine Kd concealed 
accumulated P labile stores, whereas Kd estimations from ammonium lactate (AL) 
extractions did not. The estimated fluxes in the latter situation stabilized after 24 
hours deployment, and they were more clearly reflecting the long term P treatments. 
The two Kd approaches showed the importance of considering inherent P-stores for 
calculating fluxes and deliveries of labile P available for plants during P-uptake. The 
use of DGT and DIFS in combination enabled good estimations of fluxes. Such fluxes 
may be used to estimate, In Situ, critical soil solution P concentrations available for 
plants during growth, in different soil types.   
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For the first time we demonstrate that selected beneficial bacteria help the plant to 
better cope with double stresses in salty and phosphorus (P)-deficient conditions. Six 
Arthrobacter and Bacillus spp. strains, most dominant genera of the rhizosphere of 
acidic soil in Cameroon carrying different plant growth-promoting (PGP) potential 
were in vitro selected based on their abilities to solubilize seven inorganic phosphate 
sources, to fix atmospheric nitrogen and to produce phytohormones and 
siderophores. The six bacterial strains were also tested for their motility and salt 
tolerant abilities at 2-8% NaCl concentrations. Arthrobacter and Bacillus strains 
differed in their abilities to produce phytohormones. Arthrobacter strains were more 
efficient in producing auxins whereas Bacillus strains showed higher efficacy in 
producing cytokinins. Our aim was to find phosphate solubilizing bacteria acting also 
under salt stress. All bacterial strains were then quantitatively characterized in liquid 
culture supplied with tri-calcium phosphate and Cameroonian rock phosphate at 
different concentrations of NaCl and in vivo tested in greenhouse experiments to 
investigate their effect on growth and P uptake of tomato plants under different 
combination of P and salt stresses. The effect of salinity on the solubilization capacity 
was strain dependent and some bacteria carrying multiple PGP potentials were able 
to tolerate salt and even solubilize phosphate under high salt concentration. They 
also induced best plant growth-promoting results in greenhouse experiment under 
combined P and salt stress conditions. Our results indicate that bacteria from acidic 
rhizosphere soils can perform under combined P and salt stresses and have the 
potential to enhance agriculture in phosphorus-deficient and salt-affected soils.  
 
Keywords: Beneficial bacteria, phosphate solubilization, salinity tolerance. 
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Plants rely on phosphorus (P) uptake from the subsoil when the top soil layer dries 
out. Therefore, especially in semi-arid and sub-humid regions where low in-season 
rainfall results in a greater reliance on moisture accumulated in the soil profile during 
a fallow, methods to increase P availability in the subsoil are important to sustain 
crop production. One approach is to place highly concentrated P fertilizer bands 
lasting for several cropping cycles into the subsoil in order to minimize soil 
disturbance and to conserve soil moisture. Observations in the field showed that the 
response to these deep applications of banded P can be highly variable, presumably 
due to chemical transformations of the P fertilizers that depend upon the form of P 
applied, the type of co-applied nutrients, and the properties of the soil. 
Within highly concentrated fertilizer bands, we hypothesize that the acidic saturated 
fertilizer solution of mono-calcium / mono-ammonium phosphates induces initial 
dissolution of mainly iron, aluminum and calcium and subsequently precipitation of 
taranakite and crystalline calcium phosphates. Conversely, the alkaline saturated 
fertilizer solution of di-ammonium phosphate primarily results in precipitates of 
crystalline calcium phosphates. Co-application of potassium (K) fertilizer in the P 
band is expected to displace exchangeable cations including calcium from the soil or 
to dissolve cations due to decreasing fertilizer solution pH resulting in precipitation of 
K-taranakite and reduce the fertilizer P availability to plants. In the long-term, the 
amount of taranakite precipitation is expected to increase with increasing soil pH and 
with decreasing fertilizer solution pH. 
To identify P reaction products in concentrated fertilizer bands over time, we 
conducted a soil-fertilizer incubation experiment with a range of representative soil 
types from the northern grains region in Australia and three P forms (mono-calcium 
phosphate, mono-ammonium phosphate, di-ammonium phosphate). To study the 
impact of adding K fertilizer into a P band, a single K form (potassium chloride) was 
used. The soils were fertilized with a P rate equal to the fertilizer-enriched soil within 
10 mm of a band in the field when applied at a rate of 40 kg P ha-1 at a band space of 
1 m. 
We sampled soil solutions and analysed for pH, EC and elemental concentrations to 
determine what compounds are theoretically precipitating. Inorganic P species were 
analysed in situ using X-ray absorption near edge structure (XANES) spectroscopy. 
In order to assess changes in the P pools and their differing solubility, we 
sequentially fractionated incubated soils. 
The understanding on how various factors influence the availability of deep-banded P 
fertilizer will contribute to improved fertilizer use efficiency and crop productivity.  
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Large amounts of phosphorus (P) applications as fertilizer or manure have resulted in 
soil P accumulation that are of environmental rather than agronomic concern in 
China’s greenhouse vegetable production (GVP) systems. Therefore, understanding 
the P dynamics within GVP systems at a national scale is of high priority.  
Here, we conducted a comprehensive meta-analysis using 288 independent 
sampling sites from 178 articles to evaluate soil P accumulation and input-output of P 
under China’s GVP systems. The results showed that the amounts of annual gross 
fertilization (the combined application of manure and inorganic fertilizer) occurred in 
greenhouse and open-field vegetable systems with 1227.8 and 359.5 kg P2O5 ha-1 
compared to that of 137.4 kg P2O5 ha-1 in arable soil. The nutrient budgets for the 
greenhouse and open field vegetable showed surpluses of 656.5 and 237.6 kg P2O5 
ha-1 yr-1, respectively. Among different provinces, the inputs, outputs and surplus of P 
had large variations due to greenhouse types, amount and types of fertilization, and 
vegetable types. Cultivation duration appeared no consistent effect on the inputs, 
outputs and surplus of P because of their wide ranges. 
Excessive P inputs led to soil enrichment of both total and available P (Olsen-P). 
Overall, total P concentration increased by 136% and 80% in the top 20 cm of 
greenhouse and open field vegetable soils compared to arable soils, with increment 
of 242% and 146% in Olsen-P, respectively. Compared to arable soils, the 
accumulated total P stocks amounted to 6.47 and 3.82 Mg P2O5 ha-1 in the top 20 cm 
of greenhouse and open field vegetable soils, respectively. And soil Olsen-P stocks 
also increased by 0.73 and 0.44 Mg P2O5 ha-1 compared to arable soils. Cultivation 
duration had no significant effect on Olsen-P due to its large variation, while total P 
tended to increase with cultivation duration. Also, the total P change rates decreased 
significantly with cultivation duration, implying that greenhouse soil would reach its 
maximum environmental capacity, when the surplus P may easily increase risks of P 
losses to the aquatic environment. 
Our results also reinforce the fact that GVP systems present large P surplus due to 
heavy inputs of P, which resulted in soil P accumulations and potential P loss risk. 
Controlling P input is critical to effective targeting of remedial strategies that reduce P 
export. We should attempt to translate this basic knowledge to implementation of 
management programs that are both effective and practical to farmers. These 
findings also highlight the need to revisit current P fertility recommendations to 
increase P fertilizer use efficiency and to more holistically account for soil legacy P. 
 
Keywords: Phosphorus accumulation, potential loss risk, intensive greenhouse soils 
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Phosphorus (P) transfer to fresh waters from septic tanks (ST) has the potential to 
cause detrimental impacts on stream eco systems, particularly during ecologically 
sensitive periods of low flow. The impact of P released from ST on streams can be 
magnified when they act as cumulative, multiple points of pollutants in catchments 
with the potential to transform adjacent stream water from oligotrophic to eutrophic 
states. Here, we provide new data on the potential of septic tank effluent (STE) to 
impact stream waters and the effect of effluent discharge on receiving soils and 
sediments. Bioavailable phosphorus (BAP) in stream sediments and soakaway soils 
receiving effluent discharges indicated elevated available P concentration levels 
(ranged 26-99 mg P/kg and 26-320 mg P/kg, respectively). The cumulative effect of 
effluent discharge on soil quality from older ST systems was apparent in the reduced 
soil pH and the increased soakaway soil BAP levels. The bioavailable P 
concentrations in soil associated with older septic systems were >12 times compared 
to those in newly installed septic systems (320 mg P/kg and 26 mg P/kg, 
respectively). Streams adjacent to septic systems were found to have >45% of their 
total P was present in the dissolved form, of which >58% was in the soluble reactive 
form. Phosphorus annual loadings from STE to soakaways were calculated based on 
mean effluent data to be 0.797 and 0.956 kg P/person/year for water use of 150 and 
180 L/person/day, respectively. The annual P loadings were also modelled on spatial 
and temporal effluent data (median, top 5 percentile and 95 percentile), which 
revealed that a large proportion of P may still reach water courses even with fully 
functioning ST systems. The findings of this work suggest that continuous ST 
discharge cause accumulation of P in the soakaway soil, increasing the risk of P 
leaching to water courses and influencing stream water quality. 
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In agricultural systems in cooler climates, a significant portion of annual phosphorus 
(P) losses occur during the non-growing season, especially during snowmelt. The 
magnitude and speciation of P loss, and the partitioning of P losses between surface 
and subsurface pathways can vary spatially with soil texture, field slope and land 
use/management practices, and, temporally in response to event-based climatic 
drivers, and antecedent moisture and temperature conditions, all of which can vary 
across climatic regions that may range in winter severity. At present, there is a 
paucity of information on P loss and its associated drivers and mitigation strategies 
across geophysical regions with varying winter conditions. The magnitude, speciation 
and flow paths of P loss occurring throughout the non-growing season across regions 
with varying winter severity will be demonstrated. In addition, the efficacy of Best 
Management Practices (BMPs) under a range of winter conditions will be discussed. 
This presentation will draw on field studies collected in the provinces of 
Saskatchewan and Manitoba (Northern Great Plains), Southern Ontario (Great 
Lakes) and New Brunswick (Maritimes) of Canada. Spatial and temporal patterns in 
edge of field P losses will be discussed, emphasizing processes occurring throughout 
the non-growing season and highlighting the importance of individual and combined 
BMPs in mitigating P losses. 
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Fertiliser phosphorus is often essential in the restoration of post-mining landscapes 
as many regolith substrates employed as soil material. Regulator requirements 
typically require the rapid re-vegetation of post-mining lands as an indicator of 
expeditious restoration activity, mapping to perceived pathways of successful 
ecosystem recovery. While well intentioned, and having clear benefits in substrate 
stabilisation and soil carbon supply, we will show how this can lead to poorer 
outcomes in terms of vegetation composition and potentially, long-term issues in 
ecosystem biogeochemistry. 
Many mines exist in remote areas and on highly weathered, ancient, nutrient poor 
soils. Examples of these are the Fynbos of South Africa, the western and northern 
forests of Australia, the Campos rupestres of South America and many tropical 
areas.  
Typically, restoration requirements in these areas require the return of a native 
vegetation community that existed prior to mining. This is particularly common for 
surface strip mining where large areas of land are cleared of vegetation annually. In 
this paper we show how, where and why over fertilisation of phosphorus can occur. 
We will show the restoration benefits that can be gained by judicious fertilisation in 
terms of plant health, vegetation community structure and ecosystem development.  
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Most of the total P loading from all predominantly agricultural catchments is 
particulate P (PP) attached to eroded soil particles. This is why agricultural water 
protection measures have traditionally targeted PP, that is, erosion. Other notable P 
fractions are dissolved reactive (DRP) and non-reactive P. In receiving waters, DRP 
is fully algal available whereas only a fraction of PP contributes to algal available P, 
even in the long run and under anoxic conditions. Thus, in terms of eutrophication 
control a unit of DRP abatement is more influential than a unit of PP abatement. 
In crop production, conservation tillage and no-till are the most important erosion 
control measures. While effective in reducing PP, they have the unfortunate tendency 
of elevating the DRP concentration of runoff waters. This is primarily due to the 
vertical stratification of soil P. The phenomenon is driven by the plant roots taking up 
nutrients from deeper layers of soil. Plant residues accumulate and decay on the 
surface, gradually enrichening the topmost layer. Runoff waters, whether eventually 
leaving the field in subsurface drainage flow or surface runoff, are mainly in contact 
with the top soil. Therefore, soil P in the topmost layer is the best estimate for DRP 
concentration in runoff. 
Vertical stratification evolves in time. Stratification could be broken by ploughing the 
soil at the certain depth every now and then. This would cut down DRP loading but 
increase PP loading. How to balance with these two phenomena? 
We construct a dynamic optimization model which chooses the optimal tilling 
frequency and fertilization to minimize the sum of costs of P mitigation measures and 
the damages from eutrophication due to loading of algal available P. We consider 
private costs of ploughing and fertilization and social costs of eutrophication. We 
model the dynamic process of vertical stratification empirically using data from four 
different long term field trials in Finland:  Kotkanoja, Yoni, Aurajoki and Lintupaju. We 
model the stratification as a function of soil type and time; time appearing to be the 
most important driver. Average soil P of all layers is driven by P balance, the 
difference between fertilization and crop uptake of P. Loading of DRP is linked to 
topsoil P. The model is constructed using MATLAB. 
Given our functional specification and parametrizations, optimal tilling frequency is 
most notably driven by two variables: parcel’s susceptibility of erosion and the 
bioavailability of PP in receiving waters. The higher the erosion risk, the longer the 
tilling rotation, other things equal. Also, the higher the bioavailability of PP, the longer 
the tilling frequency, other things equal. The latter effect dominates. Using our model, 
we can re-evaluate mitigation strategies in agricultural P loading, allowing for site 
specific information of parcels’ characteristics as well as information of the fate of PP 
in receiving waters. Our results indicate that P driven eutrophication prompts 
significantly stronger emphasis on measures affecting DRP loading and focusing on 
erosion control mostly in areas susceptible for erosion. 
 
Keywords: vertical stratification, dissolved reactive P, optimization 
  



IPW9, ETH Zurich, Switzerland, 8-12 July, 2019 - Abstracts 

72 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Parallel Sessions 
 

7.1 Efficient P use in agroecosystems - P use in cropping and 
farming systems 
7.2 Environmental P problems – Aquatic Systems 

 
 
 
 
 
 
 
 
 
 
 
 
  



IPW9, ETH Zurich, Switzerland, 8-12 July, 2019 - Abstracts 

73 
 

Do rhizosphere modifications lead to complementary phosphorus 
uptake by species mixtures? 

 
Chunjie Li a,b, T.W. Kuypera, W. van der Werfc, J.L. Zhangb, H.G Lib, F.S. Zhangb 

and E. Hofflanda 
 

aSoil Biology Group, Wageningen University, The Netherlands 
bCentre for Resources, Environment and Food Security (CREFS), China Agricultural 

University, China 
c Centre for Crop Systems Analysis, Wageningen University, The Netherlands 

 
chunjie.li@wur.nl 

 
Previously we demonstrated trait dissimilarities among plant species in acquiring P from 
different P sources: millet and chickpea have high capabilities to access calcium P (CaP) 
and Phytate-P (PhyP), respectively, while cabbage and faba bean have high capabilities 
to access P-coated Fe(hydr)oxide (FeP) and PhyP, respectively. In a sand experiment, 
we have shown the dissimilarity in P uptake can improve P uptake by millet/chickpea 
mixtures. However, we do not know whether the dissimilarity in P uptake can lead to 
complementary P uptake in the soils which adsorb mixed P sources. Here we did a pot 
experiment to test complementary P uptake by species mixtures on the soils, and to 
quantify the contributions of rhizosphere modifications to the complementary P uptake by 
species mixtures. We selected two calcareous soils, a neutral and an acid soil.  
Monocultures and intercrops of millet/chickpea and wheat/maize were grown on two 
calcareous soils mixing with CaP and PhyP. We hypothesized that millet/chickpea 
mixture with different abilities to access CaP and PhyP would take up more P than 
expected based on monocultures, while wheat/maize mixture with similar capabilities to 
acquire P sources would not take up more P than expected based on monocultures. Our 
hypothesis was not confirmed, because we did not find complementary P uptake by 
millet/chickpea mixtures on either of the calcareous soils. On one of the two calcareous 
soils, P uptake by intercropped millet was higher than in monoculture, but chickpea did 
not acquire P although it increased its acid phosphatase activity and carboxylates in the 
mixture with millet. That suggests millet benefited from P mobilization by chickpea. 
Wheat/maize mixtures increased P uptake compared to the expected P uptake from 
monocultures because wheat outcompeted maize.    
Monocultures and intercrops of cabbage/faba bean and wheat/maize were grown on the 
neutral and acid soils with FeP and PhyP added. We hypothesized that cabbage/faba 
bean mixture with different capabilities to access FeP and PhyP would take up more P 
than expected, while wheat/maize mixture with similar capabilities to access P sources 
would not take up more P than expected. We found that cabbage increased the acid 
phosphatase activity in combination with faba bean on the neutral and red soils, but 
cabbage had similar P uptake in intercrop and monoculture. Faba bean did not take up 
any P, suggesting that cabbage/faba bean intercrop had no positive interactions on both 
soils. Wheat outcompeted maize although maize increased the rhizosphere exudation.  
Our findings showed that although the legumes respond strongly by increasing root 
exudation to mobilize P, this does not lead to complementary P uptake by species 
mixtures because only the neighbouring cereals take up the mobilized P. 
 
Keywords: Rhizosphere, phosphorus, complementarity  
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The inefficient use of phosphorus (P) in agriculture poses problems both in relation to 
the finite nature of the rock phosphate resource and eutrophication of surface waters. 
Improved utilisation of the P resource already stored in agricultural soils is therefore 
needed. To reduce nitrate leaching in Denmark, it is mandatory for farmers to grow 
cover crops. It is therefore relevant to explore if the utilisation of soil P can be 
improved by an adapted management.  
We carried out a pot experiment with three cover crops species (Agrostemma 
githago, Avena sativa, Lupinus angustifolius), having different P acquisition 
strategies. Three residue management treatments were used on each cover crop 
species: (1) Incorporation of entire plant, (2) removal of shoot and (3) adding shoot 
material as mobile green manure to previously unplanted soil. We employed soil from 
a long-term field experiment which for more than 70 years had received either no P 
fertilisation (low P status) or annual application of 15.6 kg P/ha (medium P status). 
Cover crop growth was terminated 40 days after sowing and dry matter production 
and P concentration in shoot and root were determined. In addition, pH, water 
extractable P and mineral N were measured in the soil. After growth of cover crops 
and shoot incorporation, pots were left for 28 days before sowing of winter barley 
(Hordeum vulgare). 49 days after sowing of barley, plant - and soil properties were 
measured with the same procedure as after the cover crop termination.  
Agrostemma githago had larger concentrations of P in the leaf tissue than the other 
species, however the total P uptake was similar to Lupinus angustifolius due to 
higher shoot biomass production in the lupine. Agrostemma githago had a larger root 
dry matter production in the low P soil than in the medium, which was contrasting to 
the other two species. Changes in soil pH and water extractable P were only 
detectable in the medium P status soil. After barley growth, water extractable P was 
significantly higher when shoots of Agrostemma githago were incorporated into the 
soil compared to the two other cover crops species. This was the case both when 
mixed in the same soil as when the shoot biomass was transferred to fresh soil. This 
study shows promising results for the adaptation of cover crop species and 
management to optimise P utilisation in soil, although this should be investigated 
further in field studies. Analyses on soil microbial activity and microbial community 
structure are planned as the next step. 
 
Keywords: Cover crops, mobile green manure, phosphorus. 
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Long-term field experiments can give an extensive overview about the effectiveness 
of fertilizer strategies also considering the influence of annual environmental 
conditions, nutrient mobilization and translocation processes in soil. At the Rostock 
long-term field experiment the effects of single and combined organic and inorganic 
phosphorus (P) treatments on soil P pools and plant nutrition are investigated since 
1998: I) Control without any P, II) Triplesuper P (TSP), III) biomass ash (ash), IV) 
Cattle manure (manure), V) Manure x TSP, VI) Manure x ash, VII) Biowaste compost 
(compost), VIII) Compost x TSP, and IX) Compost x ash.  Samples of the top soil (0 
– 30 cm) were taken twice each year in spring and after the harvest of the crops in 
order to analyze different P pools and enzymes involved in the P turnover. 
Additionally, for selected treatments soil P pools from the subsoil 1 (30-60 cm) and 
subsoil 2 (60-90 cm) were determined.  
Crop yields depended only partly on P supply and differences regarding their 
sensitivity to P supply were found with lowest sensitivity for winter cereals and 
highest sensitivity for maize and potatoes. The P treatments influenced the soil P 
pools at which considerable differences could occur in dependence of the sampling 
date. The amount of P applied had a greater effect soil P pools in the top soil than 
the type of the P source, and no differences between organic and inorganic P 
treatments were found. In the subsoil 1 the labile and moderate labile fractions (P-
water, P-lactate, P-NaHCO3, P-NaOH) were mainly increased after TSP application 
and the stabile fractions (P-H2SO4, P-residual) were mainly increased in the 
combined treatments with high P surplus. Also in subsoil 2 higher P concentrations in 
the labile P fractions were found in the treatments with TSP application, whereat here 
it did no matter if TSP was applied alone or combined with organic amendments. In 
the control the subsoil 2 contained about 20% of the bio-available P in the soil profile 
(0-90 cm). In the combined treatments this portion was lower with about 15% which 
indicates an accumulation of P supplied mainly in the upper soil layers. 
The P budgets could not fully explain changes of soil test P in the topsoil over time. 
Beside vertical movements of P we also expect surface run-off and transformation of 
soil P fractions. As variations in soil test P may occur depending of the sampling 
time, single soil tests can result in wrong assessments regarding the fertilizer 
practice.  
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Cropping systems rely on the provision of adequate amounts of phosphorus (P) to 
enable stable crop yields. A balanced application of P (i.e. returning similar amounts of P 
to soil compared to removal by crops) is necessary to avoid reduced crop yields (in case 
of too low application rates), but also to avoid P losses to other ecosystems (in case of 
too high application rates). While in conventional cropping systems the use of synthetic P 
fertilizers is common practice, organic cropping systems mostly rely on organic P inputs 
such as farmyard manure or compost. We aimed to answer if different cropping systems 
attain balanced P application rates in the long run and how plant P availability is affected 
by different cropping systems. 
To this end we used data of the DOK (dynamisch, organisch, konventionell) long term 
field trial for a 35-year period. The trial was established in 1978 near Basel (Switzerland) 
and consists of four cropping systems using different P fertilizers: BIODYN: biodynamic 
(composted farmyard manure and slurry), BIOORG: bioorganic (rotted manure and 
aerated slurry), CONFYM: conventional with farmyard manure and slurry, complemented 
with mineral fertilizer, and CONMIN, which is conventional with mineral fertilizer only. All 
cropping systems except CONMIN are also maintained at a reduced (i.e. halved) 
fertilization level. We calculated a soil surface P budget considering all relevant P inputs 
(fertilization, seeds) and outputs (removal by crops) on a plot level (12 plots per cropping 
system). At commence and at the end of each crop rotation (i.e. every 7 years), plant P 
availability was estimated by P extraction with carbon dioxide saturated water as well as 
by determining isotopically exchangeable P. 
Phosphorus inputs surpassed the outputs in conventional cropping systems CONFYM 
and CONMIN, resulting in a positive P-budget between +3 and +6 kg P / ha * yr in 
average. In contrast, organically managed cropping systems BIODYN and BIOORG, had 
negative P-budgets between -3 and -6 kg P / ha * yr in average. Additionally, all cropping 
systems under reduced fertilization levels had a negative P budget also (-11 to -13 kg P / 
ha * yr). Plant P availability generally decreased within the first crop rotation period in all 
cropping systems, likely as a result of depleting high soil P stocks that were established 
prior to the start of the field trial. Plant available P continued to decrease since then in 
systems with reduced fertilization, while it rather stabilised in the more balanced cropping 
systems.  
In summary, while conventional cropping systems tend to apply P at rates higher than 
actual plant removal, a P limitation for crops in organically managed cropping systems 
may establish in the long run if current fertilization recommendations are pursued. The 
results of the P budget will be further discussed including data on soil P stock changes, 
evaluations on P availability to crops (derived from isotopically exchangeable P) and 
estimates on fertilizer P use efficiencies in different cropping systems.  
 
Keywords: cropping systems, P use efficiency, budget  
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This research uses the Teagasc National Farm survey in the Republic of Ireland 
(n=900) which is part of the EU Farm Accountancy Data Network to explore the gap 
between actual application rates (kg ha-1) of phosphorus (P) and lime applied at farm 
level versus optimal application rates based on activity levels between 2006-2016.  
This covers the period since the introduction of the EU Nitrates Directive based 
regulations in the Republic of Ireland which regulates chemical fertiliser used at farm 
level.  The research explores the benefit-cost ratio of improved nutrient management 
practice from a farm profitability and environmental benefit perspective.  Results 
indicate sub-optimal application rates of P and lime across a range of farm systems 
with significant room for improved management practice leading to improved financial 
and environmental outcomes. 
 
Keywords: Phosphorus use at farm scale, EU FADN 
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Agriculture faces the challenge of achieving sustainable, profitable production while 
maintaining environmental quality. Conventional agricultural production is highly 
dependent on nutrient inputs of P and N in fertilizer and feed and poor use efficiency of 
these resources is associated with losses to the environment and impacts on water 
quality, GHG emissions, air quality, acidification and biodiversity. The AgriBenchmark 
project explored the possibilities for benchmarking of nutrient management performance 
on Irish farms. Teagasc National Farm Survey (NFS) data (2008–2015; 1446 farms) 
were used to characterise and explore the potential for improvement of farm nutrient 
management performance and resultant aspects of environmental and economic 
sustainability through the derivation of three key performance indicators (KPIs) at the 
farm-gate level: farm nutrient balance (kg ha

–1
), nutrient use efficiency (NUE; %) and 

profitability (gross margin; € ha
–1

). Large ranges in these KPIs between farms of the 
same type show that there is scope to reduce nutrient source pressure (nutrient balance) 
and increase efficiency (NUE). Dairy farms exert the greatest nutrient source pressure in 
terms of both surplus per ha (mean 156 kg N ha

–1
 yr

–1
 and 7.0 kg P ha

–1
 yr

–1
) and 

estimated national aggregate agricultural surplus (111,210 t N yr
–1

 and 4994 t P yr
–1

), 
equivalent to 43% of the total agricultural N surplus and 31% of the total agricultural P 
surplus from only 21% of the total UAA. General trends of reduced N and P surpluses 
and increased efficiencies across farm types (except for sheep farms) in the last 2 or 3 
years of this study indicate improved sustainability and reduced nutrient source 
pressures. However, increases in P balances and decreases in P use efficiencies for all 
livestock sectors over the whole period from 2008 to 2015 indicate that P farm gate-level 
source pressures have increased over this time, largely because of increased fertiliser P 
imports. Benchmark farms minimise surpluses to relatively low levels for a given level of 
production intensity, with lower fertiliser and feed imports per ha, greater exports of 
agricultural products per ha, relatively high stocking rates (except for tillage, mixed 
livestock and non-suckler cattle farms) and higher gross margins (€ ha

–1
). For example, 

the optimal benchmark zone for dairy farms is characterised by farms with relatively high 
stocking rates [2.2 livestock units (LU) ha

–1
] but relatively low N and P surpluses 

(122 kg N ha
–1

 and 4.5 kg P ha
–1

, compared with 271 kg N ha
–1

 and 26.6 kg P ha
–1

 for 
the poorest performing farms), relatively high N- and P-NUE (31% N-NUE and 72% P-
NUE, compared with 14% N-NUE and 26% P-NUE) and high gross margin returns 
(€2734 ha

–1
, compared with €1909 ha

–1
). To achieve these improvements in both nutrient 

source pressure and profitability and resource use efficiency, it is necessary to focus 
both on optimisation of nutrient imports and their management and on optimisation of 
nutrient exports, which, in the case of dairy farms, is milk. 
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Elemental contents in catchment headwaters are indicative of the mobile load of 
nutrients and minerals in the ecosystem whereas their partitioning between the different 
chemical species predetermines their fate. Ongoing, this is an important prerequisite to 
understand the mechanisms of aquatic and terrestrial ecosystem nutrition, which is 
especially relevant for limiting nutrients like phosphorus (P). Research on nutrient 
acquisition and cycling processes in stream waters and terrestrial ecosystems has often 
focused on the “dissolved fraction.” However, it is increasingly recognized that naturally 
occurring nanoparticles (NNP, d=1-100 nm), and also larger particles belonging to the 
overall term “colloids” (d=1 nm-1 μm), are ubiquitous components in natural aqueous 
phases and have the potential to encapsulate and bind nutrients, yet are often not 
included in the analysis of terrestrial nutrient cycling processes.  
To assess a more universally valid role of NNP and colloids, an upscaling approach of 
the catchment based analysis was chosen from regional to national to continental scale. 
Analysis of the natural particles was performed via online coupling of an Asymmetric 
Flow Field Flow Fractionation (AF

4
) to an organic carbon detector (OCD) and an 

inductively coupled plasma mass-spectrometer (ICP-MS). 
Within the regional sampling study NNP and colloidal bound P was analyzed along the 
stream flow. This data enables the inputs and source regions of NNP and colloidal 
fractions to be traced and conceptually defined for the first time within a small river of a 
headwater catchment. Also, the effect of strong precipitation events was investigated and 
showed varying effects on the different fractions. On national level, it was tested if the 
majority of P containing NNP and colloids in forest streams shows the same basic 
composition despite variability of ecosystem factors. Exploratory data analysis showed 
that each fraction had unique elemental signatures with different preferential P binding 
partners. On continental scale, a systematic variation with respect to size and 
composition of NNP and colloids across Europe was found. Data from two transects 
through Europe showed that the particulate contents of Fe, Al, and organic C were 
correlated to their total element concentrations, but those of particulate Si, Mn, P, and Ca 
were not. The fine colloidal fractions >60 nm were dominated by clay minerals across all 
sites. The resulting element patterns of NNP <60 nm changed from North to South 
Europe from Fe- to Ca-dominated particles, along with associated changes in acidity, 
forest type, and dominant lithology. Next to the spatial extents, a temporally resolved 
analysis over the course of one year at one site reflected the importance of an 
identification of water origin in a catchment for the relevance of NNP and colloidal 
transport. The results demonstrate that NNP and colloids play a relevant role for nutrient 
transport in and export from forest ecosystems, anyways highly unexplored especially 
with regard to P. 
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Flanders is known to have very high phosphate (PO4) concentrations in its surface 
water, with an average of 0.52 mg P/l. Certain regions are characterised by very high 
PO4 concentration peaks during the summer months, explaining the high average 
values. Previous research suggests that these peaks are linked to reductive 
dissolution of iron(Fe)(oxy)hydroxides, the most abundant P sorbent in sediments, as 
a result of oxygen depletion at higher temperatures during the summer. There is, 
however, no proven causality for this link under field conditions. In this study short 
term additions of bromide (Br) as an inert tracer combined with monoammonium 
phosphate (MAP) (NH4H2PO4) were used to quantify P fluxes form or towards the 
sediment. These additions were done in 4 streams with contrasting sediment Fe/P 
ratio and were, repeated under low and high dissolved oxygen (DO) conditions, i. e., 
during summer and during winter. Under high oxygen conditions, all streams showed 
net P retention of up to 25% of the added amount. In contrast, there was no net 
retention in the streams when DO was sufficiently low (<5 mg O2/l) and the P/Fe ratio 
was below 0.12 mol/mol. In these conditions, there was also an increase of dissolved 
Fe, which points to reduction of sediment iron. Phosphate retention still occurred 
when the P/Fe ratio was sufficiently low. These results show that iron reduction can 
indeed induce P release from the sediment and partially explain summerly phosphate 
peaks in Flanders. The sediment P/Fe ratio is however not the only factor 
determining P release. A static anaerobic incubation experiment has shown that 
increasing respiration rates also lead to an increase in P release due to the faster 
exhaustion of DO. The cation exchange capacity (CEC) of the sediments also 
affected P release by immobilising reduced Fe2+ after dissolution and thus preventing 
vivianite (Fe3(PO4)2) precipitation. 
 
Keywords: Sediment phosphate flux, sediment-water interactions 
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Temperate lakes and reservoirs undergo pronounced seasonal changes resulting in 
an array of temperature and redox conditions, which can be categorized into four 
groups; oxic-low, oxic-high, anoxic-low, and anoxic-high temperature. These 
conditions influence benthic processes and lead to either uptake or release of solutes 
by sediments. Release of nutrients (N and P) so called internal loading is major 
problem in managing eutrophication more so at a time when lake temperatures are 
increasing. To investigate effects of temperature and redox conditions on benthic 
solute fluxes, we designed a two-factorial sediment core incubation experiment by 
varying either temperature or oxic status of sediment cores from an oligotrophic and 
eutrophic reservoir. Fluxes in the anoxic-high temperature treatment were far higher 
than those of the other treatments for both the oligotrophic and eutrophic reservoirs; 
however the difference was significant mostly for the eutrophic reservoir. For both 
reservoirs sediment, the combination of strongly reducing conditions (due to anoxia) 
and high temperature (20°C) led to a significant increase in nutrients concentrations 
in the overlying water column. Under these conditions, SRP flux was 0.01 and 0.2 
mmol m-2 d-1; ammonium was 0.9 and 5.6 mmol m-2 d-1 for the oligotrophic and 
eutrophic reservoir, respectively. Increasing temperature under oxic conditions also 
significantly increased P release even though P fluxes were lower compared to the P 
fluxes under anoxic-high temperature conditions. Our findings indicate that eutrophic 
systems are therefore more sensitive to warming and redox changes. 
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Long term low flow ortho Phosphorus (SRP) monitoring in headwater streams in 
central Europe revealed a seasonal variability of the SRP concentrations with highest 
concentrations in summer and lowest in winter. These seasonal concentration 
amplitudes often reach values above the eutrophication level.  It is assumed that 
temperature dependent biogeochemical processes could lead to P release to 
streams during the summer low-flow period, where redox processes may be 
responsible for this increase. Several studies have highlighted the crucial role of 
reactive zones such as riparian wetlands in controlling solute export regimes. 
Moreover especially in forest headwater streams in-stream assimilatory uptake 
shows a distinct seasonal behaviour because of varying shading conditions. These 
can also lead to seasonal SRP amplitudes. Furthermore sorption and desorption 
processes are temperature dependent which may alter in-stream SRP release during 
the year.  
Often SRP concentrations are higher in the agricultural streams than in more pristine 
headwaters. It is not clear how land use (e.g. P status of soils) may impact the 
baseline SRP concentrations and which factors control the seasonal change in SRP 
stream concentration (riparian groundwater heads and redox processes, 
temperature, in-stream release and uptake processes). Therefore the objective of 
this study is to disentangle land use impacts from hydrological and biogeochemical 
controls of low flow SRP losses.  A comparative study on seasonal SRP 
concentration patterns will be presented comprising around 35 long term monitored 
headwater catchments in humid temperate climate of northern Europe and the United 
States. Based on hydrological and SRP headwater signals and catchment properties 
P release processes are discussed. The results of the study will allow to target SRP 
mitigation strategies based on knowledge of the dominating control of SRP loss from 
headwater streams.   
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Two decades of actions have been undertaken to mitigate poor water quality and 
extreme runoff in the Tarland catchment (an agricultural headwater of the multi-
habitat-designated River Dee, NE Scotland). Measures include a focus on the 
riparian-channel space, including 30% of watercourses (total network 107 linear km 
over 50 km2) with riparian buffers of designs exceeding basic compliance (widened, 
tree planting). Despite this the 20-year spatio-temporal trends in stream P forms 
show a complex interplay of environmental processes affecting desired mitigation 
outcomes and considerable community efforts. The catchment has been a centre for 
research into water pollution, runoff control, with targeted process-experimentation 
and considerable spatial data resources. Data include in-situ rainfall, soil moisture, 
hydrometry, and monthly hydrochemical grab sample sites (1-52 km2 scales; 10 
sites; 20-years). A key driver of investigations is the occurrence of widespread 
increases in dissolved P across catchment scales over the last 5 years with a peak in 
dissolved non molybdate-reactive P most recently declining, giving way to rising 
molybdate-reactive P with consequences for legislative compliance. Evidence of land 
cover change cannot explain this whereas several massive storm events in that 
period may be capable of system ‘state-flipping’ behaviours.  
This study examines evidence of potentially competing processes to develop a 
riparian-channel, network-level understanding of the interplay of processes affecting 
aquatic P in these headwaters. On one hand, we examine P-related riparian 
functions (buffer interruption of diffuse pollution, channel ecosystem resilience 
provided by shading, C-supply etc) and the potential for increased in-stream P 
processing rates. On the other hand, we examine interactions with P recycling in 
riparian soils and from the stream bed. Net sediment retaining/eroding reaches and 
riparian buffer placement were examined via GIS-based network modelling. We 
describe ongoing investigations into P exchange processes at riparian-channel and 
sediment-water interfaces. 
Developing stream corridor network understanding of processes interacting with P 
mitigation efforts is key to unravelling why, where and when headwaters react 
variably to often considerable efforts in catchment management. Currently, riparian-
channel ‘sensitivity’ factors are poorly developed in water legislation. The case of NE 
Scotland headwater’s disappearing and re-appearing P likely reflects more 
widespread responses to increasingly stochastic changes in catchments driven by 
environmental events with complex lag effects within, and between, reaches.               
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Excessive phosphorus (P) inputs from agriculture are well established as a 
contributor to eutrophication of freshwaters. Decreasing these inputs is an important 
step in improving the ecological state of impaired waters. Particulate P (PP) can be a 
significant form of diffuse P inputs to freshwaters from agricultural catchments. 
Identification of the main drivers for PP losses is an important step in reducing these 
inputs. However, there is a lack of studies of long term temporal and spatial 
dynamics of PP in agricultural streams. Here, we investigate the relative importance 
of hydrology and geochemistry on PP concentrations and fluxes in agricultural 
headwaters. We evaluate environmental monitoring data from eleven small (<35 km2) 
agricultural catchments in Sweden with at least seven years of flow measurements 
and flow proportional sampling of water quality parameters, with several of the 
catchments being monitored since the 1990s. Using parametric and non-parametric 
regression together with principal components analysis (PCA), we identify in-stream 
and catchment variables that can aid in predicting PP concentrations, e.g. suspended 
solids concentrations (SS), soil texture, crop type and average soil P content in the 
catchment. The temporal stationarity of predictive relationships is investigated using 
Mann-Kendall trend analysis. We show that SS and PP concentrations often are 
highly and positively correlated, but the relationship differs between catchments. 
Concentrations of PP are also positively correlated to average clay content in the 
catchments, while no correlation with P content in the soil was found. Results from 
the PCA together with results from multiple regression analysis show that an 
increasing clay content decreases the slope of the relationship between SS and PP, 
meaning in catchments with higher clay content, less PP is transported per SS 
particle. However, adding clay content to a multiple regression does not make a 
significant further contribution in explaining the variance in PP compared to a 
regression based solely on SS. The ratio between PP and SS is found to significantly 
(p<0.05) increase over time in several of the catchments, despite no significant 
changes in SS or PP concentrations over the study period. When studying long term 
monitoring data PP is found to be mainly driven by SS concentrations, while SS 
concentrations are driven by average clay content in the catchment. Our study 
highlights the importance of long time series since the enrichment of P on suspended 
particles in the streams would not be noticeable without the access to long term 
environmental monitoring data.  
 
Keywords: Particulate phosphorus, environmental monitoring, agricultural streams.  
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It is still no commonplace with the public, yet most scientists now broadly agree: Usable 
phosphorus (P) supplies are limited and they do become scarce. As an irreplaceable nutrient 
for all living creatures on the planet, P plays a major role in global agriculture used as a 
fertilizing agent to enlarge and secure crop yields. Phosphate rock is the main source for 
producing potent mineral P fertilizers. Yet, phosphate rock needs geological timespans to 
develop and is mined much faster than it is replenished. It is a sensitive raw material, with a 
due date for the remaining deposits. Thus, talking about P scarcity mostly implies this 
economic perspective of a commodity growing short and finally dwindling. In science and 
technology, many efforts are taken to mitigate this so-called “P crisis”. The most prominent 
approaches are 1) to replace phosphate rock by alternative P fertilizer-sources (e.g. struvite, 
composts), and 2) to recycle P from wastewater and byproducts. However, from a 
geoecological perspective, these actions do not solve the problem but just postpone it.  
Geoecology has a different notion of P scarcity. As P is an element that cannot be destroyed, 
it can in fact not dwindle. Still, it is seen as a critical nutrient, limiting primary productivity in 
many terrestrial ecosystems. P ions first have to be taken up from the soil water via plant 
roots to enter the food chain. Yet, according to the scientific assumption, with an increasing 
residence time in soil, P is chemically converted into forms that plants cannot take up 
(“legacy P”). Thus, from a geoecological perspective, P is not dwindling, but it is chemically 
brought into a form we cannot make use of or retransform by now. To compensate for that, 
more P fertilizer is often applied than would be needed. This again triggers the consumption 
of phosphate rock reserves. 
In the last decades, dynamic approaches of soil P’s reactive behavior more and more lead us 
away from thinking only time would govern P plant-availability. Instead, soil conditions 
dynamically influence P reactions. In such a conceptual framework, P scarcity becomes a 
conditional thing and is not obligatory. A better understanding of the conditions that govern 
soil P dynamics could thus help to find proper ways to counteract P limitation and to prevent 
plant-available P from becoming scarce. Yet, this potential is not often made use of by now. 
In this talk, the major scientific concepts of P scarcity are discussed, with a focus on the 
dynamic approaches and the perspectives they open up for a targeted P management in 
agriculture. Advances in the fertilization praxis are especially needed when it comes to the 
precise spatial planning, the integration of not-directly available P forms and of P stocks in 
the subsoils. Moreover, the retransformation of “legacy P” and the soil conditions under 
which it can be achieved are important research objectives. To make P management more 
efficient, P inputs need to be better adjusted to the outputs (i.e. P in harvest). This would also 
help to reduce P losses and the eutrophication of aquatic ecosystems. As a side-effect, it 
would help to save fertilizer and phosphate rock and would thus lessen P scarcity – 
economically speaking. 
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Dietary patterns critically influence the amount of phosphorus (P) used in both food 
production and food processing. The inefficient use of P across all sectors of the food 
system has led to accumulation of P in the landscape and P leakage to waterbodies 
that is degrading aquatic environments. Although P is essential for our body’s growth 
and functioning, and appears in all foods to varying degrees, there is increasing 
concern that modern patterns of food consumption have increased our dietary P 
burden. High dietary P intake is a costly waste of P affecting the environment via 
wastewater treatment and burial in landfills. Current research suggests that a move 
toward vegetarian or low meat-based diets would reduce not only environmental P 
footprints globally, but also those of nitrogen and carbon.  
To explore the relationship between dietary choice, P intake and P wastage, we 
estimated for the first time dietary P consumption trends over the last century in the 
UK using National Food Surveys and food P composition data. We found that there 
were considerable changes in the composition (amount per food groups) of the 
average UK diet between the 1940’s and 2010’s which appears to indicate a 
decrease in estimated ingested P from 1340mgP/day in 1942 to 1070mgP/day in 
2016. A large contributor to this decrease seems to be a decrease in dairy 
consumption, although other food groups also decreased. We further explore some 
of the limitations of the food survey data, including P additives in processed food, as 
well as the potential environmental benefits of reduced dietary P intake in reduced 
loadings to water from wastewater treatment by looking at sewage P discharge over 
time. Finally, Options to leverage dietary consumption patterns to reduce the total 
dietary P burden of an average UK person were compared and assessed in relation 
to the minimum level of P required for optimal national food output (e.g. cereals, 
potatoes and vegetables).  
 
Keywords: diet, phosphorus, UK 
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The presentation will analyze the consideration of sustainable P management in 
environmental and agricultural law. Hereby the German legislation will serve as an 
example, especially since the amended German fertilizer law came into force in 
2018. Since the relevant law for P touches not only fertilization issues, the 
presentation will also give an overview on further areas of law with relevance for P, 
especially soil conservation law, water protection law and circular economy law. 
Because of the strong influence of the Common Agricultural Policy (CAP) of the 
European Union on national agricultural legislation, the recent proposal for the CAP 
2021-2027 will be analyzed to check its impact on sustainable P management. Also 
legally binding international environmental targets will be shortly considered. It will be 
shown that some important P management issues are reflected in recent law, but 
that there is need for improvement. The existing relevant law is especially command 
and control law which suffers from shortcomings like enforcement deficits, rebound 
effects and shifting effects. Economic instruments will be introduced as superior 
governance solutions not only for solving the P problem but also to tackle other 
environmental problems. 
 
Keywords: Governance, Fertilizer Law, Agricultural Policy 
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Phosphorus is an essential nutrient for humans, animals and plants. It is absorbed by 
humans through food and supplied to plants through fertilization. Since phosphorus 
cannot be substituted by any other substance, recycling should be a logical conclusion. 
Global natural resources are regionally limited, for example in Morocco, China and the 
USA. Europe itself has no significant deposits of the raw material and is therefore largely 
dependent on imports from the countries where the main deposits are located. 
In order to minimise dependencies and promote recycling, the Circular Economy 
Package was passed at EU level in 2015 and, within this framework, the EU Fertilizer 
Ordinance was also amended with the aim of creating fair conditions for mineral 
fertilizers and organic fertilizers from fossil and recycled materials. The amended 
Regulation will enter into force in June 2019. 
In Germany, from 2029/2032, phosphorus must be recovered from sewage sludge from 
wastewater treatment plants > 100.000/50,000 p.e. due to the new Waste Sewage 
Sludge Ordinance (AbfKlärV). For the implementation of the AbfKlärV an enforcement 
aid is currently being developed which is to come into force in autumn 2019. 
Nevertheless, besides the importance of the legal conditions the phosphorus recovery is 
not a recycling yet- only when the resulting product enters the market one speaks of 
recycling. 
In order to close the nutrient cycle, it is therefore necessary to consider the entire value 
chain. This is the task of the German Phosphorus Platform DPP e.V.. DPP was founded 
in 2015 and is a non-profit association with the aim to establish a sustainable 
phosphorus management especially in the German speaking countries. 
In order to achieve this objective, DPP has built up a steadily growing network of 
stakeholders from the various fields related to phosphorus. The members of the DPP 
network come from science, industry, municipalities and associations. Thus, it is possible 
to bundle the existing knowledge and experiences of the members and to facilitate a 
network amongst the different areas and to prevent a competitive development between 
science and economy. Through the exchange within the network, synergies can be 
created, and the topic of phosphorus recycling can be decisively promoted. In order to 
promote the exchange, DPP sees an important task in organising events and workshops 
and thus offering a platform for the constant exchange between the groups of actors. For 
DPP it is equally important that secure information are made available in a bundled form 
not only to decision-makers but also to the general public. 
In addition to the strongly developed network in Germany itself, it is also important for the 
DPP to have a network beyond national borders and to promote the exchange of 
information. For this reason, DPP is a member of ESPP – the European Sustainable 
Phosphorus Platform - and they both work jointly to promote the idea of sustainable P 
management at European level. Equally important, however, is the exchange with 
Switzerland as the first country to implement phosphorus recovery - here DPP is in close 
contact with the Federal Office for the Environment (BAFU), also a member of the DPP.  
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Cities are important hotspots in phosphorus management, because they concentrate 
the demand for food and generate phosphorus-rich waste streams. These secondary 
phosphorus sources can potentially be re-introduced into the food system and close 
nutrient loops, in line with circular economy principles. However, different strategies 
towards more circular food systems can be competitive to each other and affect the 
city’s energy, water or waste management systems. Thus, a systemic approach that 
accounts for such trade-offs is necessary when evaluating different pathways 
towards more circular urban food systems.      
In this study, we use Substance Flow Analysis to map the phosphorus flows related 
to the food system of Brussels Capital Region (BCR), in order to understand the 
quantities and forms of the nutrient that are potentially available for recovery and 
reuse. In a second step, we evaluate how these flows change when applying 
different circular scenarios for the food system of BCR. In parallel, we assess the 
energy flows for the current situation and each of the scenarios. Using this multi-layer 
approach, we can highlight hotspots and possibilities for ‘closing the phosphorus 
loop’ of BCR and discuss trade-offs between two crucial resources: phosphorus and 
energy. We show that the food and phosphorus system of Brussels is predominantly 
linear but an important share of this phosphorus is recoverable. However, little can 
be recycled within the city itself; the greatest potential for a more circular food system 
lies in the connection of the city with its hinterland.  
 
Keywords: urban metabolism, circular economy 
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Phosphorus (P) inputs are essential for optimal production of crops and livestock in 
global food systems. However, the negative environmental impacts on our aquatic 
environments of inappropriate P use in agriculture and the wider food system are 
widely recognised. Furthermore, phosphate rock, the raw ingredient of most P inputs 
into the food system, is both a finite resource and, as a valuable global commodity, is 
vulnerable to fluctuating market values and geopolitical pressures, making increasing 
fertiliser costs inhibitory to their use. Together, these environmental, political and 
economic pressures mean that regional food systems are potentially vulnerable to 
changes in P usage and supply. Therefore, approaches that improve the efficiency 
and sustainability of P use in the food system and increase its resilience to these 
pressures are needed.  
One approach is to ensure that the P that enters the food system (e.g. as fertilisers, 
animal feeds and household food) is, where possible, efficiently recycled back into 
the system, to essentially ‘close the loop’ on the P cycle and thus reduce reliance on 
imported primary P resources. To effectively achieve this, the flows, stores and 
losses of P within a defined food system (e.g. catchment’s, regions, and countries) 
must first be identified to help ascertain and assess opportunities for the recirculation 
of P. Here, we report on a P substance flow analysis (SFA) undertaken for Northern 
Ireland. Total annual average P input as fertiliser and animal feed for the years 2014-
2017 in Northern Ireland was 16,992 tonnes. P output in agricultural produce 
averaged 7451 tonnes over the same period, resulting in an average annual P 
balance of plus 9540 tonnes, the equivalent of 11.3 kg/ha P or a P use efficiency of 
44%. By characterising these particular flows, stores and losses of P in the Northern 
Ireland food system and assessing the potential agronomic value of any reusable 
secondary P sources, opportunities for closing the P loop and improving the 
efficiency and sustainability of P use in Northern Ireland were identified.  
 
Key words: Substance Flow Analysis, Phosphorus 
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Phosphorus (P) is an essential nutrient for food production and is therefore crucial to 
food security. High quality reserves of phosphate rock can be found in a limited 
number of countries, leaving countries, such as Norway, fully dependent on imports 
to secure the supply of primary P, thereby making them vulnerable to supply 
shortages.  
However, in the case of Norway, there is considerable potential for recovering and 
recycling secondary resources, manure and fish sludge being the most dominant 
resources primarily in terms of volume, the usability of which is limited by regional 
disparities of supply and demand.  
With an existing Substance Flow Analysis on national level as a basis, we conduct 
Substance Flow Analyses on farm level, using spatially explicit data to produce 
geographically resolved maps of secondary P quantities in Norway. These maps can 
be used to address barriers, such as redistribution and consequential transport 
distances, required infrastructure, social acceptance and inter-sectoral use, in 
connection with efficient P recycling supporting Norway’s transition towards 
independence of primary P resources. This allows for solutions and policy-
recommendations with regional focus while maintaining the robustness of systems 
analysis.  
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One of the most important current objectives of the European Commission is to 
transform European economy to the circular economy (CE) model, where the added 
value of products is retained as long as possible and waste is eliminated. In the 
transition to the CE model, the sustainable management of raw materials plays a key 
role in the whole value chain. The raw material Phosphorus (P) requires special 
attention as it cannot be replaced by any other element and is listed as a critical raw 
material (CRM) for the European economy. This paper presents the current 
phosphorus management structure in Poland taking into account the sources of P, its 
consumption and recycling. At present, no phosphates are produced in Poland and 
the demand for P-bearing raw materials is satisfied entirely by imports mainly from 
Morocco and Senegal. There is high potential for P-recovery from selected 
secondary sources due to an increase in the generation of P-rich waste, such as 
municipal and industrial sludges (947.2 thous. Mg of dry solid waste /year), sewage 
sludge ash (45 thous.Mg /year) or biomass ash (4.2 million Mg/year). Anyway, P 
recycling is not commonly undertaken in Poland. Currently, in order to transfer the 
Polish economy to the CE model, the government is working on strategies and 
programmes that take into account the sustainable management of raw materials. In 
Poland, the most promising sources of P are municipal and industrial wastewater, 
sewage sludge and sewage sludge ash and, therefore, basic legal recommendations 
for nutrient recovery in the wastewater sector were proposed by Polish organisations 
dealing with environmental concerns. It should be also underlined that based on the 
experience of developed countries (such as Germany and Switzerland) which have 
already proposed and implemented solutions towards the sustainable management 
of P according to the CE model, the policy directions, which include the legal, 
technical and environmental recommendations next to the economic and social 
concerns, should be adopted under Polish conditions.   
 
Keywords: recovery/recycling, circular economy (CE), resources management 
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Farm-gate phosphorus (P) balances at national level have been calculated for the 
Swiss agriculture and the years from 1975 to 2016. Inputs into agriculture comprise 
imported feedstuffs, mineral and other fertilizers, imported seed and atmospheric 
deposition. Outputs from agriculture encompassed plant and animal foodstuffs and 
other animal products (e.g. by-products of meat production such as bone meal). The 
difference between P inputs and outputs is in most cases positive (= surplus) and 
comprises the changes in soil P stocks (increase or decrease in P contents of soil) 
and P losses through various pathways to waters. 
In 2016, 9 kg P ha-1 of utilized agricultural area were imported into the agricultural 
sector in feedstuffs, 5 kg P ha-1 in fertilizer and less than 1 kg P ha-1 in imported seed 
and atmospheric deposition whereas 9 kg P ha-1 were exported in plant and animal 
products. The surplus came to 6 kg P ha-1. 59% of total P inputs of 15 kg P ha-1 were 
incorporated into exported animal and plant products and 41% were accumulated in 
soil or lost to the environment.  
Studies from the middle of the last century and our results show that P surplus 
continuously rose until peaking in 1980, the year with the highest animal population 
in Switzerland. In the following 25 years, P surplus decreased, with higher rates in 
the 1990s after the introduction of direct payments for ecological programmes. 
Whereas P output rose, P input was more than cut in half, mainly due to a strong 
reduction in imported feedstuffs and mineral fertilizer. From 2005 onwards, P surplus 
was constant with a further reduction in fertilizer use and an increase in exported 
products being offset by a strong increase in imported feedstuffs. In Switzerland, a 
further reduction in surpluses could be achieved by better feeding strategies and an 
improved fertilizer management, mainly of animal manure. 
The majority of the P surplus was accumulated in soil, while the remainder was lost 
through erosion, surface runoff and leaching. Taking account of estimated P losses 
to waters decreasing from 2.8 to 1.1 kg P ha-1 between 1975 and 2016, soil P 
accumulation over the entire period aggregates to about 500 kg P ha-1. This quantity 
would theoretically suffice to meet the exports in agricultural products for several 
decades. Over the last hundred years, total soil P accumulation is estimated to be 
even twice as high considering the results from older nutrient balance studies 
showing already high surpluses for the period from 1920 to 1940 and the year 1955. 
At present, nearly all Swiss farmers claim to have an equilibrated nutrient balance. 
Nevertheless, there is still a substantial national surplus of 6 kg P ha-1 giving rise to a 
further accumulation of P in soils of Switzerland. 
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Phosphorus (P) is a crucial and finite element needed by plants and animals for 
growth and viability. With increasing world population and the simultaneous growing 
appetite, there will be an increasing demand for fertilizers in the future. With 
diminishing high concentration P ores which are used to produce P fertilizers other 
processes and feedstocks will have to be identified and the economic feasibility of 
such processes evaluated. Hardly any research exists on the Improved Hard Process 
(IHP) yet and the capability of using other feedstock than low-grade P ores to gain a 
high purity product is still in its infancy. 
By applying the IHP, a thermal process that uses C as a reducing agent in the 
presence of SiO2 at 1400°C, it is possible to process low quality P ore without using 
the traditional wet acid extraction process. Regarding the Europe-wide discussion 
about stopping P loss to the environment, improving the recovery and establishing a 
local P supply necessitates closing the material loop by using waste feedstocks. 
Thus, in this presentation a mixture of primary data from lab experiments and 
secondary data is used to identify several IHP suitable waste feedstocks and their 
ashes, containing an extensive/suitable amount of Phosphorus. Furthermore, the 
integration of energy generation via incineration is also considered leading to the 
evaluation of mass and energy balances of several P containing feedstocks, and 
carbon sources to identify fixed and operational costs. The results offer a first 
glimpse of feedstocks and process combination preferable from an economic and 
energetic aspect. The processing costs as well as the generated revenues and 
affects of pure and mixed feedstocks were analyzed and compared to identify the 
most implementable and economic realizable process.       
 
Keywords: Phosphorus, Improved Hard Process, Technoeconomic Assessment  

 

  



IPW9, ETH Zurich, Switzerland, 8-12 July, 2019 - Abstracts 

97 
 

Availability of organic and mineral phosphorous from different 
Sludges 

 
Yaniv Freiberg, S. Baram and P. Fine 

 
The Volcani Center, Agricultural Research Organization, The Hebrew University of 

Jerusalem, Israel 
 

Yaniv.Freiberg@mail.huji.ac.il 
 
There is an ever-growing surplus of processed activated sludge from sewage 
treatment facilities. Sewage sludge contain high proportion of organic matter, 
nitrogen (N) and phosphorus (P). Therefore, efficient utilization of sludges in 
agricultural land can increase soil fertility and plant yield, and reduce the risk of 
damaging the environment by eutrophication of nearby water bodies. Most of the P in 
sludges exists in inorganic forms. However, depending on the sludge source and 
stabilization method, a large sum of its P can be stored in organic compounds. The 
purpose of this work was to examine P availability in sludges, and to quantify the 
origin of the extractable P (mineral and organic P). In addition, we tried to 
characterize the different P constituents and their relative contribution to the 
extractable P. We worked on four different sludges with growing stabilization intensity 
(low to high: Shafdan raw sewage sludge (SRSS), anaerobically digested sludge 
(ADS), anaerobically digested sludge compost (ADSC), and secondary aerated 
sludge treated with coal combustion fly ash and burnt lime (FALTS)). Total P content 
in the sludges ranged from 0.46 to 2.86% of dry weight, with organic P accounting for 
1 to 14% of the total P (dry combustion). P availability was measured using 
continuous (9 to 12) water extractions (60:1 water: biosolid) at pH 8, with and without 
autoclaving. The difference between the non-autoclaved and the autoclaved 
treatments was associated with mineralized organic P. P availability ranged from 42 
to 77% of total P, with 3 to 11% derived from mineralization of organic P. Hedley’s 
fractionation scheme for the non-autoclaved treatments (following 0, 5 and 9 
extractions), exhibit that the less stable P fractions were the main P source in the 
less stable sludges (SRSS, ADS) (i.e. H2O, Membrane-P, NaHCO3-P; ~61%), while 
in the more stable sludge (ADSC) it only accounted for 32%. Moreover, continuous 
extraction of the highly stabilized sludge (ADSC) showed a moderate reduction in P 
availability, compared to the less stable sludges where P availability rapidly 
decreased. To conclude, stabilization of biosolids decreases P availability as a 
consequence of increased stabilization of Ca-P minerals, decreased organic P 
content, and shifting P distribution into the more stable, less soluble fractions. 
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The HTC-Innovation Campus Rheinmühle project aims to optimize a pilot plant 
employing hydrothermal carbonization (HTC) for the production of char briquettes 
and liquid by-products (process water) from bio-wastes. Each year approximately 
1’000 m3 cow manure of a livestock farm and 100 t sewage sludge from a close-by 
wastewater treatment plant (WWTP Chur) will be processed. HTC products will be 
further used as alternative fuel, substrate for biogas production and for nutrient 
recovery. 
The HTC hydrochar briquettes are converted to a storable feed fuel for gasification 
and combustion systems. The separated process water is used to recover nutrients 
like phosphorus and nitrogen and is further utilized as a co-substrate in the biogas 
plant Halbmil. The pilot plant is intended to show a power- and heat-generating 
processing pathway for manure and sewage sludge in Switzerland, leading to its 
industrial development. 
 
Keywords: bio-waste, nutrient recovery, bio-fuel 
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Bone char (BC) as one alternative P fertilizer could decrease environmental impacts 
from the usage of mineral P fertilizers based on rock phosphate. The low P solubility 
of BC is a problem since it mainly consists of stabile hydroxylapatites. To overcome 
this limitation we produced and tested a surface-modified BC (BCplus) that has been 
partially covered with reduced sulphur (S) compounds. The proportion of Ca 
hydroxyapatite in BCplus particles decreased, whereas the proportion of CaHPO4 
increased after amended soils had been incubated, leached and cropped by ryegrass 
for one growing season in a pot experiment. In a forthcoming and ongoing perennial 
pot experiment, we investigate the gradual weathering of BC- and BCplus-single 
particles and the resulting P-release along with the response of the crops grown. At 
two dates in the growing season we examine plant data (P-concentrations, biomass 
and P-uptake) and characterize manually picked BC particles (photographic 
documentation, sequential P-extractions, ζ-potentials and P-XANES). In the first two 
experimental years the BC application resulted in a lower dry matter yield of maize 
compared to the treatments with BCplus and triple superphosphate which did not 
differ. Compared to the TSP treatment the P-uptake of maize was lower in the BC- 
and BCplus-plus treatments in the first year, while in the second year this was only the 
case for BC. The sequential P fractionation and the P-XANES give detailed insights 
into changes in the P-solubility and P-speciation at the single particle level. This 
involves the proportions of easily vs. rather stabile P-compounds and the proportions 
of Ca-P-compounds of different crystallinity and P-release capacity. In conclusion, it 
is derived how the P-fertilizer capacity of bone chars develops over time.  
 
Keywords: Bone char, P-XANES 
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Phosphorus, derived from phosphate rock, is a valuable, non-renewable and 
irreplaceable limited resource, which the fertilizer industry and modern agriculture 
heavily depend on. The tremendous increase in phosphate usage combined with lack 
of efficient removal and recycling technologies, results in eutrophication of natural 
water bodies all over the world. Thus, there are strong needs for development of 
cost-efficient phosphate removal and recovery technologies for all types of waste 
streams containing phosphorus. 
Layered double hydroxide (LDH) materials show promising application in phosphate 
removal, but it is almost impossible to regenerate them by traditional filtration or 
sedimentation methods due to their flaky structure and sub-micrometre size. On the 
other side, LDH materials incorporated with magnetic particles are promising 
sorbents as they can be separated magnetically. In this study, a magnetic phosphate 
sorbent material was synthesized. The magnetic core consists of magnetite particles 
prepared via simple coprecipitation and further coated with SiO2 to make the 
magnetite susceptible for bonding of LDHs.  The phosphate sorbent comprising a 
magnesium-iron (III) layered double hydroxide (MgFe LDH) was also synthesized by 
copredication, and the final magnetic composite was prepared by simply mixing the 
suspensions of the two materials. The obtained magnetic sorbent exhibiting a high 
magnetic saturation value (40 emu/g) can be easily separated by an external 
magnet. Batch phosphate absorption experiments showed that the sorbent has a 
high maximum phosphate sorption capacity of 60 mg P/g, however with a low 
phosphate adsorption affinity. Sorption kinetic result indicate fast absorption, it can 
reach 80% sorption of total sorption within 60 mins (original phosphate concentration 
is 50 mg/L). Like other phosphate sorbents, the pH has a strong influence on the 
phosphate removal efficiency, the lower the pH the higher the removal efficiency. 
However, this may compromise the stability of the LDH materials. The MgFe LDH 
structure tends to dissolve when pH is under 7 which eventually destroy the LDH 
structure of the original sorbents but may cause phosphate sorption by the residual 
Fe oxide. The dissolution, however, makes it difficult to regenerate the phosphate 
loaded sorbent. Further studies are being performed to assess opportunities to 
overcome the stability constraints and to increase the phosphate adsorption affinity. 
 
Key words: MgFe LDH sorbent, phosphate adsorption, magnetic separation 
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Phosphorus (P) is a crucial element enabling the growth of plants and animals. 
Originally it was sourced from Guano droppings, but due to unprecedented demand it 
is now mined in the form of an ore, predominantly from North Africa. Over 90% of P 
is used in the agricultural industry and it is estimated, since 1950, 1 billion tonnes of 
P has been lost into waterbodies leading to a detrimental affect on aquatic 
biodiversity.  P is finite, it cannot be synthetically produced, and its replacement or 
alternative does not exist. With forecasts of a shortage totalling 20 million tonnes in 
the future, the application and recovery of P from available resources is of utmost 
importance. As consumers of plants, both animals and humans are a rich source of 
P. Approximately, 22% of total P consumed can be found in excrement and urine, 
thus   the utility of sewage sludge provides a means to close the material loop for 
sustainable P recovery. Similarly, animal bones from slaughter houses, algal 
biomass from waste remediation processes and waste agricultural residues also offer 
additional recovery routes. 
Although industrially the extraction of P is predominantly via wet processing 
necessitating the use of acids, there also exists thermal routes where P of high purity 
for application in high value chemicals industry. As such, the abovementioned 
feedstocks are ideal for thermal treatment given the low-medium P content, 
environmental toxicity and chemical composition of the substances. Furthermore, it is 
also possible to recover not only the P but also some of the valuable metal 
constituents in elemental form. One such process is the Improved Hard Process 
(IHP) where P is volatilised in the presence of Si and a reducing agent such as C. 
The IHP was specifically designed for the treatment of low-grade P ore to produce 
high quality/purity P in the form of P2O5 by means of utilising a rotating kiln and 
combination of reducing and oxidising conditions. As such, in this work we present 
the application of IHP to recover P from different waste organic feedstocks including 
Raw Sewage Sludge, Incinerated Sewage Sludge Ash as well as Animal Bones. 
Experiments were conducted on a TGA (Thermogravimetric Analyser) coupled with 
an ICP-OES at temperatures of up to 1400°C using the above feedstocks at various 
C:Si:feedstock ratio to decipher the maximum P recovery. A quantitative assessment 
of the P recovery as well as feedstock characterisation was performed with view of 
improving product yield by understanding the feedstock composition and potential 
options to add co-reactants.  
 
Keywords: Phosphorus, Recovery, Improved Hard Process 
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As the expanding world population places pressure on the poultry industry to meet 
consumption demands, heightened poultry litter (PL) production presents an obstacle 
to identify alternative uses for increased volumes. Repeated PL applications within 
localized distances of poultry operations creates nutrient concentrated areas posing 
a threat to ecosystems. Poultry litter ash (PLA), a co-product from manure-to-energy 
systems, is a promising solution addressing: transportation logistics, repurposing PL 
nutrients, and offers dual purpose as a fertilizer and an energy source. Thermo-
conversion systems alter PLA nutrient solubility; therefore, the first objective is to 
determine solubility fractions of four PLA (Fluidized Bed Bulk, Combustion Mix, 
Fluidized Bed Fly Ash, and Ash Coated Urea) and P fertilizers (poultry litter and triple 
super phosphate). Phosphorus sources were extracted sequentially using deionized 
water, NaHCO3, NaOH, HCl and finally acid digested using EPA 3050B followed by 
analysis via ICP-AES. Water extraction represented soluble P (Sp%) whereas 
NaHCO3 signified labile inorganic P (Lp%). Phosphorus extracted by NaOH, HCl, 
EPA 3050B acid digestion reflects non-labile or bound P (Bp%). Additionally, electron 
microscopy qualitatively identified PLA P structures containing Ca-P and or Ca-Mg-P 
structures aiding in explanation of reduced P solubility. The second objective is to 
compare phosphorus (P) nutrient availability of PLA with industry standard P 
fertilizers and subsequent effect on maize yield. Experimental design of source by 
rate treatments were arranged in a two factorial randomized complete block design in 
a low P environment. Overall, nutrient solubility and plant availability is paramount for 
evaluating PLA derived co-products as P grain fertilizers that will aid in manure P 
redistribution.  
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Europe depends highly on the import of mineral phosphorus fertilizers. At the same 
time, innovative phosphorus (P) recovery technologies from municipal wastewater 
treatment are emerging and directing recovery of phosphorus  into valuable fertilizing 
products (struvite, ash, Fe-P pellet, etc.). Standardized quality assessment of novel 
products is until now a missing puzzle on the road towards its massive agricultural 
application. Plant P-availability determined for the novel products can vary when 
comparing different extraction methods or plant growing conditions. 
Consequently, within the frame of the Phos4You project we aim to develop a 
standardized methodology for P availability assessment by (i) Comparing methods to 
determine the chemical P composition of the products: for that, five chemical P 
extraction and two P determination methods were selected on bases of the current 
European Fertilizer Regulation1 and national legislations of European member 
states2. (ii) Comparing plant P uptake from the different products: in a first pot trial, 
we investigated the plant performance and plant P concentration of ryegrass fertilized 
with five recovered P products (struvite from liquor, struvite from sludge, two types of 
ashes, FeP pellets). The plants were grown in P-poor substrate soil (washed river 
sand) for a seven months and the recovered products, as well as a based mineral P 
fertilizer used as control (triple super phosphate (TSP)), were supplied at 3 
incremental rates (30, 60 and 90 kg P2O5/ha). And (iii) by comparing different P 
measurements techniques in soil: in an initial assessment, soil pore-water 
measurements were conducted using passive sampling techniques such as diffusive 
Gradient in Thin films (DGT) and Rhizon.  
Preliminary results showed significant differences on the P concentration from the 
recovered products by using different chemical extraction methods. The pot trial 
indicates clear differences on plant yield and plant P concentration between the 
recovered products. Most of the recovered P products needed longer time to release 
the nutrients; however, they were capable of providing P at the same or higher level 
than conventional TSP. Further comparative analyses of the fertilizer’s chemical 
composition and plant and soil P concentrations, will define the most effective 
method to determine P fertilizer efficiency for the various tested products. 
 
Keywords: Phosphorus fertilizer, phosphorus recovery, municipal wastewater, quality assessment. 
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Producing more food for a growing human population has promoted intensive 
agricultural practices based on the high use of synthetic fertilizers. These practices 
exhaust conventional sources of fertilizers and may have environmental and socio-
economical consequences. In addition, the increase production and consumption of 
food also inevitably involve an increase in the waste generation, among which, urban 
organics have a significant environmental impact due to their high and continuous 
production. Hence, the discovery and exploitation of sustainable sources of bio-
fertilizers must be a priority for our society and researchers.  
BIOFORG project aims to advance in two of the main today's society challenges to 
get a sustainable development based on "Circular Economy" and "Zero Waste" 
model, as proposed by the European Union. First, we aim to increase the recovery 
rates of urban organic waste in order to minimize their environmental and social 
impact. Second, we aim to develop fertilizers that reduce the use of synthetic 
agrochemicals (phosphate rock) in favor of more efficient and environmentally 
friendly fertilizers from recovered raw materials.  
In particular, BIOFORG project studies the design of a sustainable organic mineral 
biofertilizer of phosphorus and nitrogen by combining different valorized urban waste 
products and the use of microorganisms. The innovations of the project are: (a) the 
experimental approach with various materials, since not only are consider those of 
organic nature, such as, sludge and compost from urban wastes, but also, others of 
inorganic nature from nutrients recovery (P and N) from waste water, such as, 
struvite; (b) the use of microorganism known as P solubilizers (PSM), which makes P 
more available for plants.  
Struvite is a phosphorous recovered material with potential to be a substitute of 
phosphate rock. Its efficiency as a fertilizer is not yet fully verify and many studies 
has shown that it is highly dependent on the type of soil. Therefore, BIOFORG 
project will elucidate which edaphic conditions (i.e., pH, texture, organic matter) 
influence the fertilizing potential of struvite. Furthermore, in order to maximize the 
efficiency of struvite as a fertilizer, several phosphorous solubilizing microorganisms 
will be assay. Likewise, some researches have shown that the activity of these PSB 
is more efficient in the presence of organic carbon sources. Hence, the project also 
explore the combination of struvite and PSM with different types of organic waste 
(sludge and compost) to find out what is the more efficient combination to obtain the 
greatest bio-fertilizer potential. 
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Due to the vital importance of phosphorus (P) and its increasing scarcity as a natural 
resource, phosphorus recovery has recently gained significant scientific and technical 
interest. An interesting sources of phosphorus are sewage sludge (SS) and sewage 
sludge ash (SSA) due to the major part of the phosphate from P-rich wastewater is 
transferred to the sludge (approx. 90%). Despite the fact that the raw materials base 
is large (PURE report indicates that in 2020 the amount of sewage sludge generated 
in Poland will reach 180% of the dry matter of sewage sludge produced in 2010), at 
present recycling of phosphorus is not a commonly used practice in Poland. An 
important underutilised source of phosphorus is SSA generated in Polish large moni-
incineration plants, with a total processing capacity of 160,3 thousand. Mg dry matter/ 
year. Based on available databases and literature, an analysis of the potential use of 
SSA for P-recovery in Poland was conducted. Currently, approx. 43,000 Mg/year of 
SSA is produced in 11 mono-incineration plants and according to in the Polish 
National Waste Management Plan 2022 (NWMP) further steady growth is predicted. 
This indicates a great potential to recycle phosphorus from SSA (up to 4,000 
Mg/year) and to reintroduce it again into the value chain as a component of fertilisers 
which can be applied directly on fields. In Poland, serval innovative P recovery 
technologies have been developed and proposed, however P recycling is not carried 
out on an industrial scale. Moreover, no one assessed the potential of P-recovery 
form selected waste streams (wastewater, sewage sludge, sewage sludge ash) so 
no one sees how great potential the recycling of this element can have. Investment 
projects need to be considered which are designed to construct installations for the 
recovery of phosphorus from SSA, taking into account technological, environmental 
and economic considerations. 
 
Keywords: recovery/recycling, sewage sludge ash (SSA),  

 
Work realised under project “Towards circular economy in wastewater sector: Knowledge 
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Phosphorus (P), an essential element of all living organisms, is predicted to become 
an increasingly restricting factor of plant production systems, as worldwide P 
reserves are depleting rapidly. The existing P reserves are estimated to last for a 
further 350 years. Due to these future limitations, methods for the efficient recovery 
of P from waste water streams are being pursued. The resulting recycling fertilizers 
such as struvite (precipitated) or processed sewage sludge ashes, are being 
considered as alternative P fertilizers to reduce the demand for mineral P fertilizers 
produced from rock phosphate. The main methods for P recovery from waste water 
streams are the precipitation of P as struvite and the incineration of sewage sludge, 
resulting in P rich ashes (sewage sludge ash: SSA). For the latter, P availability is 
considered to be low, which is why methods for increasing P solubility in SSA are 
being developed. The main question remains, whether or not SSA may be used 
directly as P source for agricultural production systems, if the soil physical and 
chemical properties of the soil (mainly pH) allow it. 
Using two soils with contrasting pH values (high: pH 7.6; low: pH 5.6) we evaluated 
the bioavailability of four P fertilizers recycled from sewage sludge: Struvite from the 
Stuttgart Process (Struvite), a thermal-treated sewage sludge ash (Na-SSA) and two 
ashes from thermal utilization (gasification of dry sewage sludge) (BAL-SSA and IFK-
SSA) in a pot experiment under greenhouse conditions using maize as a crop with 
relatively high P requirement and limited P acquisition potential in the early growing 
phase. As control treatments, we included tricalcium phosphate (Ca3(PO4)2), 
dicalcium phosphate (CaHPO4), monocalcium phosphate (Ca(H2PO4)2) as well as an 
unfertilized control. To evaluate the effect of soil chemical influences and time on P 
availability, fertilizers were incubated in the two soils for 0, 22 and 56 days before 
planting of maize. 
In acidic soil, maize biomass (dry weight) after 40 days and shoot P content 
decreased by the order: Struvite ≥ CaHPO4 ≥ Ca(H2PO4)2 ≥ Na-SSA > Ca3(PO4)2 > 
IFK-SSA ≥ BAL-SSA > unfertilized. In alkaline soil, the order changed to: Struvite > 
Ca(H2PO4)2 ≥ CaHPO4 ≥ Na-SSA > IFK-SSA ≥ BAL-SSA ≥ Ca3(PO4)2 ≥ unfertilized. 
The result indicated high bio-availability of Struvite and Na-SSA in both soils, while 
IFK-SSA and BAL-SSA slightly promoted the growth of maize only in acidic soil. 
The incubation time of the above fertilizers negatively affected biomass production 
and shoot P content, except for IFK-SSA and BAL-SSA, which showed the highest 
value under incubation time of 22 days in alkaline soil.  
In conclusion, alternative P application with Struvite and Na-SSA may be considered 
to be further investigated as a suitable replacement for mineral P fertilizer for maize 
cultivation. While the P availability of IFK-SSA and BAL-SSA is lower, our research 
shows that soil chemical processes may increase the P availability from these 
resources over time. Further research should focus on the mineralogy of SSA and 
develop possibilities for the direct utilisation of SSA as P fertilizers through specific 
management practices.  
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Facing the projected peak phosphorus (P) scenario, substantial research activities 
have been triggered to improve our knowledge towards a more efficient and 
sustainable use of P resources. One major factor playing a role in the P 
immobilization and thus its availability for plants is the strong interaction between 
phosphates and soil mineral surfaces, such as Fe- and Al-(oxyhydr)oxides. The 
reactions of phosphates with Fe-hydroxides and especially goethite have been 
studied extensively. But a molecular-level picture of the phosphate binding 
mechanism at the goethite-water interface is still lacking. Therefore, in the current 
contribution we have explored the molecular binding mechanism for the adsorbed 
phosphate at the goethite–water interface by performing sorption kinetics 
experiments for orthophosphate and characterizing the adsorbed species by FT-IR 
spectroscopy. In parallel, periodic quantum mechanical calculations, at the density 
functional theory (DFT) level, have been performed to explore the interaction 
mechanism as well as to calculate the IR spectra for monodentate (M) and bidentate 
(B) orthophosphate complexes with goethite at two different goethite surface planes 
(010 and 100) in the presence of water. In general, our interaction energy results give 
evidence that the mono-protonated B phosphate complex is more favored to be 
formed at the goethite–water interface although the M motif could exist as a minor 
fraction. Moreover, it was found that water plays an important role in controlling the 
phosphate adsorption process at the goethite surfaces. The interfacial water 
molecules form H-bonds (HBs) with the phosphate as well as with the goethite 
surface atoms. Further, some water molecules form covalent bonds with goethite Fe 
atoms while others dissociate at the surface to protons and hydroxyl groups. The 
present theoretical assignment of IR spectra introduces a benchmark for 
characterizing experimental IR data for the adsorbed KH2PO4 species at the 
goethite–water interface. In particular, IR spectra of the mono-protonated (2O+1Fe) 
B complex at the 010 goethite surface plane and the M complex at the 100 goethite 
surface plane were found to be consistent with the experimental data. In order to 
explore the role of different abundancies of surface planes and binding motifs, IR 
spectra obtained from weighted averages have been analyzed. Results confirmed 
the above conclusions drawn from interaction energy calculations. Moreover, the soil 
solution pH effect on the phosphate binding mechanism to goethite surface has been 
explored as well. 
 
Keywords: phosphate, infrared spectroscopy, quantum molecular modeling. 
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Soil phosphorus (P), measured as P extractable by ammonium lactate  and acetate at pH 
3.75 (P-AL, Egnér et al., 1960), is generally high in Flanders (Belgium). Farmers keep on 
applying P to their fields because of the high manure pressure in Flanders and the 
misunderstanding that most soil P is not available for the crops. The Flemish Land Agency 
(VLM) initiated a research project for sustainable P use in Flanders (2015-2018). One part of 
the research was to derive the minimal necessary P-AL for acceptable crop yields in 
Flanders. 
A relative crop yield of 95% was defined as acceptable: a maximum yield loss of 5% 
compared to the maximum attainable yield at sufficient P availability on the same field. The 
P-AL associated with 95% relative yield can be derived from a Mitscherlich fit of data from 
long term field trials where different P application doses result in variations in soil P over 
time. From 11 long term field studies across Europe (not in Flanders), a general critical P-AL 
value of 73 mg P/kg was derived (Nawara et al., 2017). Critical values of the field trials varied 
more across location than across the specific crop. 
To derive values valid for Flanders, three groups of input data were used. The first group 
consisted of 16 finished multi-year field trials with large differences in P application dose, and 
therefore P-AL (1970-1988). This first group was complemented by an on-going field trial 
(started in 2010) with 8 P application doses (Vanden Nest et al., 2016). Finally, also 23 
recent one-year field trials on low to medium soil P were included. In total, 1622 data with 
measured P-AL and relative yield were available.  
The data were fitted with a Mitscherlich curve. At 95% relative yield, the average P-AL is 120 
mg P/kg (= critical P-AL). However, if only the 1158 data entries at optimal soil pH are 
included, a P-AL value of 103 mg P/kg is sufficient for 95% relative yield. The soil P is more 
available for crops at optimal soil pH (exact value depends upon the texture and land use). In 
case of P deficiency at low soil pH it can be more efficient to increase the soil pH by e.g. 
liming than to apply high phosphorus amounts. 
Specific critical P-AL values for several crops at optimal soil pH can be derived from the data 
by using dummy variables in the Mitscherlich fit. Low P demanding crops are wheat (critical 
P-AL 58 mg P/kg), sugar beet (83 mg P/kg) and temporary grassland (91 mg P/kg). Crops 
like potatoes (critical P-AL 111 mg P/kg) and especially maize (154 mg P/kg) need higher P-
AL values in order to obtain sufficient yields. The obtained empirical results could be well 
explained by the mechanistic model of Nawara (2018), based on the model of Barber (1984) 
extended with nutrient uptake kinetics and P desorption kinetics. The higher critical value for 
maize than for wheat is probably related to the higher P demand per unit root surface for 
maize than for wheat during a short period of fast growth. 
In general, the average P-AL value necessary for crops in Flanders in order to obtain 95% 
relative yield at optimal soil pH is 103 mg P/kg. The limit of the upper one sided 95% 
confidence limit at 95% relative yield is 114 mg P/kg, and is recommended as the lower limit 
of the agro-environmental target zone of P-AL in Flanders.  
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Significant disparities between phosphorus (P) fertiliser application and plant P 
uptake, is in part induced by the in-soil conversion of inorganic P (Pi) to organic P 
forms (Po), which are not readily plant available. Phytase enzymes released by 
certain plants, bacteria and fungi hydrolyse organic sources (eg: InsP1-6) to plant 
available forms. Recent experimental work and historical ecological observations has 
demonstrated that bacterivorous nematodes can be complementary to plant P 
uptake, indicative of beneficial trophic interactions.  
The project aim is to demonstrate this beneficial interaction in arable cropping 
systems by investigating two main questions: (1) Do nematodes increase plant 
acquisition of InsP6 hydrolysed by phytase producing bacteria in arable systems? 
and (2) What are the key mechanisms behind such plant responses?  
Barley plants were grown under sterile conditions in agar with three different P 
treatments (no P, Pi and InsP6), phytase producing bacteria (Pseudomonas sp., 
CCAR59) and bacterivorous nematodes (Caenorhabditis elegans). Biomass 
accumulation and plant P concentrations suggested that beneficial trophic 
interactions were induced only under significantly P deplete systems, however the 
data failed to provide statistically significant results. 
When repeated in grassland soil, with a low Pi and high Po profile, a significant effect 
of nematodes was observed in the +InsP6 treatment.  The data from these trials 
suggest that although a P deplete system is required to observe beneficial trophic 
interactions, a baseline of P is required to kick-start these bio-chemical functions, 
provided here by the low Pi treatment.  
In addition, in the agar trials, plant roots were able to colonise the entirety of the 
substrate, thereby potentially masking treatment effects due to the possible role 
nematode mobility and exploration may play in such biochemical transformations and 
measured plant responses.  Therefore, later trials were conducted in agar without 
plants and conversion rates of InsP6 to Pi per mm of nematode exploration was 
measured.  
Such studies will allow for a better understanding of the role nematodes have, as an 
additional trophic cascade, on the P cycle in arable systems and bring together 
ecological functions to improve agronomic practice.   
 
Keywords: Organic phosphorus, phytase, nematodes 
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Phosphorus (P) is a critical nutrient for plants and is a limited resource. Improving the 
understanding of P cycling by the identification of inorganic and organic P forms 
present in soil is a relevant issue for assessing P bioavailability and dynamics in soil. 
This will contribute to a more sustainable use of this resource. Orthophosphate 
esters (e.g., sugar phosphates, mononucleotides, inositol phosphates) and 
orthophosphate diesters (e.g., DNA, RNA, phospholipids), are the dominant organic 
P (OP) forms in soil. In many soils, the main OP forms are the inositol 
hexakisphosphates (IP6), in four stereoisomeric forms, myo-, scyllo-, chiro- and neo-. 
Solution (liquid-state) 31P nuclear magnetic resonance spectroscopy (31P-NMR) in 
NaOH-EDTA extracts is the most used method for studying specific soil P forms. 
Extraction allows P to be concentrated and removes cations, improving spectral 
resolution, but may introduce artefacts. Solid-state NMR avoids possible alterations 
of P forms by extraction, and may provide information on specific P compounds, 
particularly the cations to which they are bound in soil. 
The objective of this study was to study P species in unprocessed soil samples by 
solid-state 31P-NMR.  Eight soils were selected in different Mediterranean agricultural 
areas in Spain, and samples taken from the surface horizon (0-20 cm). From each 
soil, two samples with different soil Olsen P status (“low” and “high” P samples) were 
selected for solid-state 31P-NMR analysis.  
Phosphorus compounds associated with paramagnetic ions such as Fe or Mn were 
not visible in spectra from solid-state 31P-NMR. However, this technique allowed us 
to identify specific P forms, including inorganic HPO4

2– bound by hydrogen bonds to 
physically adsorbed water, sodium dibasic phosphate hydrate (Na2HP04 7H2O), 
potassium dibasic phosphate hydrate (K2HP04 3H2O), hydroxyapatite, monetite, 
newberrite, wavelite and senegalite. Moreover, different metal phytates were 
identified by their chemical shifts, such as Al, Zn, and Mg phytates, and CaH10IP6. 
The chemical shift for hydroxyapatite was fixed at 2.8 ppm according to our spiking 
experiment. A peak with this chemical shift was present in all the soil samples used 
for this study, regardless of the degree of soil P enrichment.   
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The use of phosphorus (P) in agriculture remains inefficient and there is a clear need 
of improving P use efficiency. Inoculation with phosphorus mobilizing microorganisms 
may enhance P uptake by plants either by solubilization of metal phosphates or 
organic P mineralization. Some of these microorganisms may provide additional 
benefits such as the improvement of the uptake of other critical nutrients, such as 
micronutrients, or the control of plant pathogens. The objective of this work was to 
study the contribution of the biocontrol agents Trichoderma asperellum T34 and 
Bacillus subtilis (BS) to the uptake of P and Zn by plants when the former was 
applied as phytate, which is considered a non-bioavailable source of P for plants.  
A completely randomized experiment was performed involving two factors: (i) 
microorganism (T34, BS and one control without inoculation) and (ii) Fe oxides rates 
(ferrihydrite) in the growth medium (0, 100 or 300 mg kg–1 concentration of citrate–
ascorbate-extractable Fe). Cucumber plants were grown on siliceous sand and P 
was applied at a concentration at the end of the crop of 50 mg P kg-1 in form of 
sodium phytate which was added through irrigation. 
Fe oxides in the growing media decreased dry matter (DM) yield and total P in shoots 
and roots and P uptake by plants, and increased acid phytases and organic acid in 
the rhizosphere. Molybdate reactive P (MRP) in the growing media explained up to 
91 and 75 % of the P and Zn uptake variation, respectively. Total Zn uptake 
increased with increased Fe oxides content. Organic acids accumulation in growing 
media showed significant differences between different Fe rates. It was found that P 
concentration in growing media decreased when phytase activity increased (83% of 
variance explained). T34 increased DM yield while BS decreased it. when Zn 
concentration increased in shoots. Total Fe concentration (mg kg-1) increased with 
phosphatase activity only with BS (91% of variance explained). Zn concentration in 
shoots was negatively correlated to MRP in the growing media at the end of the 
experiment. P uptake was positively related with acid phytase when no Fe oxides 
were present in the growing media, and negatively in Fe oxides enriched media (R2 = 
0.94; P<0.05). 
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The importance of soil organic P (OP) in soils has been recognized since it may 
dominant in many agricultural soils. The dominant OP compound usually identified in 
soils is inositol-6-P (IP6). It is known that inorganic P dynamics are influenced by 
many factors including organic matter content, redox status, pH, and dominant 
cations in soil. A better understating of inorganic phosphate dynamic in soil and its 
interaction with OP is need for improve management of P fertilization. The main 
objective of this study was to characterize P sorption from added phosphate by 
representative soils from the Mediterranean area when OP in the form of IP6 was 
added. To this end, the changes in sorption parameters (e.g. affinity factor, buffer 
capacity, or maximum P sorption capacity) were assessed by phosphate isotherms 
performed at different IP6 concentrations (0, 1, and 5 mg L–1).  
P buffer capacity (PBC) and maximum P sorption capacity (Xm) as determined using 
the Langmuir model, and the affinity factor (b) and adsorption at 1 mg P L−1 (A) as 
per the Freundlich model was affected by the concentration of IP6 in the solution, but 
this effect varied significantly between soils. The difference in PBC for 0 and 5 mg L-1 
of IP6 in solution was explained by a multiple regression with clay and the ratio of 
oxalate extractable Fe to dithionite extractable Fe (R2 = 0.95; P < 0.001). The 
difference in the affinity factor according to Freundlich between 0 and 5 mg L-1 of IP6 
in solution was linearly related to clay (R2 =0.6; P < 0.01). In a multiple regression, 
Ca carbonate, organic carbon, and the ratio between Fe oxides extracted with 
oxalate and dithionite explained 99 % of the variance in the Freundlich’s affinity factor 
(P< 0.001).  
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Organic matter (OM) decomposition is a fundamental ecosystem service in 
conservation agriculture but the response of this process to the conversion from 
conventional tillage (CT) to no-tillage (NT) systems is not fully understood. The aim of 
this study was to elucidate the drivers of the change in the potential of OM 
decomposition after the adoption of NT practices.  
For this purpose, we compared OM decomposition in a chronosequence (from 4 to 
18 years) of seven pairs of NT and neighboring CT farms around Beauvais (northern 
France) using the Tea Bag approach. This technique consists in burying two tea 
types with contrasting decomposability into the soil (green tea and rooibos tea). 
Green tea presents a high hydrolysable fraction (i.e., 0.842 g g−1), low C/N and C/P 
ratios (i.e., 12.23 and 329, respectively), and high nutrient concentration and can 
therefore be considered as high quality OM. By contrast, with a lower hydrolysable 
fraction (i.e., 0.552 g g−1), higher C/N and C/P ratios (i.e., 42.87 and 1219, 
respectively), and lower nutrient concentration, rooibos tea is considered a low 
quality OM. The mesh size of tea bags (280-300 µm) excludes most of the soil fauna 
so decay of plant material is primarily related to microbial decomposition. 
We found that the average decomposition of both high quality (green tea) and low 
quality (rooibos tea) OM was significantly (p < 0.05) higher under NT than CT, 
indicating that the conversion from CT to NT favored microbial activity. More 
importantly, whereas the decomposition of high quality OM increased with the time 
span since the adoption of NT, the response of low quality OM decomposition to the 
conversion from CT to NT was primarily related to the phosphorus (P) availability in 
soil. Taken together, our results suggest that adopting NT practices provides more 
favorable habitats for microorganisms involved in OM decomposition but, in such N-
rich agroecosystems, their activity is regulated by P availability. 
 
Keywords: Conservation agriculture, No-tillage, Tea Bag Index 
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Improving the efficiency with which phosphorus (P) cycles through agroecosystems 
is dependent on successfully navigating a complex range of soil sorption/desorption 
equilibria. Ideally, P is managed so that it is stored in soil with minimal losses and 
then made available to crops as required by the plant. Silica (SiO2) is a compound 
which, while ubiquitous in soils, has a large variability in the solubilisation potential of 
its different forms (crystalline vs amorphous). Silica is hydrolysed to form silicic acid 
(H4SiO4) in solution and this is the form available for uptake by plants. Highly-
available silica fertilisers have been demonstrated to improve plant responses to a 
wide-range of abiotic and biotic stresses; including nutrient deficiency and excess. 
Our research found that amendment of agricultural soil with 0.1%, 1% and 10% of a 
waste-glass derived silica gel and a commercial equivalent resulted in comparable 
logarithmic increases in the concentration of P (up to 275% higher) and Si (up to 
883% higher) in 0.01M CaCl2 extractions shaken for 16 hours. Concentration of 
Aluminium, an element whose antagonism to P availability is well-known, was 
decreased by up to 77% in the extract from an acidic sand. These results, combined 
with the development of a low-cost method to turn waste glass into silica gel, show 
that silica gel amendments hold promise as an economically viable method to: 

1. Increase availability and utilisation of existing P stores in soil; 
2. Increase nutrient use efficiency of phosphorus fertilisers and; 
3. Decrease P losses from agroecosystems. 

 
Keywords: circular, nutrient, economy,  
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A wide range of phosphorus soil test methods is used for estimating the P 
requirement of agricultural soils. Many of them assess soil P availability using batch 
extraction procedures, which extract soil P using a range of chemical extraction 
mechanisms (e.g. ion exchange, dissolution). This extraction principle that is not very 
similar to the plant P uptake mechanism of crop plants. Extraction procedures based 
on the more plant-like infinite-sink approach, like diffusive gradients in thin films 
(DGT), have been proposed as superior alternatives to conventional P testing 
procedures. Some studies have shown DGT to be a better P availability predictor 
than batch extraction procedures (Menzies 2005, Mason 2010), however mainly for 
highly weathered, Australian soils. The aim of this study was to compare several 
conventional soil P test with DGT for their P bioavailability prediction power using a 
set of 30 moderately weathered, temperate Austrian soils. One of the conventional 
methods, electro-ultrafiltration (EUF), is also a sink-based approach. 
Soil P test methods were significantly correlated among each other, with DGT-P 
being strongly correlated with porewater- (saturation paste centrifugate), EUF-, and 
Olsen-P. Correlations between soil P tests and plant biomass production were 
generally significant; DGT ranked second-best (P concentration) and best (shoot 
biomass) among the P test methods. However, the differences in goodness-of-fit 
between the methods was small. Calcium acetate lactate was the only method not (P 
concentation) or only moderately (shoot biomass) correlated with plant performance. 
Based on a greenhouse pot experiment, our results show, that sink based methods 
(DGT, EUF) are very well suited for testing soil P status in moderately weathered 
soils. However, compared to conventional extraction methods, they bear no 
substantial advantage, with the exception of the CAL method, which performed 
poorly. These results are well in line with an evaluation of DGT as P test using 
European field experiments (Nawara et al. 2017). The superior performance of DGT 
in highly weathered soils suggests that sink-based methods outperform conventional 
P tests mainly in soils were P mobility is highly limited.  
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A large variety of extraction methods are used worldwide for the estimation of ‘‘plant-
available P’’ in soils. In Germany, the standard methods are the Calcium-Acetate-
Lactate (CAL) and Double- Lactate (DL) extraction. Whereas the CAL-extraction is 
used in the majority of German federal states, in the north/northeastern states of 
Mecklenburg-Vorpommern (MV), Schleswig-Holstein (SH) and Brandenburg (BB), 
the DL-extraction is predominantly applied. Until now, there is no generally accepted 
transformation procedure between these two extraction methods, and previous 
studies about the comparability of both methods have reported conflicting results. 
The uncertainty about the equivalence of CAL-P and DL-P hinders a direct 
comparison of the P fertility status and P fertilizer recommendations across 
Germany. Thus, we assessed the comparability of both extraction methods and 
derived simple and multiple regression equations to transform DL-P into CAL-P 
values, based on 136 datasets for soil samples from an interlaboratory comparison 
program and three P fertilization field trial sites, for which plant-available P has been 
determined by both the CAL and DL method. On average, 30% more P was 
extracted by the DL procedure, compared with the CAL method. However, this 
strongly depended on soil pH and carbonate content. A simple linear regression 
model explained 70% of the variance, but when simple linear regression models 
were fitted to pH-specific samples (pH range 4.5 to 7.0) the R2 increased to 0.96. 
Multiple regression analyses with soil pH, Corg, Nt, and C : N ratio as co-variables 
suggested that soil pH has a significant impact on the model.  
The transformation equations were tested and validated using an independent 
dataset (n = 464) from various field sites throughout MV. 
The results presented in this study provide a step towards an improved comparability 
of P fertility status assessments of soils across Germany. 
 
Keywords: phosphorus fertilization, plant-available phosphorus, soil phosphorus extraction. 
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Phosphorus (P) dynamics in arable soils are dominated to a great extent by reactions 
of inorganic P (Pi). Nevertheless, also organic P (Po) can have a substantial 
contribution to the P needs of crops, especially under conditions where available P i is 
scarce, such as in a P mining scenario. However, in order to be available for plants, 
this Po first has to undergo mineralization, which is still a poorly understood process. 
This lack of understanding, and the absence of an accurate quantification technique, 
can be attributed to the strong sorbing characteristics of phosphate (PO4). Strong 
sorption results in the immediate removal of most of the freshly mineralized P from 
the soil solution, which makes it difficult to measure an accumulation of soluble or 
extractable Pi. This problem can be overcome by using isotope dilution techniques. 
The goal of this work is, therefore, to develop an isotope dilution method to properly 
quantify both gross and net mineralization rates of Po in soils and to correlate these 
rates with relevant soil properties in order to develop a quick and convenient test to 
estimate the potential contribution of Po to crop needs. The proposed method is 
based on the work of Müller & Bünemann (2014), who used a 33P tracing model to 
describe the complete soil P dynamics. Their approach was modified with respect to 
pool definitions and extractions, and tested on a range of soils with different 
properties. Six soils were selected based on available P concentration and organic 
carbon content (%OC).  Four soils were chosen such that they comprised a full 
factorial design of these two soil properties in two levels, low and high. Another soil 
was added which was incubated with or without 0.3% additional organic matter. 
These six soils were then spiked with the radioactive tracer 32P and incubated for 38 
days, during which the movements of the tracer through the different P pools were 
closely followed by measuring both the Pi concentration and the 32P activity 
concentration at nine different sampling times (day 0, 1, 3, 7, 10, 17, 24, 31 and 38) 
in five different soil extracts: 1) a CaCl2 extract to measure total P and Pi in solution, 
2) an AEM extract to measure available Pi, 3) an AEM extract with chloroform 
addition for microbial P determination, 4) an H2SO4 extract to measure total Pi, and 5) 
an H2SO4 extract after muffling the soil at 550°C to determine both total P and Po. In 
the following months, the results of these measurements will be used to develop a 
model which describes the full soil P dynamics, including the rates of Po 
mineralization. In the meantime, extensive testing will be done on the soils regarding 
soil characteristics (pH, oxalate-extractable iron and aluminum, %OC, texture, 
nitrogen content, etc..) and standard soil P extraction methods, in order to develop 
the aforementioned test to estimate the potential contribution of Po to crop needs. 
 
Keywords: organic phosphorus mineralization, isotope dilution techniques 
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Aims: In rice-wheat rotation paddy soils, abundant information on soil C and N 
interactions has been studied. However, relative scarcity known about C 
compositions and P availability for wheat-growth season, moreover, included 
accompanied by possible soil carbon structure and microbial community composition 
changes. 
Methods: Soil phosphorus (P) sequence fractionation method and 13C nuclear 
magnetic resonance (NMR) were applied to capture the changes in soil P pools and 
carbon (C) compositions in biochar amended paddy soils. Further, the response of 
soil enzyme activity and microbial community were also investigated. 
Results: In the seventh wheat season, compared with no biochar amended treatment 
(BC0), the application of biochar significantly increased the relative abundance of soil 
aryl-C, the most influential parameter for microorganisms, while no significant 
difference in straw returning treatment (Straw). The aryl-C contents under biochar 

application of 5 t hm-2 (BC5) and 10 t hm-2 (BC10) were 20.94±1.334% and 30.50±

1.564%， respectively. The addition of biochar has no obvious effect on soil 

microbial community composition, but significantly increases the enzyme activity, 
except for the reduction of acid phosphatase activity. For soil P fractionation, the 
Straw treatment significantly decreased labile-P (P < 0.05), while the application of 
biochar significantly increased stable P pool and decreased in moderately labile P 
pool. 
Conclusions: The results indicated a strong interaction between soil C chemistry, P 
fractionation and microorganisms in biochar amended paddy soils. 
 
Keywords: carbon composition, soil phosphorus fractionation, biochar 
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Phosphorus (P), and especially phosphate has been largely described as a limiting 
nutrient for plant growth because of its low availability and mobility in soil. The 
scarcity of available P is due to its quick and massive complexation and adsorption 
on organo-mineral particles. As a matter of fact, plant P uptake is supplied by new 
inorganic inputs (as fertilizers or through mineralization) and very few by desorption 
from legacy P.  
Rapeseed (Brassica napus L.) is a major oleaproteaginous crop in France due to 
high content of healthy fatty acids and a good proteic content in the meal for livestock 
feeding. This culture is characterized by a low Nitrogen and Phosphorus Use 
Efficency (NUE and PUE), leading to high fertilization levels and increasing 
environmental risks, such as eutrophication of aquatic environment and greenhouse 
gas emissions. This balance between plant requirements and associated risks can 
be linked to other nutrients regarding elementary ratios existing in plants. In this 
context, few studies have investigated P and N interactions in rapeseed. 
To assess these interactions we assume that adjustment of P and N fertilizations can 
improve both PUE and NUE without decrease of seed yield and quality in rapeseed.  
To test this hypothesis, a greenhouse experiment was perfomed on winter rapeseed 
(cv. Aviso) subjected to 3 levels of phosphate (225, 112.5 or 22.5 mg of  KH2PO4 per 
plant) combining with 2 levels of N fertilizations (525 or 350 mg KNO3 per plant) 
applied at the bolting stage. A 15N labelling method was used to evaluate the 
dynamics of N partitioning and remobilization. P allocation and remobilization in 
different organs were determined using X-Ray Fluorescence. Other parameters were 
studied such as biomass, N Balance Index, and components of seed yield and 
quality.  
At the flowering stage, significant effects of N and P fertilization have been observed 
on the partitioning of P in the plant. For instance, P allocation in growing leaves was 
significantly lower in high N conditions (-30%). This decrease was to the benefit of 
reproductive organs for which P allocation was highly significantly drived by PxN 
interaction. Indeed, the more P fertilization was high, the less P was allocated to 
flowers (-11%), while improving N fertilization increased P allocation towards flowers 
(+18%). At the pod filling stage, there is a significant effect of N starvation on silique 
biomass (-31%) while level of P fertilization and PxN interactions have no significant 
impact. These first results suggest that in response to limitation of P fertilization, 
rapeseed is able to increase PUE to satisfy the requirement of P in siliques and 
seeds. Further analyses will bring more informations about the effect of P and N 
fertilizations on P partitioning, N fluxes (by 15N labelling data) and seed yield and 
quality. 
Keywords : Rapeseed, Nitrogen and Phosphorus Use Efficiency, nutrient interactions  
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Both resource availability and environmental pressures require efficient phosphorus 
use in agroecosystems. Soil-P tests to determine P availability might not suffice for 
parsimonious P fertilization planning. An alternative approach is to use plant tissue 
tests in order to discriminate between optimal and sub-optimal P nutrition. Previous 
studies have suggested that N:P ratio in the plant tissues can be used as a tool to 
identify P deficiency. Our goal was to determine whether there are shifts in the 
optimal ratio between N and P in cereals and evaluate the suitability of using N:P 
ratios as a tool for identifying suboptimal P nutrition.  
Winter wheat was grown on the Exhaustion Land long-term trial, Rothamsted 
Research (Harpenden, UK), and spring wheat and oats were grown at the Long-term 
PK trial at NMBU (Ås, NO). At both sites, plots with four different levels of P 
availability in the soil were used. Whole shoots as well as flag leaves were collected 
during the vegetation season from the three-leaf stage to plant maturity. Shoot dry 
matter yield (g m-2) and total N and P concentrations in the shoots (mg g-1 dry matter) 
were recorded. Flag leaves were also collected. 
On most sampling events plants responded to soil P availability with increased shoot 
biomass and grain yield. The results indicate that (i) at each sampling event, the N:P 
ratio of whole shoot successfully discriminated between plants with maximum growth 
and plants with reduced growth, whereas the N:P ratio of flag leaves did not; (ii) 
however, this critical N:P ratio decreased rapidly with plant growth; (iii) furthermore, it 
varied between winter and spring cereals and/or experimental location (the two 
factors are confounded);  (iv) often during the first half of the growing season P 
deficiency also reduced the N concentration in the shoot DM. 
In conclusion, the N:P ratio of the shoot, but not of the flag leaves, can be an 
indicator of the P nutritional status of the plant; however, the optimal N:P ratio 
changes with plant aging and at least in this study it differed between spring and 
autumn cereals.  
 
This study was part of the NRC, project 225330/E40. 

 
Keywords: N:P ratio, cereals, long-term experiments. 
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Sewage sludge use is of major interest for sustainable phosphorus (P) fertilization. 
Optimal practices, particularly crop succession, can depend on the forms of P in the 
sludge applied, because they can impact P-acquisition strategies of crops. Here, we 
investigated how P acquisition by crops and mobilization traits are influenced by soil 
type and P fractions in sludge. 
Three types of sludge and a mineral fertilizer were applied at the same P rate; a 
control without fertilization was also included in greenhouse pot experiment. Wheat, 
barley and rapeseed were sown separately and grown for three months. Then, we 
determined resin-P and Olsen-P concentrations, biomass and amount of P taken up. 
We measured traits involved in P acquisition and mobilization: specific root length 
(SRL), colonization by arbuscular mycorrhizal fungi (AMF), carboxylate exudation; 
leaf Ca and Mn concentrations; pH, activity of acid and alkaline phosphatases in 
rhizosphere soil. 
Resin-P and Olsen-P concentrations increased with sludge application but these 
increases were not related to P fractions in sludge. The P uptake was positively 
correlated with available P concentrations, but differed strongly among crop species, 
with a faster uptake for rapeseed. P-acquisition traits, particularly SRL, were 
influenced by sludge application. Other plant traits to increase P mobilization are the 
activity of acid phosphatase, root carboxylate exudation and colonization by AMF. 
Higher acid phosphatase activity could explain higher P uptake by rapeseed in soil 
amended with sludge. 
P acquisition increased with sludge application, but did not differ with P fractions in 
sludge. Root system development influenced P acquisition and mainly explained 
differences among crops. The different P-acquisition and mobilization traits of crop 
species show that application of sludge before rapeseed is a good strategy for 
sustainable P fertilization. 
 
Keywords: P mobilization, root system, sewage sludge 
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Potato has a low ability to take up phosphorus (P) from the soil and its fertilizer 
demand is relatively high. The main reason for that is the poorly developed and 
poorly branched root system of potato. Our study aimed at the identification of 
genotypic differences in the size and architecture of the potato root system. Root 
morphology and architecture of young potato plants were characterized under 
different P fertilizer treatments in pot and rhizotron trials. 
Three different experiments were conducted in the greenhouse: (I) Four pre-selected 
potato genotypes were grown from tubers in a low P soil-sand-mixture in pots, 
fertilized either with potassium phosphate, phytate or without additional P and 
harvested after eight weeks of growth. (II) Four potato genotypes were propagated in 
vitro and planted into a low P soil-sand-mixture in pots with the same fertilizers as in 
(I) and harvested after six weeks. (III) Two potato genotypes were propagated in vitro 
and planted in mini-rhizotrons. Nylon meshes were used to prevent roots from 
growing into the low P soil-sand-mixture. Potatoes were fertilized as in (I) and 
harvested after 19 days. Total root length was determined after carefully washing the 
roots in experiments (I) and (II). Further root architecture parameters were 
determined for plants in the mini-rhizotrons. Plant P content was measured in all 
experiments. 
When grown from tubers, plant P content depended on fertilizer treatment and total 
root length differed between genotypes. P contents correlated with root length within 
the fertilizer regimes across all genotypes. Also when grown from in vitro plantlets, P 
uptake depended on the fertilizer treatment, while total root length showed genotypic 
differences. Plants grown with phytate as fertilizer developed the smallest root 
systems. Root length correlated with P uptake across all genotypes grown with 
phosphate fertilizer. After 19 days of growth in mini-rhizotrons, none of the measured 
root architecture parameters of the two genotypes differed between fertilizer 
treatments. However, genotypic differences were found especially for parameters 
describing the size of the root system, and fertilizer x genotype interactions were 
found for root network bushiness and ellipse axes ratio, describing root distribution 
and root system shape, respectively. 
Since root parameters were stronger affected by genotypes than by P fertilizer 
treatments and total root length was positively correlated with P uptake, we suggest 
that selection of genotypes according to their root system size will improve P 
efficiency of potato. 
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Phosphorus (P) as plant nutrient is often temporarily limited but also used in excess 
with negative environmental effects, both making more efficient P use necessary for 
a sustainable agriculture. One option considered in this context is the use of 
secondary P fertilizer such as struvite, derived from waste water treatment. However, 
the P uptake of these new fertilizers by plants is often not known. We therefore 
investigated the effect of arbuscular mycorrhiza (AM) species Rizophagus irregularis 
on P uptake from struvite fertilizer by rye (Secale cereale L.) plants. More recently it 
was suggested that some endophytic entomopathogenic fungal species such as 
Metarhizium brunneum may contribute to plant growth and nutrient uptake as well. In 
a separate experiment the effect of M. brunneum on P uptake from a rock phosphate 
based fertilizer by field bean (Vicia faba L.) was investigated. Plants were grown in 
pots compartmentalized using membranes of different mesh sizes constraining root 
and hyphal growth to evaluate the effect of fungi on nutrient depletion separately. 
Plants were watered with a nutrient solution lacking P. After harvest, plants were 
analyzed for fungal colonization, shoot and root development and nutrient content. 
Further, the pH and nutrient content of each compartment was measured. In the first 
experiment shoot biomass of both treatments was not different but root biomass 
differed significantly. However, despite mycorrhizal colonization of AM treated plants, 
P uptake was substantially lower compared to the control treatment but the 
concentration of P in the roots was higher in the AM treatment. Even though the pH 
in the mycorrhiza compartment of the AM treatment was significantly reduced 
compared to the control, water-extractable and CAL-extractable P were similar and in 
the range of the bulk soil compartment, indicating little P uptake from these 
compartments. Only in the root compartment of the control treatment was the 
extractable P content reduced, which was associated with a lower pH compared to 
the AM treatment. Non-mycorrhiza plants which invested more into roots took up 
more P. The high nutrient environment may have contributed to a rather parasitic 
AM-plant relationship and offers a possible explanation for the lack of nutrient and 
growth benefits to the AM plants. In the second experiment plant growth and P 
uptake did not differ between control plants and M. brunneum colonized plants. In 
conclusion, mycorrhiza did not increase P uptake from struvite in rye plants and nor 
did M. brunneum increase the P content of field beans. 
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Several studies have shown that intercropping can contribute to increased nutrient 
uptake by plants, resulting in higher yields and improved grain nutritional quality. 
However, the underlying mechanisms of increased plant nutrient acquisition are not yet 
fully understood. Potential mechanisms leading to increased P and N acquisition include 
(i) increased phosphatase activity and (ii) high proton and organic acid exudation in the 
rhizosphere of the companion plants that mobilize otherwise-unavailable forms of P, and 
(iii) legume-mediated N2 fixation that intensifies the other two mechanisms and increases 
N availability. The aim of this study was to test these potential mechanisms of nutrient 
acquisition in an intercropping experiment. We investigated phosphatase activities and 
pH changes in the rhizosphere of maize (Zea mays) intercropped with either blue lupin 
(Lupinus angustifolius), faba bean (Vicia faba) or white mustard (Sinapis alba) in 
comparison to maize monoculture (study 1). In addition, a field experiment was 
conducted with the same plant species and soy (Glycine max) as additional companion 
plant to investigate effects of companion crops on maize biomass production and nutrient 
uptake (study 2). 
In study 1, plants were grown in rhizoboxes with an inner size of 29 x 49 x 3 cm that 
were inclined by 50° to make the roots grow at the bottom wall of the rhizobox. Soil 
originating from the field experiment was classified as loamy sand [pH(H2O) = 6.9; C = 
23.9 g kg

-1
 soil; N = 2.2 g kg

-1
 soil; P = 1.3 g kg

-1
 soil]. In each rhizobox, two plant 

individuals (one maize, one companion plant) were sown with a distance of 15 cm. In 
addition, rhizoboxes with two maize plants served as control. Each plant combination 
was replicated five times. Phosphatase activities were investigated by soil zymography, 
and pH changes were assessed using pH-indicator gels.  
In study 2, maize was cultivated in changing rows with one companion plant each, or in 
monoculture (row spacing: 20 cm). Each plot consisted of 8 rows with 12 plants each and 
was replicated five times, summing up to 25 plots in total. At the end of the growing 
season, 10 plants per species were harvested and analyzed for biomass production, N 
and P contents, and 

15
N signatures. In addition, one mixed soil sample from each plot 

was collected (0–15 cm). Soil was analyzed for phosphatase activities, microbial 
community, plant-available nutrients, and pH.  
First results suggest that different companion plants use different nutrient acquisition 
mechanisms (study 1) causing different maize yields (study 2). Study 1 revealed that 
white mustard increased the pH in its rhizosphere, whereas faba bean acidified its 
rhizosphere, and legumes exuded high amounts of phosphatases. Study 2 showed 
significant differences in maize biomass production between plant combinations. The 
mean biomass of maize intercropped with blue lupin or soy was more than double the 
mean biomass of maize in monoculture. In addition, maize intercropped with legumes 
showed significantly lower δ

15
N values, indicating that N transfer from legume to maize 

took place. In conclusion, the two studies indicate that intercropping of maize increases 
its yield and that the underlying mechanisms are increased nutrient uptake that is 
facilitated by the companion crops.  



IPW9, ETH Zurich, Switzerland, 8-12 July, 2019 - Abstracts 

126 
 

Nitrogen and phosphorus uptake by sorghum and soil 
microorganisms from applied nutrients for a Lixisol – a dual isotope 

labeling study 
 

Ouakoltio Youssouf Abidine Traoréa, D. I. Kibaa, E. K. Bünemannb. 
E. Frossardc, and A. Obersonc 

 
a Institut de l’Environnement et de Recherches Agricoles (INERA), Burkina Faso 

b Forschungsinstitut für biologischen Landbau (FiBL), Switzerland 
c Institute of Agricultural Sciences, ETH Zurich, Switzerland 

 
abidinelegrd@yahoo.fr 

 
Crop nutrition on the nutrient-depleted Lixisols from Burkina Faso is often dependent 
on the little mineral fertilizers and/or organic inputs applied by small-scale farmers. 
These fertilizers also are a source of nutrients for soil microbes. This study aimed to 
understand how the addition of mineral fertilizer, cow manure, and residues of young 
or mature cowpea residues affects N and P uptake by sorghum and soil microbes. 
Double 15N and 33P direct and indirect labelling techniques (DLT and ILT) were 
applied in a pot experiment where sorghum was grown during 52 days to assess 
sorghum N and P uptake from the fertilizers. In parallel, soil respiration, available 
(resin exchangeable P), microbial P, and microbial and dissolved N were assessed in 
an incubation experiment. Sorghum derived 83 to 90% of P uptake and about 20% of 
N uptake from applied manure indicating that this manure was mainly a source of 
readily plant available P while its N was of lower availability. Mineral fertilizers 
increased soil N and P availability and resulted in the highest sorghum total N and P 
uptakes from fertilizer and from soil across all treatments. The application of young 
and mature cowpea residues induced immobilization of added and of soil N and P in 
the soil microbial biomass which reduced sorghum N and P uptake to the level of the 
treatment without nutrient application. The dual 15N and 33P labeling technique 
allowed a precise estimation of N and P uptake from the different sources. The N:P 
ratios of the sorghum harvested suggested that the mineral treatment resulted to a 
balanced supply in N and P from the fertilizer, while the manure treatment induced N 
limitation with a low plant N:P ratio and a high ratio of N to P derived from the soil. 
The use of cowpea residues does not improve short-term nutrient availability and use 
of the residues as forage with subsequent livestock manure application to land will 
enhance the rate of nutrient cycling. 
 
Keywords: Isotopic labelling, microbial immobilization, plant uptake . 
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Recycling of phosphorus (P) in spent growing media at the end of soilless cultivation 
is crucial in the framework of circular horticulture. A more sustainable cropping 
system can be attained by composting or biochar production based on spent media. 
Biochar, compost, chitin (from shellfish waste) and spent growing media can (partly) 
replace non-renewable raw materials such as peat or energy demanding products 
such as fertilizers  and stone wool for soilless cultivation. This replacement can 
increase the P recovery but it is unclear to what extent the newly composed growing 
media can release or fix P. 
In earlier greenhouse experiments, strawberry grown on compost-based growing 
media made highly efficient use of the P in the compost when P input by fertigation 
was reduced. In contrast, the P supplied by fertigation but not used by the plants in 
peat-based substrates with regular fertigation, accumulated in the substrates and 
were removed with the spent substrate at the end of the culture. The use of compost 
as a source of nutrients allowed for alternative nutrient supply of at least 20 kg P per 
ha greenhouse. 
Leaching experiments were set up to study changes in nutrient behaviour in growing 
media induced by biochar and chitin addition. Leaching columns are filled with peat, 
with and without 10% of biochar derived from several feedstocks (including spent 
growing media), or with 2% of chitin. A peristaltic pump provides a slow supply of a 
solution on top. At the bottom, the leached solution is collected and the composition 
is analysed by ICP-OES. Applying a fertigation solution (including N, P and K) 
followed by de-mineralized water to the columns allows studying both P 
immobilization and P leaching. 
First results with a woody biochar revealed that the biochar addition resulted in less 
N and more K leaching, and only a small increase in P concentration in the leachate. 
Also the pH of the leachate was effected by the biochar addition. We will screen 
more biochar products and chitin for their effects on P leaching and accumulation, 
and the composition of the leachate. 
Understanding the P behavior in growing media blends with nutrient recycling 
products will result in adapted fertigation strategies in order to optimize the P use 
efficiency and minimize the losses by P accumulation in soilless cultivation. 
 
Keywords: circular horticulture, peat replacement, P recycling 
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Phosphorus (P) is essential for plant growth and it is assimilated predominantly as 
orthophosphate ions from the soil solution. Therefore, only a small fraction of the total 
soil P is available for direct plant uptake. Consequently, P mineral fertilisers are normally 
applied to satisfy cultivation needs. The application of P as either inorganic fertilisers or 
organic manure has a considerable influence on the availability, uptake, leaching or 
fixing of P. 
The aim of this study was to assess the long-term effect of P fertilisation management 
strategies on soil available P, through the analysis of Olsen P levels, achieved after 20 
years of agronomic management in a long-term field experiment. The experiment was 
carried out in Piedmont (NW Italy) and it was established in 1992 on a loam calcareous 
soil. The field trial was arranged in a randomized complete block design with three 
replicates, to compare four cropping systems and nine fertilisation management 
strategies as fixed factors and P balance as covariate. The four cropping systems were: 
silage maize (MS); grain maize with straw incorporation (MG); silage maize + Italian 
ryegrass double cropping (MR); 4-years or 6-years rotation of silage maize and grass ley 
(ML). The fertilisation management strategies were: constant mineral P application level 
(on average 60 kg P ha

-1
 y

-1
) in interaction with five mineral nitrogen application levels 

(from 0 to 400 kg N ha
-1

 y
-1

) referred to as MIN; two rates of bovine slurry (SLU) or 
farmyard manure (FYM), where the amount of applied P was related to the slurry or 
farmyard manure N/P ratio. Slurry or manure P input was on average 67 and 97 kg P ha

-

1
 y

-1
, respectively, plus a mineral P contribution (on average 30 kg P ha

-1
 y

-1
). For each 

treatment the annual mean P balance was calculated as a difference between P total 
inputs and P crop removal. Data were analysed using a General Linear Model. 
After 20 years, the soil Olsen P in the 0-30 cm layer ranged from 7,4 ppm to 83,5 ppm 
and it was affected by fertilisation management strategy, cropping system and annual 
mean P balance (P=0,000, for all factors). As expected, soil Olsen P concentration 
increased with increasing P surplus. Fixed factors were compared at an average P 
balance of 19,5 kg P ha

-1
 y

-1. The FYM application determined the greatest soil Olsen P 

concentration (40,7 ppm), while SLU and MIN applications yielded lower and similar 
concentrations (22,9 and 17,2 ppm respectively). The cropping system with the greatest 
soil Olsen P was MS (37,8 ppm) followed by MR, ML and MG (28,4 ppm, 22,9 ppm and 
18,5 ppm, respectively). These results suggest that other than the P balance, soil Olsen 
P is also influenced by the applied type and amount of organic matter. Soil Olsen P was 
in fact positively correlated with SOC (P=0,000). However, the organic matter quality, 
specifically its P content, C/P ratio and lignin/P ratio, influenced P availability in the soil. 
In the MG cropping system we obtained the lowest soil Olsen P concentration because 
the low P content and high C/P and lignin/P ratios of crop residues induced a slower soil 
P mineralisation process. 
Therefore, the greatest Olsen P increase was detected when fertilisation management 
provided farmyard manure with a mineral P fertiliser application and the cropping system 
was characterised by a low quantity of crop residues, or the crop residues had a high P 
content and low C/P and lignin/P ratios. 
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Legumes play critical dual roles in grazed grassland ecosystems; providing nitrogen 
inputs and high-quality feed for grazing livestock but fail to persist in low P and S 
fertility acid soils. Pasture legumes are sensitive to low pH soil conditions and related 
aluminium toxicity. Most of New Zealand uplands are P deficient due to the 
economics of fertilizer inputs. As such, legumes production and persistence in these 
typical extensive and dry farming environments may therefore depend on new 
alternative affordable sources of nutrients for farmers. A glasshouse study was 
conducted for six months to investigate the response of lucerne (Grasslands 
Kaituna), grown in two typical low fertility South Island soils (Molesworth (MO) and 
Glenmore (GM)), to phosphogypsum (PG), lime and P+S fertilizer (PS). PG was 
applied at four rates (0, 1, 3 and 9 t ha-1) or P+S fertiliser at four rates equivalent to 
the quantity of P and S supplied by different rates of PG. Both PG and PS were 
applied with or without lime (100% CaCO3), which was applied at 2 t ha-1. Yield was 
measured, and herbage was analysed for P, S, Al and Cd and soil analysed for pH, 
Exchangeable Al and Olsen P. Shoot and root yield responses were significantly 
different between the two soils which were likely driven by soil pH and related Al 
toxicity, and by phosphorus and sulphur availability. Maximum yields were obtained 
under PG 9 t ha-1 combined with lime. pHCaCl2 decreased significantly by 0.24 units at 
PG 9 t ha-1 compared with the control under GM soil, while under MO was increased 
by 0.15 units compared with the control. Generally, PG and PS increased 
significantly and similarly plant available P; at 9 t ha-1 PG, Olsen P Increased by 35 
and 28% compared with the control for MO and GM respectively. Lime significantly 
decreased Olsen P. These findings demonstrate that phosphogypsum has promising 
fertilizing effects for P and S deficient acid soil and needs further agronomic 
Investigation. 
 
Keywords: phosphogypsym, phosphorus, acid soil 
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Due to continued improvement in waste treatment technology and the desire for 
alternative, natural and organic fertilizers, the use of processed human waste 
products, specifically human urine, has regained popularity as a potential fertilizer for 
crop production. This comes with the increased interest in urban farming and 
alternative cropping developments for Earth and other planetary operations. For 
example, the process of urine nitrification (biological oxidation of 
ammonia/ammonium to nitrite followed by the oxidation of nitrite to nitrate) and 
hydroponic (soilless) crop production is being explored as a linked process for life 
support systems in space exploration and Lunar/Martian bases. However, using urine 
in solution for hydroponic crop production comes with some challenges.  
Excreted urine contains mostly nitrogen, phosphorus, and potassium with traces of 
other micronutrients (B, Cu, Zn, Mn, Fe, and Co); however, these nutrients are not all 
readily available for plant uptake, in particular phosphorus, which precipitates to form 
an orthophosphate compound called struvite. In hydroponics, all nutrients must be in 
solution and available for plant uptake. Struvite has shown promise as a slow release 
fertilizer in field trials, but the use in hydroponics is unknown. 
We are currently testing the use of a nitrified urine derived fertilizer on soybean 
production for space missions. We are looking closely at how the nutritional 
composition of the plant and nutrient solution changes overtime. We hypothesize that 
the urine derived fertilizer is an adequate source of N, but we expect the plants to 
experience P, and possibly micronutrient, deficiency in the hydroponic system. 
Struvite may provide the system with additional P and micronutrients, yet the solid 
state is not ideal for hydroponics. Thus, in addition, we want to explore how struvite 
may be utilized in hydroponic crop production. We hypothesize that if added to the 
nutrient solution, struvite may work as a slow release P fertilizer, but may need the 
help of additional chemical or biological additives.  
 
Keywords: hydroponics, phosphorus, recycled wastes. 
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The productivity of agroecosystems is influenced by inputs of phosphorus (P) in the 
form of mineral fertilizers. While most P fertilizers are water-soluble (e.g. triple 
superphosphate (TSP)), direct application of reactive phosphate rock (RPR) 
represents a slow-release alternative in some systems. The objective of this study 
was to investigate and quantify the effects of soil acidity (pH) and moisture on the 
immediate solubility and potential bioavailability of P added as TSP and RPR. This 
involved adding TSP and four medium reactivity PRs from Morocco and TSP at the 
same rate (100mg P/kg) to three medium P fertility acidic grassland soils (pH 4.7-
5.0). Calcium oxide was added to increase soil pH by 0.5 and 1.0 unit, and soil 
moisture was adjusted to 50%, 75% and 100% of water holding capacity for each 
soil. The soils were incubated at 25°C for four weeks, and relative P solubility was 
determined by extraction with ammonium chloride (1M, 4 hours). As expected, 
soluble P concentrations determined for TSP amended soils were 60-75% higher that 
soils amended with different RPRs. Differences in solubility between RPRs were 
closely related to relative reactivity as determined by acid solubility and carbonate 
content. Increasing pH by up to 1 unit resulted in significant decreases in soluble P in 
soils amended with TSP (≤ 40%) and RPRs (≤ 70%) amended soils. These data 
confirmed that a combination of decreased acidity and increased soluble calcium 
markedly reduced the solubility and dissolution of fertilizer P in soil. Increases in soil 
moisture significantly reduced the solubility of P added as TSP, but surprisingly had 
little impact on RPR dissolution. The findings of this study confirmed that acidity was 
more important that moisture in determining short-term dissolution of P from RPRs in 
these soils. 
 
Keywords: Soil acidity, Soil moisture, Triple superphosphate, Phosphate rock 
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Biogas digestates are nutrient-rich substrates and play an important role in 
agricultural nutrient cycles, especially for essential macronutrients like nitrogen (N) 
and phosphorus (P). The objective of this study was to investigate long-term effects 
of application of biogas digestates compared to undigested substrates and a mineral 
NK treatment (without P) on soil and plant parameters under field conditions. The 
field experiment was established in 2008 in cooperation with a dairy farm. The input 
substrate (inputS) and the digested substrate (digestS) originated from the farm-
owned biogas plant. The inputS mainly consisted of dairy slurry with an addition of 
maize silage and wheat. After 28 days of anaerobic digestion under mesophilic 
conditions the digestS was withdrawn from the fermenter. The substrates were 
applied in spring (20 m3 ha-1) and in autumn after harvest (10 m3 ha-1). The crop 
rotation consisted of maize, sugar beet, winter wheat, winter barley, and winter 
oilseed rape. Soil samples were taken four times per year in the topsoil and subsoil. 
Soil P concentrations and the degrees of P saturation (DPS) were higher in the 
inputS and digestS treatments compared to control without P, but no significant 
differences between inputS and digestS application were found. In the subsoil, 
however, application of the digestS resulted in highest P concentrations and DPS 
values. On average over the experimental years the application with inputS and 
digestS resulted in higher crop yields and P uptakes compared to the NK treatment, 
whereat no differences between the inputS and digestS treatments were found. Our 
results indicated that biogas digestates have a similar fertilizer effect as undigested 
slurries fertilizers but may increase the risk of P losses due to higher P 
concentrations in the subsoil. 
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Poultry litter ash (PLA) originated in response to increased manure volumes 
generated by concentrated poultry production regions within the Mid-Atlantic, USA, 
posing a threat to Chesapeake Bay ecosystems. Manure-to-energy systems were 
identified as a method to condense heightened poultry litter (PL) volumes into a 
densified PLA fertilizer product. Densifying PL into PLA allows nutrients to be 
economically shipped beyond poultry production regions. The objective of this study 
was to characterize PLA co-products chemical and elemental composition compared 
to industry standard fertilizers for N, P, and K nutrient availability. Three PLA 
products (F.B. Bulk, F.B. Fly, and C. Mix), two manufactured co-products (GFA and 
ACU) and, PL were evaluated under applied and analytical microscopy and 
spectroscopy techniques. Analysis included total elemental analysis, water soluble 
extractions, and citrate soluble and available P determination. Additional 
characteristics evaluated include total carbon content, pH, and micro nutrients or 
trace elements present in fertilizer products. Accompanying PLA elemental and 
chemical analysis, electron microscopic techniques via Field Emission Electron 
Scanning Microscope (FEI ESEM) confirmed chemical extraction concentrations and 
identified structural formations such as square crystalline (potassium chloride) or 
amorphous round (calcium phosphates) structures within the products as elemental 
origin for P and K within PLA products. Additionally, XANES spectroscopic 
techniques were applied to P based fertilizers and PLA products to identify 
predominate P species. Characterizing PLA elemental and chemical composition is 
imperative to validate PLA coproducts as a comparable fertilizer source and 
subsequently calibrate fertilizer recommendations for crop application. Determining 
PLA fertilizer elemental composition is a foundational component validating PLA as 
an alternative P fertilizer source and subsequently promoting surplus nutrient 
redistribution from concentrated poultry production regions to nutrient deficient areas 
within the USA. The following research objectives addressed include: 1) Determine 
PLA fertilizers (FB. Bulk, FB. Fly, C. Mix and GPLA) total elemental analysis; 2) 
Determine physical structures providing P and K via electron microscopy; 3) Identify 
within P and K structures, elemental compounds reducing P or K solubility; and 4) 
Classify P PLA speciation through X-ray absorption near-edge structure (XANES) 
spectroscopy.  
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Phosphorus (P) fixed by high-energy sorption or precipitation reactions in soils 
makes a poor available P pool for plant uptake. The low utilization of P in the plant 
further accelerates P fertilizer consumption. Therefore, it is vital to increase P 
recycling in the agricultural waste and P use efficiency in the agro-ecosystems. In 
this study, a feeding composting cycles system (80% seeds harvested each year 
were used to feed the experimental pig, all the excretion was collected and mixed 
with corn and wheat stalk which were collected as litter during feed production. The 
mixture prepared was composted to produce organic fertilizer, which was reserved 
for the use in the treatment in the following spring) was introduced to investigate how 
to increase the P utilisation in a 17 years maize-wheat rotation cropping system when 
compared to the control (no fertilizer) and traditional mineral fertilizer application 
treatments (NPK, nitrogen, P and potassium fertilizer were applied at the rates of 
150, 25 and 60, kg ha-1 year -1 in the form of urea, triple superphosphate, and 
potassium sulfate, respectively). Results showed soil Olsen-P, CaCl2-P and total P of 
the feeding composting cycles treatment were 82.1 and 97.6%, 97.4 and 100%, 10.1 
and 25.2% higher than the NPK and control treatments, respectively, albeit the P 
input of the NPK treatment was 20% higher than the feeding composting cycles 
treatment. Sequential inorganic P extraction indicated that a significantly increase of 
the soil Ca2-P and Ca8-P contents by 70.2 and 60.3%, and a notably decline of the 
Al-P and Fe-P contents by 16.3 and 15.2% were found in the feeding composting 
cycles treatment when compared to the NPK treatment. The relatively higher soil 
organic carbon (OC) of 21.7 g kg-1 in the feeding composting cycles treatments, 
related to 17.3 g kg-1 in the NPK treatments, indicated the P sorption sites of the Fe-
Al (hydro)oxides was competed between the OC and P. The decreased M3-Al and 
M3-Fe in the NPK treatment further explained the P sorption sites of the Fe-Al 
(hydro)oxides was occupied by OC. Thus, P sorption by Ca2+ which formed as 
CaHPO4 in the results of the X-ray absorption near-edge structure (XANES) 
spectroscopy was significantly increased in the feeding composting cycles treatment. 
However, P sorption by Ca is prone to be reused when compared to the P adsorbed 
by Fe-Al (hydro) oxides. The P sorption isotherms of the amended soil by feeding 
composting cycles treatment showed the similar results with a significantly decline of 
the P binding capacity and P buffer capacity (PBC) related to the control and NPK 
treatment, which meant the P was prone to sorption and release. The elevated soil 
available P in the feeding composting cycles treatment was closely related to the 
form of the P input and the soil properties changed, especially the soil OC.  
Keywords: Phosphorus, Long-term experiment, Feeding-composting cycle  
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Low phosphorus (P) availability in soil is a major constraint for agriculture sector in 
Burkina Faso. However, use of high price water soluble P fertilizer by small-scale 
farmers are scarce so use of local PR is an alternative option. Since it is known that 
there is approximately 310 MT phosphate rocks (PR) resources or an equivalent 
amount of 60 MT P2O5, although it is defined as low grade mainly due to its low 
solubility. While, PR’s fertilizing effect is influenced by its low water solubility. 
Moreover, it has been reported that most of African PR belongs to less reactive or 
low-grade PR. Therefore, there is a need to find a solution to utilize this PR. The 
calcination and partial acidulation are the methods used to increase P solubility. Our 
research team produced P fertilizers derived from Burkina Faso PR (BPR) including 
calcinated PR; CB1 with citric acid soluble P (CA-P) 100% and water soluble P 
(WP)<0.1%, and CB2 (CA-P 100% and WP<6.8%) and partially acidulated PR; 
PAPR1 (CA-P≈72% and WP≈26%) and PAPR2 (CA-P≈67% and WP≈47%), 
respectively. Newly produced fertilizers have been evaluated their fertilizing effects 
on rainfed-lowland rice yield production in comparison with no fertilizer P, BPR, and 
water soluble single- (SSP) and triple superphosphate (TSP). A total of eight fertilizer 
treatments were laid on the randomized completed block design with 4 or 5 
replications depending on available sizes of farmlands in 4 villages located in the 
Sudan Savanna of Burkina Faso in 2018. Results showed that the effectiveness of P 
fertilizers on rice grain yields varied among 4 sites. Average yield across sites was 
3.32 Mg ha-1 under no fertilizer P. Yields has been increased up to 0.48 to 1.87 Mg 
ha-1 or 15 to 58% following P fertilizer application. The highest yield of 5.12 Mg ha-1 
was observed in PAPR2. It was found that PAPR1, PAPR2, and CB2 significantly 
increased yields compared to no fertilizer P. Relative agronomic effectiveness of P 
fertilizers against water soluble P fertilizer was highest in PAPR2 as of 108% and 
followed by 92%, 71%, 51%, and 32% for CB2, PAPR1, CB1, and BPR, respectively. 
Although, this work was the very first experimental trial, but our collaborative 
research team has further continuing to develop these fertilizers and to validate the 
effectiveness of fertilizers in the next few years. Our candidate fertilizers showed 
satisfactory effectiveness on rice grain yield production in relation to chemical 
fertilizers. This would boost the local production and consumption of fertilizer in the 
country, and link to the reduction of fertilizer import dependency which would shield 
the country’s economy in the future.  
 
Keywords: Calcination, Partial acidulation, Sub-Saharan Africa 
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Closing phosphorus (P) cycles in a globalized world is one of the biggest challenges 
for the future. The main demand of P is linked to its use in plant production systems 
for high quality fertilizers produced from rock phosphates (primary phosphates). 
However, resources of high quality rock phosphate for fertilizer production may be 
depleted within the next centuries. To conserve global rock phosphate resources 
several technologies have been developed to recycle P from different feedstocks 
(secondary phosphates). Waste water, sewage sludge, animal manure and compost 
are P-rich wastes that offer a high potential for P-recovery. By precipitation of P-rich 
liquid wastes (e.g. struvite precipitation of swine manure or municipal waste water) or 
thermal/thermochemical treatment of solid wastes (e.g. incineration or pyrolysis with 
and without additives) P can be concentrated and recovered and contaminants like 
heavy metals can be removed. However The P availability for plants of secondary 
phosphates and products thereof depends on the recovery technology and the origin 
of the waste and it is often considerably lower compared to P fertilizers from primary 
phosphates. To address products from secondary phosphates as possible P-
fertilizers in plant production systems it is necessary to evaluate the plant availability 
of current products in plant experiments and to compared it to commonly used water 
soluble P-fertilizers. In this study the P-availability of a number of secondary 
phosphates products were compared to a water soluble Ca(H2PO4)2 as a control 
treatment. The products were tested in a pot experiment with Zea mays as a P-
sensitive model plant cultivated in a weakly acidic sandy loam soil which is low in P. 
After six weeks of cultivation under greenhouse, biomass production and P-uptake of 
the plants was determined and compared to the control treatment. Based on the 
results, the potential for substitution of primary phosphates by the studied secondary 
phosphates will be discussed according to issues of plant nutrition. 
 
Keywords: Plant nutrition, P-recycling, fertilization 
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In regions with low livestock densities, the use of residues in agriculture can 
substitute inputs of Phosphorus (P) from finite primary sources and create 
sustainable nutrient cycles. In this study, two greenhouse pot experiments with a 
loamy sand deficient in P were carried out to determine the P-fertiliser effect of straw 
ashes from three incineration plants (wheat straw ash, (WSA), wheat and barley 
mixture straw ash (WBSA) and paludiculture straw ash (PSA)) in interaction with 
different crops (maize, lupin, and amaranth). Additionally, part of the ashes were 
compacted to pellets (C-WSA, C-WBSA and C-PSA) (approx. 1 cm diameter), which 
can improve the practical field application. Besides the six ash treatments, triple 
superphosphate (TSP) as a high soluble P source, straw as the original material 
(STR), a certified straw-ash-fertiliser (1:9, SAF), potassium chloride (KCl) as a high 
soluble K source, and a control (CON) without P and K were included into the 
experimental design. Both experiments contained all treatment combinations and 
were carried out for ten and eight weeks respectively, under controlled conditions. 
Plant parameters (biomass, phenological development and P uptake of shoots and 
roots), soil pH, soil enzyme activities, different soil P fractions pools and the degree 
of P saturation (DPS) were determined. Additionally, the concentrations of heavy 
metals in the ashes were analysed. 
The ashes differed in their elemental composition; with highest P concentrations 
(2.09 %) measured in the PSA and lowest in WSA (0.44 %). Aboveground plant 
biomass of the WSA and WBSA treatments accounted to 60-80 % compared to TSP 
(100 %), whereas C-WSA, C-WBSA and SAF treatments showed similar results as 
TSP application (85-120 %). The bio-available soil P content (Pdl) was increased 
when P was supplied, regardless of whether P was given with ash or with high 
soluble TSP. Regarding the phenological development, the compacted ash 
treatments were found to support plant growth in the later stages (weeks five to ten) 
than the raw ashes - possibly due to the slow nutrient release of the pellets. The 
heavy metal concentrations after harvest were below critical values regarding soil 
content and plant tissue. 
We conclude that biomass ashes can present an adequate P source comparable to 
that of highly soluble commercial P fertiliser. Positive effects of pellet application 
show that immobilisation/dissolving patterns of nutrients are not similar to loose raw 
ash and should be taken in consideration for future research. 
 
Keywords: phosphorus recovery, biomass ash, fertilisation. 
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Nitrogen (N) fertilization can reduce soil pH and phosphorus (P):N stoichiometry, so 
that may cause plant relatively lack of P, the role of bacteria on P cycling can be 
considered a potential mechanism of P supply to plants. However, the effect of N and 
P fertilization on bacterial P metabolism is not well understood. A ten-year field 
experiment was established to evaluate the influence of continuous N and P 
fertilization on soil phosphatase and bacterial functions involved P metabolism in a 
typical steppe of Inner Mongolia, China. The experiment included 4 treatments: 
control without fertilization (CK), N (10 g N m-2 yr-1), P (5 g P2O5 m

-2 yr-1) and NP (10 
g N m-2 yr-1+5 g P2O5 m

-2 yr-1). The activities of alkaline (ALP) and acid phosphatase 
(ACP), bacterial communities (16S rRNA), the abundance of phosphate-solubilizing 
gene (pqqC) and ALP gene (phoD) and predicted KO (PICRUSt) were determined. 
Soil total P (TP), organic P (Po), total N (TN) were not affected by N or P fertilization,  
but Olsen-P was ten times higher in P and NP treatments than in CK and N. The pH 
reduced 1 unit in N and NP compared with CK and P. The activities of ALP were 
strongly decreased in N and NP treatments, but not in CK and P. The activities of 
ACP were not affected by fertilization. The 16S rRNA results showed that chao 1 
index was significantly increased by N fertilization but not P fertilization. The bacterial 
communities were dominated by Proteobacteria and Actinobacteria. N fertilization 
reduced the relative abundance of Proteobacteria and increased the abundance of 
copiotrophic group and decreased the abundance of oligotrophic group. pH, NO3

-, 
soil organic carbon (SOC), NH4

+ were the top 4 environmental factors affecting soil 
bacterial communities. The abundances of pqqC gene was not affected by 
fertilization, while the abundance of phoD gene was decreased in N and NP 
treatments compared with CK. Meanwhlie, the PICRUSt results showed that it was N 
fertilization not P fertilization affected the KO abundances of glycerol-3-phosphate 
transporter, phosphonate transporter, phosphate-specific transporter system, 
phosphate solubilizing, C-P lyase, mineralized organophosphorus and Poly-P. 
Overall, our results indicated that bacteria assimilating P especially P luxury 
assimilation was more sensitive to N fertilization than P fertilization. 
 
Keywords: nitrogen fertilization, phosphorus fertilization, phosphorus metabolic function 
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In the Fraser Valley, Canada, phosphorus (P) management using mineral and 
manure P in excess of plant needs contributed to soil P buildup above the excess 
class in the majority of farms. Strategies to drawdown soil P below critical levels are 
needed to maintain or build the sustainability of the major cropping systems. The 
objective of this study was to assess the effects of starter fertilizer P and their 
carryover effects on a) dry weight of corn at different growth stages and b) plant-
available soil P. Two one-year trials were conducted in 2018 at Agassiz Research 
and Development Centre (Canada) in soils with varying soil P levels (medium and 
excess). Six combinations of starter P (mineral fertilizer) and manure P treatments 
(0Pstarter + 0Pmanure, 0 Pstarter + 35Pmanure, 5Pstarter + 30Pmanure, 0Pstarter + 0Pmanure, 
10Pstarter + 25Pmanure, 15Pstarter + 20Pmanure, 20Pstarter + 15Pmanure) were assigned to a 
randomized complete block design. Treatment combinations were designed to meet 
plant P needs (P input = P output). Each treatment was replicated four times for a 
total of 24 experimental units. Starter fertilizer P and 30 kg N ha–1 were applied at 
planting; manure P and a supplement of N fertilizer for a total of 150 kg N ha–1 
(including manure N) were side dressed at the 6-leaf (V6) stage to supply P and N for 
the rest of the growing season. Plants were sampled at V3, V6, and V9 stages and 
harvest. Soil samples were collected after harvest to assess plant-available soil P. 
Corn dry weight at V3 was not affected by starter P fertilizer in all fields. On average, 
dry weight biomass was 67.08 kg ha–1 in the medium and 75.93 kg ha–1 in the excess 
P soil. Corn dry weight at V6 exhibited a linear-plateau response to starter fertilizer P 
in all fields. The critical starter P rate was 7.5 kg P ha–1. The plateau dry weights 
were 394.4 kg ha–1 in the medium and 658.2 kg ha–1 in the excess P soil. Corn dry 
weights at V9 and harvest in all soils were not affected by manure P applied at V6 
stage. Starter P effects observed at V6 did not carry through V9 and harvest. Plant-
available soil P did not vary significantly in the two sites. Our study shows that corn 
can be grown on these soils with small or no starter mineral P rates without yield 
decrease at harvest. These results were obtained at plot scale and need to be 
validated across the Fraser Valley. 
 
Keywords: Fraser Valley, P use efficiency, plant-available soil P 
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Soil microorganisms exuding organic acids have the potential to solubilize inorganic 
phosphorus (P), which could improve the P availability to plants growing on 
calcareous soil. The gluconic acid exuding bacteria Pseudomonas protegens CHA0 
can solubilize P under glucose rich in vitro conditions, but evidence on the 
effectiveness in soil is lacking. This discrepancy in P solubilization between in vitro 
and in vivo is common for many P solubilizing bacteria. Possible causes for this 
discrepancy are rarely explored in soil using mechanism oriented approaches. 
Proposed reasons for limitation of bacterial P solubilization in soil are low persistence 
of the inoculant or low glucose availability in the plant rhizosphere. 
To test these two hypotheses we investigated the solubilization of 33P labeled 
synthetic hydroxyapatite (Ca33P) by the gluconic acid producing P. protegens CHA0 
wild type and the mutant strain CHA1198 lacking the capacity to produce this acid in 
a plant growth experiment with wheat (Triticum aestivum) and an incubation 
experiment with sterilized soil. 
Neither in the plant growth- nor in the incubation experiment solubilization of Ca33P 
by strain CHA0 was detected, in spite the inoculated strain persisted in the 
rhizoplane of wheat and in the sterilized soil. Also with glucose additions relevant to 
rhizosphere concentrations, no solubilization was detected, suggesting that glucose 
availability still limited production of gluconic acid, or that produced gluconic acid was 
not effective in the calcareous soil. Instead, mechanisms related to overall microbial 
activity seemed to explain inorganic P solubilization and increased plant P uptake in 
both inoculated treatments. Thus, isotope techniques and an appropriate bacterial 
control should be used to reveal the mechanisms involved in any increased plant 
growth and/or changes in plant available P following soil inoculation with P 
solubilizing bacteria PSB. 
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Phosphorus (P) recovery from specific waste streams is a necessary approach to 
develop environmentally sustainable and efficient fertilizers, achieving maximum 
productivity with minimum losses. A promising example of a P-recycle from manure 
is struvite (MgNH4PO4.6H2O). Phosphorus availability from struvite is profoundly 
influenced by soil pH and/or processes in the rhizosphere. The overall objective of 
our study was to identify morphological and physiological root traits (e.g., exudation 
of organic anions) of narrow-leaf lupine involved in the acquisition of P from struvite, 
compared with KH2PO4 as a soluble P source. 
Plants were grown in river sand at three pH levels (4.5, 6.5 and 7.5). There were 
three P treatments: 1) KH2PO4 (KP); 2) Struvite, 3) no P addition as a control. 
Organic acids in the rhizosheath were collected. Root morphological parameters 
such as specific root length and root diameter were analyzed.  
In both acidic and alkaline conditions, the P-uptake efficiency (PUE: mg P plant−1 / 
cm2 root surface area) with struvite was significantly greater than with KP. Plants 
growing at neutral pH showed greater root exudation of carboxylates (mainly citrate) 
when struvite was added compared with KP. Therefore there were no differences in 
the PUE between KP and struvite. At alkaline pH, the exudation per unit root surface 
area was greater than that at acidic or neutral pH. Plants growing in acidic pH had 
the highest specific root length (SRL), increasing the PUE from struvite. 
We concluded that the effectiveness of struvite as P source can be enhanced in crop 
species that exude a large amount of carboxylates by P mobilization via cation 
exchange. The use of recovered products such as struvite needs to be accompanied 
by specific guidelines to increase plant use efficiency and therefore yields, making 
this product more competitive in the market. 
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Quantifying the response of available soil phosphorus (P) to P accumulation and 
depletion scenarios is important for improved utilization of applied fertilizer P and P 
already residing in soil. This study investigated changes in the availability of P in soils 
where the soil P pool is building up or declining, using the Askov long-term 
experiment initiated in 1894 on a sandy loam soil. In 1996, fertilizer treatments were 
reversed in selected plots; inputs of fertilizer P was withheld in plots previously 
receiving P (depletion scenario) while plots kept without P until 1996 now began to 
receive P either in mineral fertilizer or animal manure (build-up scenario) at an 
average annual rate of 20 and 38 kg P ha-1., respectively. In the manure treatment, 
the plots also received nitrogen (N) and potassium (K) at an average annual rate of 
200 and 180 kg ha-1, respectively. The reference treatment had remained unfertilized 
since 1894. During 1988 to 2017, we determined grain yield and grain P offtake in 
winter wheat grown in a four-course rotation and soil total P, Olsen P, water 
extractable P (Pw), total C, and total N in soil sampled every four year from 0-20 cm. 
Application of animal manure to soil receiving no P before 1996 increased Olsen P 
from 7 mg kg-1 in 1996 to 16 mg kg-1 in 2016. In soil without P since 1996, Olsen P 
decreased from 16 mg kg-1 in 1996 to 8 mg kg-1 in 2016. The same pattern was 
recorded for Pw. When mineral fertilizer P was added alone at a rate of 20 kg P ha-1, 
grain yields remained low and soil Olsen P remained constant. This is ascribed to 
strong reaction of P with soil components and omission of N and K. Addition of 
animal manure increased grain yield and P offtake in grain. This is attributed to the 
larger inputs of P and the additional inputs of N and K associated with animal 
manure. In the P accumulation scenario with animal manure treatment, soil available 
P was related to grain yield and grain P offtake using a quadratic model, whereas a 
linear model provided the best fit in P depletion scenario. For a P depleted soil, 
addition of 20 kg P ha-1 in mineral fertilizer over a 20 year period did not increase the 
pool of plant available P. Adding the double amount of P in animal manure along with 
N and K increased not only grain yields but also the pool of plant available soil P.    
 
Keywords: Available P, depletion, accumulation 
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In most European countries phosphorus fertilizer recommendations are based on 
plant available soil P contents, which are determined by various extraction 
procedures. The interpretation of these soil P contents follows soil fertility classes 
based on the yield increase observed in long-term field experiments while other soil 
and site specific factors are barely considered. This traditional scheme has resulted 
in excessive P fertilizer recommendations in the past decades, causing widespread 
diffuse P losses and eutrophication problems as well as excessive exploitation of 
geological P resources. 
Based on a meta-analysis of 30 long-term fertilizer experiments throughout Germany 
and Austria we analyzed the effect of omitted P-fertilization on relative yield 
compared to the use of readily available P-fertilizers. Yield differences mainly arose 
from the soil phosphorus content of the unfertilized treatment and only marginally 
from the applied amount of P-fertilizer. However, after omitting P-fertilization, the 
development of soil phosphorus content varied widely from site to site. 
We used classification and regression tree approaches, multiple linear and nonlinear 
regression and mixed models to analyze the impact of site-specific parameters such 
as plant available P, crop type, soil pH, SOM, soil texture and precipitation on 
sustaining yields when P fertilization is suspended. This approach revealed 
significant differences in relative yield response to omitted phosphorus fertilization 
dependent on pH class and crop type with less loss at optimum soil reaction and low 
impact especially on winter wheat and winter barley. 
This study aims to contribute to a specification of current German P fertilizer 
recommendation schemes to preserve phosphorous resources and avoid 
eutrophication. 
 
Keywords: phosphorus fertilization, meta-analysis 
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No phosphorus (P) fertilizer application during rice season in the rice-wheat rotation 
system is feasible nearby the Taihu Lake in South China, based on our previous 
several field experiments studies. However, how this P fertilizer reduction affected P 
transport in soil-root-aboveground system need further investigation. Compared with 
P fertilization treatments (P fertilization at seasons of rice and wheat, PR+W; P 
fertilization only at the season of rice, PR), no P fertilization treatments (without P 
fertilizer for both two seasons, Pzero; P fertilization only at the season of  wheat, PW) 
indicated no remarkable variation in crop biomass. The PW treatment did not reduce 
the concentration of crop total P, root iron plaque P and soil Olsen-P during three 
stages for rice-growth (seedling stage, booting stage and harvest stage)  in YX 
(Yixing) and CS (Changshu) sites generally. In contrast, the Pzero treatment 
decreased soil Olsen-P concentration greatly by 45.8%-81.0%, aboveground crop 
total P concentration by 24.6%-30.9%, and root iron plaque P concentration by 
45.6%-73.4%. Furthermore, significant negative correlation was observed between   
the root iron plaque P and crop biomass at two sites (P < 0.01, R2=0.76, 0.57). 
Significant positive correlation was observed between root iron plaque P and root 
total P (P < 0.01, R2=0.96, 0.93), and crop total P (P < 0.01, R2=0.88, 0.84), and soil   
Olsen-P (P < 0.01, R2=0.27, 0.48). Meanwhile, RDA (redundancy analysis) showed 
that S-ALP (soil alkaline phosphatase) displayed a critical part in the P supply of soil, 
and closely related to root iron plaque P. 
 
Keywords: reduced P-input, rice-growth stage, root iron plaque P 
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European agriculture is dependent on imported phosphorus (P) fertilisers for 
sustaining the productivity of agriculture. However, at the same time overfertilisation 
has increased soil P status in some regions and caused eutrophication of surface 
waters. This is partly related to segregation of crop production and animal husbandry 
as well as to urbanisation, leading to regions with a surplus of nutrient rich side 
streams (NRSS) relative to the available field area for utilizing these NRSS in 
agriculture. In order to decrease the EU dependency on imported mineral P fertilisers 
and close nutrient cycles, NRSS need to be utilised more efficiently in crop 
production, while minimising the risks related to food and feed safety and 
environmental losses. 
Closing nutrient cycles and optimising the use of NRSS in the EU requires the 
knowledge of i) regional availability and quantity of NRSS, ii) optimal processing 
technologies for securing safe and locally targeted recycled P fertilisers and iii) actual 
crop demand for P, depending on variable climatic conditions and soil characteristics 
across the EU. These questions are clarified in a new Horizon 2020 project 
“Optimising bio-based fertilisers in agriculture – Providing a knowledge basis for new 
policies (LEX4BIO)”; grant number 818309, starting in June 2019. 
Regionally available NRSS are identified and quantified for producing bio-based 
fertilisers (BBF). Soil P status in agricultural soils of the EU is determined by 
analysing a representative set of soil samples, collected in the LUCAS soil sampling 
campaign by the Joint Research Centre (JRC) in 2018, with the following novel soil 
test P (STP) methods: DGT, modified Olsen P, EUF and MIR/XRD. The effect of 
BBFs on soil quality (chemical, physical and biological) is evaluated. Pot trials will 
provide information about the bioavailability of P in BBFs and thus about the potential 
of BBFs for replacing mineral P fertilisers. Field trials with the most prominent BBFs 
are conducted across different climatic conditions in the EU for evaluating STP 
values required to reach optimal yields. Optimal STP values are extrapolated to the 
available LUCAS data, providing P fertiliser requirements across the EU. Compliance 
methods are tested for their ability to predict bioavailable P fraction in BBFs and 
environmental losses of P from BBFs are evaluated in a rainfall simulation 
representing different types of soils across the EU. 
Together, the information gathered in LEX4BIO will provide the knowledge basis to 
decrease the dependency on imported fertilisers, close nutrient cycles and improve 
the sustainability of European farming systems.  
 
Keywords: Food security, P fertilization, recycled fertiliser  
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In the Everglades Agricultural Area (EAA) of South Florida, farming practices have 
long been mindful of phosphorus (P) management as it relates to sufficiency and 
efficiency of P utilization. Over two decades of P best management practices have 
resulted in more than 3000 metric-tons of P load reduction from the EAA to 
downstream ecosystems. Research is being conducted on organic and sandy soils to 
improve efficiency of P uptake and minimize discharge loads. During the summer, 
more than 50,000 acres of fallow sugarcane land is available for rice production in 
the EAA. The net value of growing flooded rice in the EAA as a rotational crop with 
sugarcane far exceeds its monetary return. Soil conservation, pest control, and P 
load reduction are only some of the benefits. With no P fertilizer applied, rice 
cultivation can potentially function as a sink for P as a result of particulate settling 
and plant P uptake, while harvested whole grain rice can effectively remove P from a 
rice field per growing season on organic soils. In parts of the EAA, the application of 
using locally derived organic amendments as potential P fertilizer has gained interest 
over the past few years. The use of local agricultural and urban organic residues as 
amendments in sandy soils of South Florida provide options to enhance soil 
properties and improve sugarcane yields, while reducing waste and use of inorganic 
fertilizers. Future projects include (i) circulating drainage water and the utilization of 
aquatic vegetation as bio-filters in farm ditches to reduce P load; and (ii) evaluating P 
use efficiency in crop management by identifying and selecting varieties tolerant to 
low P inputs in rice and lettuce cultivars. 
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In fish farming, large amounts of phosphorus (P) are accumulating in the discharge, 
which on one side poses a problem due to eutrophication potential, but on the other 
side opens a chance for recycling of this critically limiting nutrient. In aquaponics 
(AP), which is the combined cultivation of fish (aquaculture) and plants (hydroponic) 
in one water cycle, plants assimilate P present in aquaculture discharge. The aim of 
this study was to investigate the P-cycling in aquaponic in order to be able to further 
optimise P utilisation. For this, the effect of pH manipulation on the system was 
examined. Three replicates of semi-commercial size aquaponic systems, stocked 
with Nile tilapia (Oreochromis niloticus), and planted with lettuce (Salanova® Batavia) 
were monitored from 22th September to 8th November 2017. The pH was adjusted to 
6.0±0.2 by adding acid (HCl) during weeks 1 and 2, and to 7.3±0.3 by adding bases 
(KOH and Ca(OH)2) during weeks 3 and 4. Ortho-P and total-P from different 
sampling points in the system (system water, sludge, and deposits) were analysed. 
In addition, biomass production of fish and lettuce, and its nutrient content was 
compared between the triplicates. The P balance showed that 41% and 8% of the 
total P inputs provided by feed and water were absorbed by fish and plants, 
respectively. 27% of P accumulated in the system water, and 24% in form of deposits 
(biofilm on sump and fish tank surface and deposits on digester heater). 
Furthermore, digested sludge contained more ortho-P (14-55% of total-P) than fresh 
sludge (5-10% of total-P). In addition, around 90% of total-P was present as ortho-P 
in a system water. The ortho-P concentrations after the manipulations of pH in the 
aquaponic system water surprisingly increased with increasing pH. This is probably 
due to the complex dynamics between P and Ca. The established P mass balance 
identified and quantified several P pools, demonstrating that aquaponics systems can 
maximize overall P utilization if a digester is included into the loop. 
 
Keywords: aquaponics, pH change, phosphorus cycle 
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The new Sino-German international research training group jointly conducted by the 
University of Hohenheim (UHOH) and the China Agricultural University (CAU) started 
01 October 2018. It is funded jointly by the German Research Foundation (DFG, 
328017493/GRK 2366) and by the CAU for a period of 4.5 years in a first phase. 
Another funding period of 4.5 years is envisaged. 
The fate of phosphate in the environment presents an open cycle. Phosphate is 
supplied by mining and fertilizer production, followed by different steps of phosphate 
utilisation, including primary production, animal feed, human food and conversion of 
biomass to energy and raw materials, with accumulation in soils, little return and in 
particular severe environmental losses. Most importantly, phosphate is a limited 
essential nutrient (350 years lifetime). It is unknown how the steps within the cycle 
will react and interact if phosphate is increasingly limited and economic pressure 
escalates as a result. Closing cycles and reducing phosphate consumption are 
fundamental future challenges.  
Globally, maize is one of the most important crops, with high phosphate sensitivity, 
therefore, ideal for studying the consequences of phosphate limitation. China and 
Germany together cover the whole variation of maize production systems in food-
feed-energy supply chains and a wide range of climatic conditions. 
Research is driven by the hypothesis that under phosphate-limited conditions, high 
productivity and high phosphate use efficiency can be achieved simultaneously by 
adapting phosphate cycling and availability (sources) to the multipurpose phosphate 
demands (sinks) in maize-based food-feed-energy systems. In an interdisciplinary 
approach, we investigate (1) the genetic potential of maize populations and 
mechanisms of their ability to adapt to limited phosphate supply, (2) maize cultivation 
under limited phosphate supply at field scale, (3) mechanistic interactions of related 
products with their utilization in human and animal nutrition, and phosphate recovery 
by biomass conversion. (4) An economic evaluation will be done at plot, farm, 
regional and sector levels, taking market effects into consideration. Joint field 
experiments in China and Germany allow for complementary and comparative 
analyses. Genetic and molecular approaches, modern spectroscopic methods, 
economic surveys and modelling approaches at different scales will be used. 
Based on supervision contracts, German and Chinese doctoral researchers will be 
guided by an individual advisory committee, by invited experts, by members of an 
international advisory board, and by staff for biometrical and econometric training. 
The educational programme in China and Germany includes joint block seminars, 
thematic field trips, case studies, methodological courses, doctoral researchers’ 
conferences and intercultural training sessions. 
Keywords: maize, phosphate, nutrient cycling, sustainability  
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InnoSoilPhos („Innovative solutions to sustainable phosphorus management“, 
https://www.innosoilphos.de/) is a 9-year multi disciplinary, Germany-wide research 
program, directed towards a better understanding and management of the 
phosphorus use in the soil-plant-aquatic systems at all relevant scales from 
atomic/molecular to farms and landscapes. Major results of the first funding period 
are the computational molecular modelling of phosphate binding at goethite surfaces 
which indicates the formation of primarily mono-protonated bidentate rather than 
monodentate complexes. Subsequently we investigate how the above binding motifs 
change after Fe-oxide surfaces are partially covered with organic molecules using 
zeta (ζ) potential measurements and sorption isotherms complementary to quantum-
chemical modelling. Preliminary molecular-biological data indicate that diazotrophic 
Bradyrhizobium spp. associated with serradella (Ornithopus sativus) are also capable 
for P mineralization. Thus a close link between different nutrient cycles is assumed, 
which confirms the importance of  the microbial stoichiometry of C:N:P. Therefore, 
serradella was introduced as a model catch crop in an ongoing long-term experiment 
on P-fertilization to disclose the significance of coupled N and P cycling under 
legumes. From the plot and field scale we report new results on the P-fertilizer effect 
of bone char as example for a new recycling fertilizer material. It is shown, that a 
surface modification by adding reduced sulphur compounds improved the P-
mobilization from the apatite and increased the apparent nutrient recovery efficiency 
and the dry matter yield in growth experiments. At the farm and field to catchment 
scale, socio-economic investigations disclosed farm-specific P-fertilizer application 
patterns, and hot spots and -moments of P losses from fields and sub-catchments 
that are released to the Baltic Sea. Overall, the results show a multitude of 
approaches and management options for improving the agricultural P use.    
 
Keywords: Modelling, catch crops, eutrophication, fertilization pattern  
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Introduction- Sugarcane is largely cultivated in Brazil in 10 Mha and it is expanding 
to new areas previously used for grain yield and cattle grazing due to higher 
demands for ethanol and sugar. These areas were originally forest and converted to 
pasturelands. Soil phosphorus (P) fractionation and grouping into chemically defined 
pools is useful for quantifying the fate of native and applied P in natural ecosystems 
and agroecosystems. Methods- This research work hypothesizes that the 
conversion of forest-pastureland-sugarcane can change the dynamics of P pools in 
the soil over time. This research was conducted in three different sites in Sorocaba, 
Manduri, and Brotas, all in São Paulo state. The areas have been used for dairy 
livestock for the last 30 years, after conversion from forest. Soil samples from the 
depth of 0-5 from the forest, pasture, and sugarcane trials were collected and 
analyzed for chemical P fractionation. Soil P fractionation was conducted according 
to the methodology described by Hedley et al. (1982). The results of P fractionation 
were analyzed by path analysis using PROC CALIS in SAS 9.4. Results- In forest, 
62% of anion exchange resin P (PAER) which is plant available comes from organic P 
fractions while 38% comes from inorganic P fractions. In pasture, these amounts 
reach to 66% and 34% for organic and inorganic P fractions, respectively. These 
results are expected as in forest and pasture inorganic P fertilizers are not applied 
and organic P should be the main source of plant available P. Surprisingly, in 
sugarcane area, 50% of PAER comes from organic P and 50% comes from inorganic 
P fractions. Discussion- It shows that organic P plays an important role in plant 
nutrition and has to be considered for P fertilizer recommendation. These results 
emphasize the importance of the modification of soil test P methods. 
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Phosphorus fate and management on the Somerset Levels and 
Moors Ramsar ditch systems 
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Eutrophication is a significant threat to surface water biodiversity worldwide, with 
excessive phosphorus (P) concentrations being among the most common causes. 
Wetland ditches under these conditions deviate from primarily submerged aquatic 
vegetation to algae or duckweed dominance, potentially leading to significant 
biodiversity changes and anoxic conditions. P, from both point (e.g. wastewater 
treatment works; WwTW) and diffuse (largely agricultural runoff) sources, is currently 
a central reason for failure in the majority of surface water bodies in England. 
However, P bound in sediment has the potential to act as a secondary source of P to 
the water column, following disturbance or in response to changes in condition of 
overlying waters. The ability of fine sediment to act as a reservoir for P, then 
subsequently release to the water column, could negate measures to reduce P loads 
discharged into a catchment, or at least, significantly delay recovery and compliance 
with standards. 
This study assesses P storage in the sediment of ditch systems at West Sedgemoor. 
West Sedgemoor is a designated site of special scientific interest (SSSI) and forms 
part of Somerset Levels and Moors Ramsar site no. 914. Data suggest that surface 
waters in the ditch system are elevated in nutrients, with total phosphorus (TP) above 
the current Common Standards Monitoring Guidance target of <0.1 mg L-1. Surface 
sediment samples were collected from 59 sites, processed and analysed for a range 
of major and minor element constituents, including P, using Wavelength Dispersive 
X-Ray Fluorescence Spectrometry (WD-XRF). In addition, particle size analysis was 
performed on these samples. Results show elevated P concentrations across the 
Moor up to 4,222 mg Kg-1, almost 10 times that which may be expected from 
background levels, with significant P input into the system direct from the River 
Parrett via an inlet. Although still elevated, relatively lower concentrations of P in 
central areas suggests that bird faeces from RSPB areas is a relatively low input of P 
compared to agriculture and inlet flows. It’s also plausible that uptake by flora plays a 
role in this observed concentration gradient. Dredging could provide a quick way of 
removing P from the system; however, the process could remobilise sediment 
particle-bound P which could then desorb into solution leading to further 
eutrophication. 
 
Keywords: Phosphorus, Eutrophication, Wetland. 
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The effective management and reduction of phosphorus (P) concentrations in affected 
water bodies requires quantification of P derived from the major sources within the 
catchment and their temporal and spatial dynamics. In this study we focus on the Bay of 
Quinte, an Z-shaped bay on the north-eastern shore of Lake Ontario, which is 
approximately 100 km long. Elevated summer P levels and nuisance algal blooms are 
recurrent water quality issues in the Bay of Quinte. Napanee River and Wilton Creek 
catchments have been identified as nutrient hotspots. However, an impact of storm 
events on P transport, on its binding forms remains unclear. Thus, our objective is to 
quantify the fraction of bioavailable P input from these catchments. Our specific aims are 
to delineate spatial and temporal variability of P binding forms within these catchments 
with special focus on the bioavailable, redox-sensitive, organic and inert portions of total 
P runoff during baseline and high flow hydrological events. Recently, the oxygen isotope 
ratios in phosphate (δ

18
OPO4) has been suggested to be an useful tool for determining the 

dynamic P pools, as well as identifying P sources. Consequently, analysing (δ
18

OPO4), we 
target to identify sources of P from urban and agricultural hot spots 
Sampling stations were installed at three locations along the Napanee River and one 
station was located at Wilton Creek. For each station, a Teledyne ISCO (Model 6275) 
automatic water sampler equipped with a water level module for flow measurements and 
a module for remote programming. Water level and flow data were collected in 60-minute 
intervals and were used to determine triggering time points for a rain event. For each 
station and rain event, three 1-L samples were selected from the beginning, peak and 
end of the event. Two 1-L samples bracketing each segment of the event were then used 
for phosphorus sequential fractionation to determine P binding forms. The samples were 
collected to measure the δ

18
OPO4 in water and leaching fluid from some agricultural soils. 

Our results showed that bioavailable P forms constitutes by far the largest portion of 
particulate P (PP) load (62-70% of total PP). Delivery of particulate P from the studied 
catchments can account for sediment flux up 1.6 and 4.8 mg P/m

2
/d during storm events 

in two catchments respectively, which is up to ten times higher then those during 
baseflow. Particulate P export from Napanee and Wilton creek watersheds shows large 
variability with contrasting hydrological regimes. Even though, we observed a pattern that 
overall PP and bioavailable P loading increase sharply with increasing riverine flow, while 
concentrations of PP in suspended sediment appear to decrease with increasing 
sediment load. Distribution and dynamics of redox sensitive and organic P binding forms 
strongly suggest that land use (erosion, drainage), biological activity, and reduction-
oxidation processes play significant role in P export from Napanee and Wilton creek. 
Keywords: agricultural catchment, storm events, phosphorus binding forms  
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While climate policy unifies different greenhouse gases as carbon dioxide 
equivalents, an analogous practice is not used for eutrophying phosphorus. 
Agricultural runoff transports two major phosphorus forms into water bodies: 
phosphorus bound by eroded soil particles and phosphorus in a dissolved form. 
Dissolved reactive phosphorus is generally considered entirely algal available, but 
the availability of soil-bound phosphorus remains unclear. The values presented in 
the literature vary, with a typical share of available phosphorus in total particulate 
phosphorus being 20-30%, depending on the methodological approach, soil in 
question and whether the release after sedimentation has been taken into account. 
We conducted laboratory incubation, where we aimed to simulate the conditions 
encountered by the eroded soil particles after entering anaerobic sediments. We 
chose 5 surface soils, 4 from agricultural fields and 1 from a forest, showing a wide 
range in the concentration of oxalate-extractable iron. The soils were incubated for 
two months in aerobic and anaerobic conditions with and without sulfate and added 
labile carbon (dextrose). The release of phosphorus and the consumption of electron 
acceptors as well as the build-up of their end-products were monitored in addition to 
carbon forms. Moreover, the iron species were identified using an x-ray absorption 
spectrometer. 
In anaerobic incubations, more phosphorus was released from carbon amended 
units than from units with only native soil carbon as an energy source. Yet, the soils 
exhibited a large variation in phosphorus release. Sulfate and organic carbon 
enhanced the formation of iron sulfides, unable to bind phosphorus in anaerobic 
systems. 
The results suggest that a cost-efficient phosphorus policy may have to account for 
the chemical (sulfate concentration) and biological (trophic state) characteristics of 
the receiving water body. In brackish systems, such as the Baltic Sea, soil-bound 
phosphorus may be sparingly released in the water phase, but massively from 
sediments. On the other hand, in freshwater bodies low in sulfate, a higher initial 
desorption of phosphorus may take place before settling, but sediments may capture 
quite efficiently phosphorus, even in eutrophic conditions. If so, the losses of 
dissolved phosphorus from agricultural fields should be reduced ubiquitously, e.g. by 
minimising P fertilizing or by using P binding amendments, such as calcium 
compounds, on fields. Erosion control would be most important in the catchments 
discharging into eutrophic coastal waters. 
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To obtain data describing sources and fate of pharmaceuticals for even simple budget 
model is extremely expensive and laborious. In trying to reach basic level of description 
we searched for relations with much better known parameters of human pollution. Thus 
we used ammonium nitrogen as a non-conservative pollutant and phosphorus as a 
conservative pollutant, both as an alternative to more and less degradable 
pharmaceuticals. This effort brought us to unprecedentedly precise monitoring of 
representative sample of municipalities with some surprising results useful in context of 
eutrophication research. 
Švihov is the largest reservoir in central Europe serving as drinking water source for 1.5 
million people, including Prague. As a typical canyon-shaped reservoir (length is 37 km, 
max. depth 56 m, theoretical retention time cca 500 days and watershed area of 
1178 km

2
) possessing strong trophic gradient, it naturally buffers impact of propagating 

dissolved pollution. Moreover, three smaller reservoirs were installed from beginning on 
the main tributaries to reduce flow of suspended solids. But now, this strategic source 
(built 1975) face up to several environmental problems resulting from changed human 
activities. Pre-reservoirs became hypertophic (eutrophication with strong anoxia and 
regular blooms of Microcystis) and stacked with sediment (erosion with urgent need of 
repeated dredging). Main body of water, still mesotrophic near the dam, is warmed and 
more stratified (consequence of global climate change). Finally, steady increase in 
concentration of pesticides (mainly increase of energetic plants production) and 
pharmaceuticals (intensified health care) were also recorded. Preventing the risk of 
failure, emergent pollutants are now registered at withdrawal point, situation required 40 
million EUR investment into the new stage of raw water treatment process (activated 
carbon). 
Such circumstances, among other measures, necessitate comprehensive check of 
pollutant sources and, in the case of less known substances, simple budget models. 
While data for proposed models of emergent pollutants are sparse and sketchy we 
searched for achievable and low-cost alternatives. Detailed observation of phosphorus 
and ammonium nitrogen emitted from municipalities during hydrologic season revealed 
unexpected push from simple dilution curve. 
As a “sources” we sampled three times 20 villages and towns differing in size (from 60 to 
15,000 inhabitants) and waste-water infrastructure (equipped with WWTP or free sewer 
outlet, i.e. proscribed septic tanks and combined sewer) in 2017. Next year, 2018, we 
sampled half number of sources, but extended longitudinal profile to aquatic ecosystems 
to capture “fate”, e.g. transformation and/or degradation. All samples were collected as 
mixed within 24-hour. Conductivity and discharge were measured automatically, TP and 
NH4-N were analysed every two hours. Specific correlation for each village helped us to 
define ballast water content and sharpen waste-water production. Pharmaceuticals (> 50 
substances) were analysed in mixed samples only. 

 
Keywords: eutrophication, waste-water treatment, emergent pollutants 
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To date, many short- and long-term water quality datasets have been collected in 
order to gain insight and knowledge into point and diffuse pollution sources that 
contribute to ongoing eutrophication issues. Often the problem with tackling 
eutrophication is that catchments can be unique in their response to input pressures 
from anthropogenic activity, such as phosphorus (P) and nitrate (N) applications. 
Variability can be due to different catchment characteristics which influence or control 
hydrological, biogeochemical and ecological processes, which effect the impact of 
constituents such as P and N. Characterising concentration-discharge (c-q) 
relationships is, therefore, a useful simple method which enables us to explore both 
hydrological and biogeochemical processes that control stream solute 
concentrations. By examining the slope (b) of the c-q relationship on a logarithmic 
scale, we can classify relationships into two general patterns: chemodynamic under 
both dilution (b< -0.1) or concentration (b>0.1), and chemostatic (b<0.1). 
Chemostatic behaviour can infer consistent sources of the studied constituent which 
undergo transport limitation, whilst chemodynamic behaviours can imply source 
limitation. We perform this analysis on a range of available constituent data (e.g. total 
P, soluble reactive P, N, and suspended solids) for multiple catchments across the 
UK, using weekly data. We explore the variability in c-q relationships across these 
catchments and investigate the influence of catchment characteristics on the c-q 
slope. We assess whether there are commonalities among c-q relationships across 
these sites linked to specific catchment characteristics to gain further insight into 
some of the causes of the spatial variability in stream solute concentrations.  
 
Keywords: water quality, chemodynamic, chemostatic, UK 
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In biological swimming ponds (bioponds), phosphorus is the key element that 
controls algal growth and thus water transparency. In order to achieve clear and 
transparent bathing water, algal growth must be reduced to a phosphorus 
concentration of < 10 μg P per liter. Achieving such oligotrophic conditions in 
recirculating systems without the use of any chemicals is a challenge. The use of 
biocides to eliminate the algae is prohibited. 
The waters of bioponds are treated with biological filters (biofilters), which remove the 
phosphorus from the water. According to practical experience, the efficiency of these 
biofilters regarding P-removal is assumed to be controlled by a) the supporting filter 
medium and its specific surface, b) the physical and chemical process parameters, 
and c) the community of microorganisms in the biofilm, which is assumed the key 
factor. 
In order to promote the development of an active biofilm, the conditions within the 
biofilter must be favourable for its development. However, the ideal construction 
(materials, structure) and the ideal operating conditions (e.g., loading rates) for 
treating such a nutrient-poor water are not known yet. In daily practice, the managers 
of bioponds are also confronted by highly fluctuating P-loads during a bathing 
season, due to the dependence of the visitor frequency on the weather. 
Motivated by the lack of a suitable model system for the simulation of such biofilters 
under lab conditions, we developed and operated a battery of 15 lab-scale biofilter 
models for artificial swimming pond (ASP) water. These model biofilters allow testing 
different filter materials, flow rates and operating conditions in a parallel mode while 
monitoring the changes in chemical composition and the biofilm.  
The biofilter-models were efficient in reducing phosphorus concentrations in ASP 
very fast to a level, where P or another nutrient became limiting. Consequently, the 
filter functions temporarily stagnated under nutrient-limiting conditions. We were able 
to show, that the filter media and loading rates are important for this, but in terms of 
P-removal efficiency only of minor relevance. The key for an efficient P-removal in 
biofilters of bioponds is a balanced nutrient ratio in the water. 
 
Keywords: oligotrophic bioponds, P-removal, biofilms 
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Internal loading from legacy phosphorus (P) in lakes can impede recovery despite 
reduced nutrient inputs. On a catchment level, streams are important pathways for P 
transport to lakes and estuaries. However, streams may also temporarily store 
significant amounts of P. Stream bed sediment P storage depends on both sediment 
mobilization and sediment chemical composition.  
We hypothesized that stream bed sediment could be a significant catchment-scale 
source of legacy P. To assess the potential for internal loading from stream sediment 
compared to lakes we collected triplicate sediment cores from 9 streams ranging 
from headwaters to 4th order draining catchments with a mix of forest and agricultural 
land cover, as well as 5 lakes in the same watershed. All cores were collected with a 
sediment gravity corer, and sliced into sample intervals of 1 cm and 2 cm.  
To evaluate sediment P stores with varying solubility and reactivity, a commonly used 
sequential chemical extraction method for lake sediments was employed. We 
quantified different P fractions, with varying solubility and reactivity. The fractions 
were operationally defined as loosely bound P, Fe/Mn bound P, Al bound P, 
organically bound P and Ca bound P. To the best of our knowledge, this is the first 
time the extraction method has been used with stream sediment samples. 
Concentrations of different P forms in stream sediment were generally comparable to 
concentrations observed in lake sediment. The 5 lakes showed similar patterns 
regarding total amount of P, trends in concentration with sediment depth and the 
distribution of P within the different fractions, while the streams showed large 
variation between sites. Stream order, land use, water flow intensity and watershed 
soil type were all related to the amounts and proportions of sediment P fractions in 
the different streams. We found more P in 1st order streams draining forests and less 
in both higher order streams draining agricultural land and streams with higher daily 
mean water flow. Sediment P composition also differed between streams. In 1st order 
streams draining forests, P bound to organic matter, Fe/Mn and Ca were the 
dominant fractions. In higher order streams draining agricultural land, P bound to Ca 
was the dominant fraction. In some streams the fractions of seasonally bioavailable P 
(defined as loosely bound plus Fe/Mn-bound) were as large as in lakes, while in 
other streams these fractions were considerably lower.  
These results are important for understanding catchment-scale P sources, sinks and 
transport. The results also indicate that measures like dredging of streams could 
have a larger environmental importance than previously assumed. The controls on 
readily available P in lake and stream sediments need to be further investigated to 
gain improved quantification of the relative importance of P storage and transport 
from streams as a contributor to catchment-scale internal loading.  
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Phosphorus (P) has been overused for decades in agriculture and industry, such that 
excess phosphorus inevitably enters natural waters, especially river water, via runoff. 
In Hong Kong and many other regions, river water is an important source of drinking 
water, and it first enters reservoirs for temporary storage prior to drinking water 
treatment. In reservoirs, even trace amounts of phosphorus (about 0.02 mg-P/L) can 
cause eutrophication and algal blooms, adversely affecting drinking water supplies. 
Therefore, a new technology that can remove low concentrations of phosphate from 
river water before it enters reservoirs is needed. In this study, a new technology, 
Fe0/Fe3O4 composites activated by Fe2+ for low concentration P removal was 
developed. The amount of Fe3O4 on Fe0 surface was optimized for best P removal 
performance. Scanning electron microscopy (SEM), energy-dispersive X-ray 
spectroscopy (EDS), transmission electron microscopy (TEM), X-ray diffraction 
(XRD) and X-ray photoelectron spectroscopy (XPS) were applied to characterize the 
Fe0/Fe3O4 composites. Batch experiments were conducted to invesitgate P removal 
kinetics and matrix effects (e.g., pH, sorbent dosage and initial Fe2+ concentration). 
Results showed that Fe0/Fe3O4 composites with 2 h of hydrothermal preparation time 
has fastest P removal rate, and 0.5 g/L of optimized Fe0/Fe3O4 composites activated 
by 0.5 mg/L Fe2+ could remove phosphorus from 0.4 mg-P/L to 0.016 mg-P/L within 
60 min under pH 6 to 8. This technology was also tested for P removal from real river 
water, and P concentration could reach below 0.016 mg-P/L with total iron 
concentration below 0.3 mg/L in the effluent. The results of this study will advance 
Fe0 technology and provide a practical method for low concentration phosphate 
removal from natural water. 
 

  



IPW9, ETH Zurich, Switzerland, 8-12 July, 2019 - Abstracts 

160 
 

Phosphorus composition along a lowland river in a northeast 
German catchment discharging to the Baltic Sea 

 
Monika Nauscha and F. Bitschofskya.b 

 

a Leibniz Institute for Baltic Sea Research, Rostock-Warnemünde, Germany 
b Biota, Institute for Ecological Research and Planning, Bützow, Germany 

 
monika.nausch@io-warnemuende.de 

 
Losses of phosphorus (P) from arable land lead to P enrichment in surface waters 
and thus to eutrophication whereby the nutrient loads of rivers influence the water 
quality of coastal waters. To improve water quality of coastal waters, nutrient 
concentrations in inland waters has to be reduced. This requires a broad 
understanding of the phosphorus sources as well as of transport and transformation 
processes in the rivers. For a period of two years (August 2016 - August 2018), the 
total phosphorus (TP) concentrations and four different P fractions were investigated 
along the entire river Warnow which is a typical lowland river of northern Germany. 
The P-composition varied seasonally and depending on the meteorological situation. 
High levels of dissolved reactive P (DRP, 0.05 ± 0.03 mg L-1) were detected in the 
rainy summer of 2017, while in the dry summer of 2018 particulate reactive P (PRP, 
mean: 0.03 ± 0.03 mg L-1) outweighed. These results are a hint to possible P 
sources, e.g., land run off during rain events or wind erosion in the dry summer. PRP 
consists mainly of P adsorbed to iron oxides and clay minerals and is potentially 
bioavailable. PRP can thus contribute to eutrophication. During the summer and 
autumn riverine lakes are a source of DRP and particulate nonreactive phosphorus 
(PNP). The knowledge of all P fractions is necessary to estimate the hazard potential 
for water bodies and to develop efficient eutrophication combating strategies. 
 
Key words: Eutrophication, P-composition, Baltic Sea catchment 
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Due to the still high level of eutrophication in coastal waters with phosphorus (P) as 
one of the most driving forces, the Warnow estuary discharging into the southern 
Baltic Sea was examined within Germany’s Ministry of Education and Research 
funded project “Phosphorus from source to sea” (PhosWaM). Herein, the P 
concentrations, fractions, transformations and bioavailability were studied. Next to 
the total P (TP) and the dissolved molybdate-reactive P (DRP) which were measured 
in traditional monitoring programs, the dissolved non-molybdate-reactive P (DNP), 
the particulate molybdate-reactive P (PRP) and the particulate non- molybdate-
reactive P (PNP) were monitored, too. The bioavailability is important to propose 
efficient measures to mitigate the still high level of eutrophication. In lab experiments 
the bioavailability was examined in: 

1. an unfiltered approach in which the P uptake via the natural community 
was studied, 

2. a 10 µm-filtered approach in which the P uptake was observed in a mixed 
plankton community, mainly consisting of phytoplankton and bacteria 

3. and a 1.2 µm-filtered approach in which the P uptake was observed in the 
community, mainly consisting of bacteria. 

One run of the experiment endured 9 days (day 0 to day 8) and was repeated every 
season (March 2018 for spring, June 2018 for summer, September 2018 for fall, 
December 2018 for winter). The seasons differed in their TP concentrations with a 
maximum in summer (3.1 µM TP in the unfiltered approach) and a minimum in fall 
(1.9 µM TP in the unfiltered approach). The TP in the 10 µm filtered approach varied 
between 71 % of TP in the unfiltered approach (summer) and 98 % of TP in the 
unfiltered approach (winter) while the TP in the 1.2 µm filtered approach ranged from 
28 % (summer) until 96 % of TP in the unfiltered approach (winter). 
During the runs of the experiment the DRP was used first followed by the PRP. Thus, 
this two fractions were bioavailable. In contrast to particle-poor waters where the 
DNP is bioavailable, it stayed at the same level (ca. 0.5 µM) in all approaches and 
runs of the experiment. Additionally, as the PNP correlated positively with the 
chlorophyll a concentration, it could be used as proxy for the organic P in living 
biomass. 
The amounts of the P fractions varied in the duration of the runs of the experiment as 
well as in the approaches. In spring were 30 % of the P fractions bioavailable in each 
approaches. While in the unfiltered and the 10 µm filtered approaches DRP and PRP 
were present, in the 1.2 µm filtered approach the bioavailable P had been DRP. In 
general, the unfiltered and the 10 µm filtered approach reacted similar in all seasons. 
Due to the loss of particles the 1.2 µm approach developed in a different way in all 
runs of the experiment. 
 
Keywords: bioavailability, phosphorus fractions, particle-rich waters 
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In March 2019, the new EU Marie Sklodowska-Curie Innovative Training Network 
P-TRAP has been launched. The project is targeting the diffuse flux of phosphate (P) 
into surface waters. The flux of phosphate from agricultural areas to surface waters is 
wasting a resource that is becoming scarce and is in conflict with the principles of a 
circular economy. Enhanced loading of surface water with P is the main cause for 
eutrophication and presents a key challenge in meeting the objectives of the EU 
Water Framework Directive. P-TRAP targets both problems and develops new 
methods and approaches to trap P in drained agricultural areas and in the sediments 
of eutrophic lakes. The trapping of P involves the application of iron(Fe)-containing 
by-products from drinking water treatment. P-TRAP aspires the ideas of a circular 
economy and aims at recovering the retained P in agricultural systems. Novel 
microbial technologies will be developed to convert P-loaded Fe-minerals into 
marketable fertilizers whose suitability will be evaluated. The new P-TRAP 
technologies have in common that they rely on the naturally strong connection 
between P and Fe. The innovative P-TRAP strategies will be underpinned by 
process-orientated investigations on the behaviour of P during the transformation of 
Fe minerals that are key in trapping and recycling of P in agricultural systems and 
lakes. P-TRAP establishes a framework of partners from multiple science and 
engineering disciplines. Integration of nonacademic partners from various 
stakeholder groups into the P-TRAP consortium paves the way for direct 
implementation of the acquired knowledge. P-TRAP provides Early Stage 
Researchers (ESRs) an environment for conducting innovative scientific research by 
using state-of-the-art methodology. Training through P-TRAP increases the ESRs’ 
mobility between sectors, cultures, and nations and strengthens their responsibility to 
exploiting scientific results for societal and economical benefit. P-TRAP will offer 
ESRs an excellent starting point for a career of leadership in a number of 
environmental and sustainable business sectors, academia, and public 
administration. The poster will present the structure and the planned research in the 
P-TRAP project and is also intended to inform students who might be interested in an 
ESR position. 
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Since the early 1980’s the eutrophication of Lake Baldegg in Switzerland is subject of 
political efforts in the catchment area. Reductions of phosphorus (P) losses from 
point sources and agricultural land led to a significant decrease of the dissolved P-
concentration in the lake. However, the ecological target-P-concentration could not 
be reached until today. According to the critical source area (CSA) concept, it is most 
effective to take measures predominantly on identified hotspots. A plot counts as 
contributing (hotspot) if it is hydrologically active, has a high connectivity to the 
watershed and if a pollutant source is present. The aim of this study was to identify 
CSA and investigate the dominant transfer pathways and processes in the catchment 
area of Lake Baldegg. 
Dominant transfer pathways and processes were identified by observations in the 
catchment area, instream measurements of the discharge-concentration-relationship 
and analyses of long-term soil and water data. According to our data, surface runoff, 
erosion and incidental P-losses are not dominant in the catchment. The observed 
density of piping inlets (10 inlets per km flow course) was high, therefore the losses 
through tile drains and other inlets are assumed to be important. Fast interflow and 
saturated lateral flow are other dominant pathways for P-losses. 
To predict CSA a GIS-based parsimonious rainfall-runoff-phosphorus model was 
improved for the catchment area and combined with a drainage-probability map 
based on machine learning to account for P-transfer by artificial tile-drain systems. 
The three criteria of CSA (connectivity, hydrological activity and pollutant source) 
were coupled to generate a P-Index representing spatially distributed P-loss risk 
levels. By this index, a quantification of the CSA was achieved. According to the 
classification by the P-Index 55 % of the catchment area is contributing to P-transfer.  
Consequently, the spatial extent of the CSA is much larger than expected. As there is 
a very limited potential for agronomic measures to target the dominant transfer 
pathways (especially losses through artificial draining systems), mitigation strategies 
must focus on soil legacy-P, derived from the history of a high livestock-intensity in 
the area. The history of mitigation policies in the catchment of Lake Baldegg 
emphasises the importance of a consideration of dominant pathways and processes 
in the development of management tools. Our findings challenge the concept of CSA 
and suggest a historical perspective on P-sources and a holistic view on the transfer-
processes in a catchment. 
 
Keywords: eutrophication, critical source area concept, phosphorus-enriched soil 
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Marine ecosystems are a major sink for phosphorous (P) discharged from land-
based sources. Therefore, reliable and efficient analysis techniques for phosphorus 
in seawater are crucial for the assessment of the ecosystem state. When 
investigations aim beyond bulk analysis, the salt matrix in seawater can significantly 
hinder or even prevent a successful P analysis. For example, the enrichment of low-
concentrated target P analytes from seawater via solid phase extraction (SPE) can 
be hampered when salt and analyte compete for binding sites on the solid phase.  
The desalination of seawater can be conducted with electrodialysis (ED). This pre-
processing tool enables previously impossible analyses due to the removal of the 
disturbing salt matrix. 
Within the framework of the Leibniz ScienceCampus Phosphorus Research Rostock, 
an ED system for the processing of environmental water samples was set up. The 
recovery of bulk organic matter (dissolved organic carbon, nitrogen and phosphorus, 
DOC, DON and DOP) and of various target analytes (n = 103) during the processing 
of Baltic Sea water samples was investigated (salinity in PSU: 9-12). 
When samples were processed down to PSU 0.1, average DOP, DOC and DON 
recoveries of 89.1 ± 8.9 %, 43.6 ± 1.9 % and 53.0 ± 3.8 % (n = 5), respectively could 
be achieved. Organic matter loss occurred predominately in the late stage of the ED 
process, indicating that organic matter was lost through the membranes when the 
supply of salt ions was low. 
The recovery of target analytes was reproducible and was found to be dependent on 
their logKow. For compounds with logKow = 1-2, loss during processing with ED was 
negligible. Charged analytes with lower logKow (e.g. glyphosate, logKow = -3.40) were 
partially lost through the ED membranes in the late stage of the process. Nonpolar 
analytes with higher logKow (e.g. chlorpyrifos-methyl, logKow = 4.31) were partially lost 
due to adsorption to ED system walls in the early stage of the process. As a result, 
ED-processed water samples are suitable for subsequent SPE fortification of polar, 
charged target analytes, as long as the ED process is terminated before significant 
loss occurs (e.g. PSU 1). 
 
Keywords: electrodialysis, organophosphorus compounds, seawater 
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Phosphorus (P) is an essential element for life. Since soil P is getting depleted during 
ecosystem development, it can become a limiting nutrient for plants and soil 
microbial communities in forests. Anthropogenic activities may alter the balance 
between P and other major nutrients as nitrogen (N) in forests. While soil N 
availability increases by atmospheric depositions, soil P may become impoverished if 
leaching exceeds the replenishment by mineral weathering and mineralization of 
organically bound P. In temperate forests, the changing N-to-P balance may alter 
biogeochemical cycles of N and P, particularly in P-poorer soils, but qualitative and 
quantitative knowledge is rare.  
In our study, we quantified nutrient leaching in forest soils in a factorial N x P 
fertilization experiment in a P-poorer sandy soil and P-richer loamy soil. We 
hypothesized that leaching of phosphate - reflecting a surplus in P - would decrease 
in response to N addition, but only in P-poorer soils. In beech forest ecosystems of 
contrasting P status, we quantified P leaching in surface soils (litter, Of/Oh, A(e)h 
horizon) on a seasonal basis using zero-tension lysimeters. The plots have either 
been fertilized with N, P, or N plus P.  
Phosphate concentration in leachates from the two forest soils were in the range of 
0.1 to 1 mg P/L with highest leaching from the Of/Oh horizon. P leaching occurred in 
comparable concentrations at both sites, implying that the relative loss was higher at 
the site of low P availability. This counterintuitive finding can probably be related to a 
greater P sorption in the loamy P-rich soil or an effective P release in P-poor soil. 
Dissolved organic P concentration amounted to 43% of total P leaching in the P-
poorer soil and 50% in the P-richer soil.  
The inherent P status of the soil also affected the response to the N x P fertilization. 
At the P-poorer site largest P leaching occurred where only P was fertilized, but 
decreased with N fertilization, which supports the hypothesis that N addition induced 
a P immobilization, likely due to an increasing demand of plants and soil 
microorganisms. In contrast, at  the P-richer site, greatest P leaching losses were 
observed under N plus P fertilization, implying that N addition decreased the demand 
of soil microbial communities for P. Probably, the reason is a reduced ‘mining’ for 
organically-bound N at higher N inputs. In summary, our results suggest that 
anthropogenic N inputs are causing a change in the N-P-balance in P-poorer soils 
with a tightening of P cycling, while in P-richer soils, N addition causes an additional 
P-release. 
 
Keywords: Phosphorus, nitrogen, forest soils, leaching, fertilization 
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Phosphorus concentrations in tree leaves and needles have decreased over the last 
decades across Europe. These indications for an increasing P limitation have been 
linked mainly to continuously high atmospheric input of nitrogen. At the same time, the 
frequency and intensity of dry spells and strong precipitation events has increased and is 
predicted to increase further in the future. Yet, our understanding how soil moisture 
regimes, determined by climatic site conditions, affect the availability of nutrients in the 
soil is limited. These interactions are particularly complex in the case of P, considering 
the different pools of not readily available P and the interplay of biotic and abiotic 
mobilisation processes. 
We collected mineral topsoil and organic surface layers from 40 sites on carbonate 
bedrock across Switzerland representing a moisture gradient from an average yearly 
water potential of -12 to -800 kPa in the mineral topsoil. We analysed these samples for 
resin exchangeable P, microbial P, as well as hydrogencarbonate extractable inorganic P 
(Pi) and organic P (Po). 
Both mineral topsoil and organic surface layers had only low concentrations of resin 
exchangeable P (mostly < 1 mg/kg). Most of the analysed P was microbial with a median 
concentration of 56 mg/kg in the mineral topsoils and 147 mg/kg in the surface layers. 
Hydrogencarbonate extractable Pi and Po in the mineral topsoils were similar with 
median concentrations of 14 and 16 mg/kg, respectively. In the organic surface layers, P 
in the hydrogencarbonate extracts was in most cases mainly inorganic (median 
concentration of 54 mg/kg).  
We tested for the effects of various environmental and physicochemical soil variables on 
the measured P concentrations using recursive partitioning and ANOVA. The data 
analysis revealed that microbial P in the mineral topsoil was mainly related to the cation 
exchange capacity and to a minor extent to average soil moisture and temperature, while 
none of the investigated soil properties and environmental variables had any significant 
influence on microbial P in the organic surface layer. The importance of environmental 
variables and soil properties was the opposite for resin exchangeable P and 
hydrogencarbonate extractable Pi. In the mineral topsoil the latter was mainly related to 
average water potential and to a lesser extent to the cation exchange capacity. In the 
organic surface layer, average temperature exhibited a major effect while cation 
exchange capacity and CN ratio were indicated to have a minor influence. Finally, 
hydrogencarbonate extractable Po in the mineral topsoil was strongly related to the CN 
ratio and weakly to the average water potential.  
Our results suggest that in forest soils developed on carbonate bedrock, climatic 
changes may exert a strong influence on available inorganic P, while the organic and 
microbial P pools are expected to react less sensitively as the latter were primarily 
related to the physicochemical soil properties.   
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Declining phosphorus (P) levels in leaves and needles of important forest trees 
across Europe have been mostly explained by the continuously high deposition of 
atmospheric nitrogen (N), leading to a higher demand for P. Phosphorus is an 
essential nutrient for plant and microbial growth, but the availability of P in soil is 
often limited due to its low solubility, which may lead to an increasing N:P imbalance. 
In addition, climatic changes may increase the demand for P. Future climate models 
predict that heat waves and related dry spells will become more intense and that 
heavy rainfalls will become more frequent. As a consequence, more extreme 
fluctuations in soil moisture will lead to more pronounced soil drying and rewetting 
cycles. Drying and rewetting influences the availability of soil P through different 
physicochemical and biological processes. The knowledge on how drying-rewetting 
affects the mobilization and bioavailability of P in forest soils is still limited. We 
studied the effects of drying-rewetting on the competition for P uptake between trees 
and free-living microorganisms. 
As a central experimental approach, we performed controlled drying-rewetting 
experiments on undisturbed soil cores with naturally grown beech saplings. Soil 
cores were collected in beech forests located in Germany with contrasting soil P 
stocks. Water regimes were manipulated in fully randomized greenhouse 
experiments. Parallel to a control kept at field capacity, soil cores were dried to a 
defined water potential and then rewetted at different rates to simulate heavy rainfall 
and continuous rain of low intensity. In order to study how drying-rewetting affects the 
competition between trees and microbes, a 33P labelling pulse was traced into plant 
tissue, microbial biomass and exchangeable soil P. Plant material is currently being 
analyzed compartment-wise (leaves, stem, roots) and soil is analyzed in different 
layers. For the analysis of exchangeable and microbial soil P a new method based 
on direct contact between anion exchange membrane and soil was developed. This 
contact method was applicable under different soil moisture conditions with minimum 
experimental bias.  
On this poster, I will show how the competition between plants and microbes shifts 
upon different drying-rewetting intensities and how this reaction is influenced by 
different soil P stocks. The uptake rate (r/R) of 33P into the plant tissue will be 
compared with the uptake rate into the microbial biomass. Basically, we assume that 
the soil water regime affects the ability of plants roots and microbes to access and 
use soil P by differently affecting microbial and root activity. We expect beech trees 
to compete with microbes for P most effectively after fast rewetting, whereas 
microbes may compete with beech most effectively after slow rewetting. Microbes 
may also be more competitive in soil of low P availability, as here P nutrition strongly 
depends on organic P mineralization.  
Keywords: 33P labelling, phosphorus uptake, competition.  
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Background: The current use of phosphorus in Poland and EU is inefficient at many 
levels, including its agricultural use which causes problematic water pollution and the 
waste of a wide range of associated valuable resources. Within the EU, several 
initiatives have already led to a more efficient P management through a more 
accurate estimation of soil P status. For this purpose, it is necessary to develop 
indicators determining phosphorus status in the soil and to determine which values of 
these indicators are safe for the environment. With reference to the above, this 
project aims to evaluate the degree of phosphorus saturation for Polish soils using 
Mehlich 3 (DPSM3) and ammonium oxalate extraction method (DPSox) as well as to 
identify environmentally safe thresholds of the tested phosphorus indices for water 
quality.  
Methods: The determination of phosphorus content in the soil and determination of 
soil phosphorus saturation was carried out using two methods: the Mehlich 3 method 
(i = 1023) and amethod compliant with the Dutch NEN 5576 standard using 
ammonium oxalate extract (i=784). DPS is expressed as a percentage and 
calculated as the ratio of extractable (P) to (Al + Fe). Using statistical analysis, based 
on the criterion determining the risk of mineral P contribution to water eutrophication 
(0,25 mg P/dm3), the safe thresholds of tested soil phosphorus indices were 
determined. 
Main findings:  

 Soil saturation with phosphorus on the basis of samples extracted with the Mehlich 
solution 3 was on average DPSM3 = 14.1% with a coefficient of variation (CV) of 
123.2%, soil saturation with phosphorus determined by the ammonium oxalate 
method was DPSox = 0.21% (CV was much lower 65.8%).  

 Taking as a safety threshold of the phosphorus concentration in shallow 
groundwater as the level of 0.25 mg P/dm3, it was determined that the safe level of 
phosphorus indices determined with Mehlich 3 extractant is 21.18% for DPSM3 and 
150.34 mg/kg for the soil available P. The correlation between DPSox and shallow 
groundwater P concentration was statistically insignificant (p < 0,05). 

 The average content of phosphorus in shallow groundwater samples was 0.08 
mg/dm3, what is worth to mention is that in the tested sample population over 75% 
of results (75.9%) showed a safe level of phosphorus in water. 

Conclusion: The obtained results suggest that the amount of phosphorus losses from 
agricultural land to water is mainly influenced by factors regulating the transport of 
phosphorus and not the phosphorus status in the soil itself, expressed either by the 
phosphorus content in the soil or by more comprehensive, yet still simple, indicators 
such as the degree of soil phosphorus saturation. 
 
Keywords: the degree of phosphorus saturation, Mehlich 3 method, ammonium oxalate 
extract   



IPW9, ETH Zurich, Switzerland, 8-12 July, 2019 - Abstracts 

169 
 

Long-term effects of grazing management and buffer strips on 
phosphorus runoff from pastures 

 
Philip A. Moore, Jr.a, Kelsey Andersonb, Cristiane Pilonc, Jerry Martina, Dan Poted, 

Phillip Owensd, Amanda Ashwortha, David Millerb and Paul Delaunee  
 

a USDA/Agricultural Research Service, Fayetteville, AR, USA 
b Crop, Soil and Environmental Sciences, University of Arkansas, USA 

c Soil and Plant Sciences, University of Georgia, USA 
d USDA/Agricultural Research Service, Booneville, AR, USA 

e Dept. of Soil and Plant Sciences, Texas A&M University, USA 
 

Philip.moore@ars.usda.gov  
 

Phosphorus (P) runoff from pastures fertilized with animal manure can cause 
accelerated eutrophication of surface waters.  However, few long-term studies have 
been conducted which evaluated the effects of best management practices (BMPs), 
such as rotational grazing, converting grazed pastures to hayfields and/or using 
buffer strips on P losses from pastures.  The objective of this 15 year study was to 
evaluate the long-term effects of grazing management and buffer strips on P runoff 
from pastures receiving annual (5.6 mg ha-1 ) poultry litter applications.  In 2003, 15 
small (0.14 ha) watersheds were constructed side by side on a pasture with 8% 
slope.  Earthen berms and fences were constructed between each watershed, which 
were also equipped with flumes and automatic water samplers. There were five 
treatments with three replications per treatment in a completely randomized design. 
The treatments were; hayed (H), continuously grazed (CG), rotationally grazed (R), 
rotationally grazed with an unfertilized buffer strip (RB), and rotationally grazed with 
an unfertilized fenced riparian buffer (RBR).  Soil samples were taken annually from 
each watershed for both Mehlich III P and water extractable P (WEP). Total runoff 
volumes were also measured from each watershed during every event. Runoff water 
samples were collected from each runoff event and were analyzed for pH, electrical 
conductivity, total suspended solids, particulate P, soluble reactive P, total dissolved 
P, soluble and total metals, ammonia, nitrate, total nitrogen, and total organic carbon.  
Results of the study showed that both Mehlich III and soil WEP increased with time.  
The continuously grazed treatment resulted in higher soil test P levels than other 
treatments, which was probably due to the addition of hay in these paddocks, which 
was necessary in cooler times of the year when forage growth was insufficient for 
grazing.  Average annual runoff volumes from H (40 mm yr-1) and RBR (48 mm yr-1) 
were significantly lower than CG and RB, which were both 65 mm yr-1, and from R 
(67 mm yr-1).   Runoff volumes, P concentrations and P loads in runoff varied 
annually, coinciding with trends in precipitation. Rotational grazing alone did not 
significantly reduce P loads compared to continuous grazing (1.88 and 1.71 kg P ha-1 
for R and CG, respectively).  However, total P losses from RB pastures were reduced 
by 36% with unfertilized buffer strips (1.21 kg P ha-1 ), by 60% in RBR paddocks with 
unfertilized fenced riparian buffer strips (0.74 kg P ha-1 ), and by 49% by converting 
pastures to hayfields (0.97 kg P ha-1).  The use of unfertilized buffer strips, 
unfertilized fenced riparian buffer strips or converting pastures to hayfields all appear 
to be effective BMPs for reducing P runoff. 
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Transitional ecotones such as vegetated buffer strips and riparian floodplains, stream 
banks, and stream beds receive diffuse inputs of phosphorus (P) in the immediate 
surroundings of farmland. Yet the fate of P in fractions of different mobility remains 
unclear. We therefore tested whether the P status of soils and sediments at sites 
surrounded by agriculture differs from those adjacent to forests. We further 
investigated whether specific P fractions differ among adjacent transitional ecotones.  
Samples were collected at eleven sites in two catchments in South Germany that 
share the same geological background (Lower and Middle Triassic Keuper 
sequences), but differ concerning land use. The Ammer catchment is dominated by 
agriculture, whereas the Goldersbach catchment represents an entirely forested 
nature park. We applied different P extraction protocols in combination with bulk 
chemical-physical analyses to characterize the P status in the soil and sediment 
samples.  
At the farmland sites, total P (Pt) in soils and sediments was more than two-fold 
higher as compared to the forested sites, reaching up to 1390 mg kg-1. Furthermore, 
the degree of P saturation (DPS), the proportion of labile inorganic P (NaHCO3-Pi) 
and stable P (HCl-P) were significantly increased at the farmland sites. We attribute 
these differences to the diffuse input of P from adjacent farmland. In addition, 
differences in physico-chemical properties (i.e., pH, CaCO3, texture) partially 
superimposed the effect of land use on the P pool composition in soils and 
sediments.  
Because of differences in P fractions among the sites, we used values normalized 
per sampling site (z transformation) for comparing the respective ecotones (buffer 
strip and riparian floodplain, stream bank, and stream bed). These were calculated 
for all variables based on the deviation of the respective sites relative to the average 
of each site. Differences in the P status between ecotones were most pronounced for 
bed sediments adjacent to farmland. Here, the proportions of labile and moderately 
labile Pi were significantly lower as compared to respective stream bank and buffer 
strip soils, whereas the stable P pool was higher. These differences may be 
explained by a combination of biogeochemical processes and differences in physico-
chemical properties, including (i) desorption of labile Pi and loss to the aqueous 
phase, (ii) a decreased Pi sorption capacity due to redox dynamics and a coarser 
texture, and (iii) the transfer of Pi into secondary Ca-Pi minerals.  
In summary, agriculture increases labile P pools in adjacent transitional ecotones, 
which are then subject to dynamic changes especially in stream beds, where partial 
losses of Pi to the aqueous phase occur as well as fixation of Pi in the Ca-Pi pool of 
bed sediments.  
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Municipality of Puck is situated in Poland, in the north-eastern region of the 
Pomeranian Voivodeship, on the western coast of the Puck Bay, which is part of the 
Baltic Sea. Puck commune is agriculture area with dominance of arable land in land 
use structure (57.3% of total commune area) of which vast majority is characterized 
by high yield potential. A significant share of land (33.7%) consists of forests and 
areas classified as forest. Since 2017, in the municipality of Puck the project called 
„Modeling of the impact of the agricultural holdings and land-use structure on the 
quality of inland and coastal waters of the Baltic Sea set up on the example of the 
Municipality of Puck region - Integrated info-prediction Web Service WaterPUCK”, 
aimed, e.g. at determine the impact of Puck Commune farms on water quality, has 
been implemented. As a part of research the risk of phosphate phosphorus transport 
in surface runoff from agricultural land from selected farms was assessed on the 
basis of soil samples taken from 61 agricultural plots (belonging to 21 farms) with a 
total area of 151.16 hectares, of which 133.82 ha was arable and 17.34 ha 
grassland. The arable land soils were characterized by diversified mechanical 
properties. 11.16% of them were very light (up to 10% content of particles with 
diameter less than 0.02 mm), 39.08% - light (11-20% content) and 49.75% - medium 
soils (21-35% content). All grasslands were located on organic soils (peaty and 
muck-peaty soils). In collected soil samples the P content was determined using 
distilled water (in proportion: 1 g of soil into 50 ml of distilled water). On the basis of 
obtained results, degree of phosphorus saturation (DPS) was specified for each of 
agricultural parcels according to the formula developed by Pöthig et al. [2010]. The 
received data was classified, assuming that if the DPS values exceed 80%, there is a 
high risk of P losses from soil by surface runoff, DPS values less than 70% are 
considered as safe, and values between 70 and 80% are tolerable/limit. It was 
ascertained that in the ranges of DPS values <70%, <70-80%) and ≥80% were 
respectively 3.3; 1.6 and 95.1% of tested agricultural parcels. It follows from the 
above that there is a significant risk of P transport in surface runoff from agricultural 
land belonging to farms of Puck Commune. It carries a serious risk of surface water 
pollution in this area. It should be mentioned that the agricultural land area being the 
subject of research is undulating, with the land slope reaching approx. 9%. Such lay 
of the land increases the danger of P losses by surface runoff. 
 
Key words: surface runoff, degree of phosphorus saturation, agricultural land 
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Transfer of phosphorus (P) from land to receiving waters varies in space and time 
due to climate, catchment topography, soils, land cover and management. Variation 
in precipitation can activate different hydrological flow paths, which in turn can 
transport different forms and concentrations of P. Artificial drainage also influences 
the flow path and time lag components of the P transfer continuum in agricultural 
catchments. Furthermore, many inter-conversions of P forms are possible along the 
continuum associated with differing timescales of cycling between environmental 
compartments. Considering this complexity, the high degree of spatio-temporal 
variability and the urgent need for effective mitigation measures, it is necessary to 
conceptualise the dominant controls on P fluxes. Thus, we evaluate if we can use the 
ecosystem control point theory to better understand and regulate influential P 
transfers in agricultural catchments. 
Ecosystem control points are landscape patches that have a strong influence on 
elemental fluxes at the scale of inquiry. As a proposed successor to “hot spots” and 
“hot moments”, the control points concept merges the spatial and temporal 
components of biogeochemical processes and hydrological connectivity. Control 
points can be divided into four distinct types. In 1) activated control points, 
biogeochemical processing is at its maximum when specific environmental conditions 
are met, while 2) permanent control points have a continuous high rate of 
biogeochemical processing. There are also 3) transport control points (e.g. macro 
pores) which can supply high amounts of P due to high hydrologic connectivity, while 
4) export control points have a low hydrologic connectivity, high storage capacity, 
and can accumulate biogeochemical products until conditions allow for export. 
The overall objective of this study is to characterise potential control points for P 
transfer in agricultural catchments by reviewing relevant literature and assessing 
hydrochemical stream data and spatial data (e.g. land management) from small (<34 
km2) agricultural monitoring catchments in Sweden. Research questions posed 
include: where and when do we typically observe activated or permanent control 
points; where are the potential transport vs export control points and, under which 
conditions do these landscape components limit vs accentuate P concentrations and 
loads from land to receiving waters? We furthermore discuss how these new 
conceptual insights can be used to inform catchment modelling of P fluxes and 
mitigation of nutrient losses. 
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Agricultural land set aside to unfertilised fallow, and containing low levels of legacy 
phosphorus (P), has been suggested to be used to estimate non-anthropogenic 
background leaching, since this land is not tilled and has less nutrients in circulation than 
fertilised arable land. At a flat experimental field site with fine-textured soil of rather low 
pH (approx. 6) and with vermiculite dominating (>80%) among clay minerals, leaching of 
total P (TP), dissolved reactive P (DRP), other forms of P (other P) and nitrate-nitrogen 
(NO3-N) were studied for 10 years. Drain water from four plots with conventional tillage 
(CT) and balanced P and N fertilisation, placed within the sowing rows, was compared 
with drain water from four plots of unfertilised fallow (UF) that were trimmed once per 
year without clipping removal. 
The fallow had initially been sown with fallow grass. After 10 years, the sward had mainly 
reverted to weeds. X-ray tomography of intact soil columns sampled from the topsoil (0-
16 cm) revealed significantly (p<0.05) larger macropore mean thickness, for UF 
compared with CT after six years. In addition, the macropore networks of UF columns 
were more vertically oriented and to a larger extent continuous from the soil surface 
down to the bottom of the columns. However, there were no differences in drain 
discharge flashiness between UF and CT plots in any year. 
Ten years after sowing, UF plots had significantly (p<0.05) higher soil organic carbon 
content (30 g kg

-1 
orgC) compared with CT (21 g kg

-1
) in the upper (0-5 cm) topsoil, while 

P extracted in acid ammonium lactate (P-AL) was significantly lower (33 and 37 mg kg
-1

, 
respectively). Over the 10 years, there were no significant differences in leaching of TP 
(0.92 kg ha

-1
 yr

-1
), DRP (0.12 kg ha

-1
 yr

-1
) or other P (0.80 kg ha

-1
 yr

-1
) between UF and 

CT, and there was no trend over the 10-year period. Leaching of NO3-N was significantly 
lower from UF (2.7 kg ha

-1
 yr

-1
) than from CT (21.6 kg ha

-1
 yr

-1
), with no trend over time.  

According to linear regression, there was a significant (p<0.05) positive correlation 
between P-AL of the topsoil (0-23 cm) and the concentration of TP and other P forms in 
drainage water from the different plots. Eroded materials from one of the CT plots, with 
mean soil P-AL (36 mg kg

-1
) and calcium (Ca) (2980 mg kg

-1
 Ca-AL) in the same extract, 

was further studied by P K-edge XANES. After a dry summer period, P K-edge XANES 
spectra of colloids (>0.45 µm) and nanoparticles (10 kDa to 0.45 µm) isolated from drain 
waters suggest that organic and Al-bound P forms were prominent in both fractions, 
similarly to the clay fraction in the soil profile (0-90 cm depth). Investigation of the clay 
mineralogy of drainage waters indicate a significant contribution of particles from the 
topsoil (0-30 cm). However, compared to the topsoil clay fraction, drainage-water colloids 
and nanoparticles contained more Ca-bound P (‘CaP’) and less P associated with iron 
(‘FeP’ or ‘P-adsFe’). In summary, background P load was indicated to be very high at the 
study site and the roles of orgC in different forms and of soil Fe for soil erosion need 
further investigation. 

 
Keywords: drain-tile, phosphorus, XANES  
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Since the early 1980’s the eutrophication of Lake Baldegg in Switzerland is subject of 
political efforts in the catchment area. Reductions of phosphorus (P) losses from 
point sources and agricultural land led to a significant decrease of the dissolved P-
concentration in the lake. However, the ecological target-P-concentration could not 
be reached until today. Due to a very high connectivity and hydrological activity of the 
catchment area, it is not possible to restrict mitigation strategies to a small critical 
source area. At the same time, soil legacy-P, derived from the history of a high 
livestock-intensity in the area, was identified as the main source of diffuse P-losses. 
The most promising agronomic attempt therefore is to actively decline P-availability in 
highly enriched agricultural soils. This study aimed to propose efficient measures that 
target losses from P-enriched soils and to make predictions on the time needed to 
reach a target soil-P availability level with these measures. 
Following the concept of phytoextraction/phytoremediation, the strategy is not only to 
reduce P-inputs but also to increase the outputs in the form of exports of plant 
biomass from the plot. To evaluate the efficiency of different P-decline strategies and 
to predict the time necessary to reach a soil-P availability level compatible with a low 
level of P losses (target P), a model based on data from the catchment area of Lake 
Baldegg was generated. 
A negative exponential relationship between P-balance (output – input) and labile 
soil-P (CO2-saturated water extraction) was found. The confidence interval for the 
predicted time necessary to reach the target P after a cessation of P-fertilization on 
an intensive grassland without limitation of plant growth by other nutrients was 3 to 9 
years depending on the initial P-status (mg/kg CO2-saturated water extraction). If 
fertilization is completely ceased on a grassland, the yield is expected to decrease 
and therefore predicted P-decline times were longer (10 to 32 years). The decline-
time for the balance that is currently recommended for farmers in the catchment area 
of a P-fertilization that covers 80 % of the demand was predicted to be 15 to 47 
years. 
As expected, total cessation of fertilization is less effective compared to active soil-P 
decline without limitation by other nutrients. Still, the challenge will be to promote 
phytoextraction strategies in the livestock intensive catchment area where grassland 
is the dominant land use and manure is the main fertilizer applied. 
 
Keywords: diffuse phosphorus losses, soil legacy phosphorus, phytoextraction 
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The eutrophication and ultimate destruction of aquatic ecosystems is a global 
problem causing ecological and sanitary issues, as well as huge economic expenses 
for the restoration of affected water bodies. Unintended phosphorus (P) losses from 
agricultural soils to waters are nowadays seen as the major causes for freshwater 
eutrophication. Due to long-term intensive P fertilization, agricultural topsoils are 
often heavily P-enriched. By erosion and overland flow, this P can readily be 
translocated in dissolved and particulate form and reach nearby waters. Thus, 
translocation along the soil surface is mainly held responsible for causing 
eutrophication. One of the major approaches to reduce such unwanted P inputs is to 
establish grassland stripes bordering water bodies. Their steady vegetation cover 
shall physically “comb out” superficially translocated P and catch it as sediment 
before it reaches the waters. Recent studies now indicate that P can also to a large 
extent be translocated underground, e.g. vertically-laterally downslope with the 
interflow. Hence, the question arises, if grassland stripes are able to retain such P 
loads effectively. 
To elucidate this, a case study was carried out in the catchment of the Antrift 
reservoir in Hesse, Germany. It has been suffering from severe eutrophication since 
the 1980s. Applying a geospatial approach, the patterns of P distribution in the 
catchment’s floodplain soils under grassland were investigated. Soils were sampled 
two meters deep in high vertical resolution. Sampling was repeated according to 
weather conditions and the water level of the adjacent watercourses. In the soil 
samples, different P fractions were determined (e.g. water-, oxalate-soluble P) to 
delineate how P is spatially dispersed within these soils. Moreover, different P 
sorption indices were calculated to estimate the risk of P losses to waters.  
First results show that there are large P stocks in the deeper soil sections (ca. 80-200 
cm below surface). Such “deep P” could result from the above-mentioned 
underground vertical-lateral P translocation down a slope. These deep P stocks can 
temporarily have contact with the groundwater and can then be dissolved and 
leached, as our data indicate. Due to their thin rhizosphere, grassland could not 
prevent such underground P losses. Hence, in some catchments, grassland might 
further aggravate the P loading and eutrophication of water bodies. In such locales, 
deeper-rooting vegetation might be more effective protection against underground P 
losses. 
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Agricultural lands have been deemed the primary non-point source of phosphorus (P) 
pollution causing the increased severity in toxic and nuisance algal blooms in the 
Great Lakes, particularly Lake Erie, over the past two decades. Efforts being made 
include implementation of beneficial management practices, such as buffer strip, 
conservation tillage, and cover crop, to mitigate soil P loss, and enhancement of 
monitoring exercise to evaluate their performance. While the practices are beneficial, 
research have also found that their effects on reducing soil P loss are often either 
process-specific or temporally and/or spatially limited. Considering P source supply 
the critical and ultimate factor controlling the soil P loss, legacy P that has already 
been in soils and manure P that is an unavoidable by-product from livestock 
production must be properly managed. Optimized utilization of manure P and legacy 
P in soils is considered fundamental and an effective way to reach the government 
goal of 40% P loading reduction from agricultural lands to the Lake Erie by 2025. The 
presentation will attempt to review the nature of legacy P in soils and manure P, as 
well as the effectiveness of their use in P loss reduction in case studies.   
 
Keywords: Lake Erie, animal manure, legacy phosphorus in soil  
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The Leibniz ScienceCampus Phosphorus Research is an interdisciplinary research 
network between five Leibniz Institutes and five faculties of the University of Rostock, 
bringing together young and senior scientist in P research from various different 
disciplines and institutions all located in and around the city of Rostock in Northern 
Germany. This research network creates new ideas and research projects dealing with 
phosphorus (P) as essential element. In 2019 the second funding period of the 
ScienceCampus started with the four research foci: “I. P in the environment”, “II. 
Sufficiency and efficiency of P utilization, P recycling”, “III. Phosphorus in synthesis and 
catalysis”, “IV. Molecular biology of P” and the cross-topic “V. Phosphorus governance”. 
Projects, especially as PhD topics, are addressed under the umbrella of the 
ScienceCampus Graduate School, which will run until 2023. In cluster I. the P pools and 
P mobilisation potentials in coastal wetlands and adjacent water bodies such as kettle 
holes, as well as the fate of glyphosate in the Baltic Sea water, are in the focus of three 
PhD studies. The efficient and sufficient use of (recovered) P in animal husbandry and in 
cultivation of small grain legumes for feeding pigs, poultry and fish is investigated in 
cluster II. Three projects in cluster III. focus on the synthesis of P-based ligands to 
activate small molecules (N2 and H2) and potential anti-tumor agents by P-based 
organocatalysts. In the fourth cluster PhD projects investigate the role of P in signalling 
and metabolism from cells to ecosystems. They study the gene expression in 
biogeochemical cycling of P in biological soil crusts in sand dunes of the Baltic Sea and 
the role of inorganic P supply on the development of cyanobacterial summer blooms of 
the Baltic Sea. Furthermore, two PhD students focus on P as metabolic regulator during 
environmental stress in animals and P in molecular homeostasis and their consequences 
for animal health and welfare. The fifth cross-topic P governance bundles the natural 
science findings of the P-Campus for human science. The PhD student evaluates the 
legal regulations related to fertilizer, water, soil, and other environmental compartments 
focussing on political implementation of the actual natural scientific findings. All PhD 
students work interdisciplinary and are tutored by one scientist each from the University 
of Rostock and at least one Leibniz Institute. The students work together in the P-
Campus Graduate School in joint workshops. These focus not only on subject-specific 
work but also on integrated interdisciplinary exchange between students and further 
development of their soft skills. The ScienceCampus Graduate School also offers its 
students opportunities to work in external research facilities and to participate in 
international conferences. At IPW9, we will present the Leibniz ScienceCampus 
Phosphorus Research Rostock as a whole and some of the PhD projects. 
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Nowadays eutrophication is a big issue for aquatic environments. The human 
induced nutrient (nitrogen and phosphorus) enrichment of water bodies has great 
consequences on the quality of the ecosystems. An accurate quantification and 
availability of inherent labels for both N and P are required to assess effective 
strategies to reduce nutrient enrichment. While stable isotopes of nitrogen have been 
largely investigated and successfully used for source delineation and process 
identification, only limited research has explored the isotopic signature of phosphate 
(δ18O-PO4), in particular in freshwater environments. Currently few methodologies 
are available to analyze the phosphate oxygen isotopic value and even though 
different attempts have been applied for developing a robust protocol for the 
extraction of inorganic P from water samples, there is no definitive approach for all 
aquatic matrices. Freshwater ecosystems need a more complex methodology than 
seawater matrix to ensure the purification of samples. This is due to the fact that 
fresh water bodies may be rich in organic matter, a potential contaminant for 
phosphate isotope analysis. A development of methods is needed as well as an 
expansion of the δ18Op dataset of both phosphate sources and aquatic ecosystems.  
The main task of our project is to develop a methodology for the analyses of δ18O-
PO4 that ensures accuracy of the results. The method is applied to water samples 
collected from a small, intensively monitored agricultural catchment in Germany and 
will be used for source apportionment and process recognition. Assessing an 
improved isotope technique for evaluating the fate and mitigation of reactive 
phosphorus is useful to better understand the biogeochemical cycle of the nutrient in 
agricultural catchments and contributes to expanding the existing dataset of δ18O-
PO4 values. 
 
Keywords: oxygen isotopes, source apportionment, agricultural catchments. 

 

  



IPW9, ETH Zurich, Switzerland, 8-12 July, 2019 - Abstracts 

179 
 

Contrast response of water-soluble and stable soil P pools to 
interactive effect of warming – drying 

 
Darya M. Dudarevaa, A.K. Kvitkinaa, I.V. Yevdokimova and  

E.V. Blagodatskayaa,b 
 

a Institute of Physicochemical and Biological Problems in Soil Science, RAS, 
Pushchino, Moscow, Russia 

b Dept. of Soil Ecology Helmholtz Centre for Environmental Research - UFZ Halle, 
Germany 

 
darya_dudareva@mail.ru 

 
Shifts in atmospheric temperature and precipitation due to global climate changes 
affect functioning of terrestrial ecosystems by alterations in ecological stoichiometric 
C:N:P ratios in various pools of soil organic matter and need to be studied under the 
field conditions. To simulate the combined effect of soil drying and warming, we used 
a unique forest ecosystem near gas flare as a kind of in situ quasi-manipulation 
experiment (supported by the Russian Foundation for Basic Research, project 17-04-
01933). 
The experimental area is situated in the forest zone of the Nadym–Pur forest 
province. The experimental plots were established at the Western Siberian forest 
region (Yugra, Russia), in a young Scotch pine forest on sandy podzolic soil at three 
distances of 70, 90 and 130 m from the flare, with trees and soil exposed to strong 
(S) moderate (M), and weak (W) drying and warming impact, respectively. Our 
hypothesis was that synergistic effect of soil drying and warming results in 
i)“narrowing” stoichiometric C:N:P ratios in soil and biomass of plants and soil 
microorganisms; ii) suppression of P accumulation in soil pools, litter and plants near 
the flare.  
C:N:P ratios decreased when nearing the flare, i.e. followed the order S<M<W. For 
instance, C:N:P in needles and soil microbial  biomass  decreased from 3222:14:1to 
2076:18:1 and from 26:3:1 to 19:3:1, respectively. The only exception with opposite 
i.e. S>W>M trend was the C:N:P ratio in water soluble pools of nutrients, probably, 
due to the intensified mineralization - immobilization transformations of organic 
matter caused by abiotic factors resulted in the increase in low molecular weight C 
forms.  
All the phosphorous soil pools demonstrated similar trends of decreasing P content 
when nearing the flare, i.e. followed the order S<M<W. The only difference was in 
magnitudes, with P varying from 0.04 – 0.06; 1.3 – 5.3 and 64 – 299 mg P/g for total 
soil P, water-soluble P and soil microbial P pools, respectively. By contrast, the plant 
biomass and litter in the plot S with the highest flare impact had 1.5 times higher Р 
fraction than those in the plots M and W. 
Thus, our hypothesis that warming and drying results in decreasing P pools and 
C:N:P ratios was only partially true, with important exceptions for water soluble pools, 
litter and plant biomass. In other words, global climate changes seem to change 
dramatically interactions of C-, N- and P-cycling in favor of plant nutrition due to 
intensifying the mineralization of soil phosphorus pools. 
 
Keywords: microbial P, C:N:P stoichiometry, climate changes. 
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Our global climate continues to change, and with that comes the change of our soil 
climate. Reports by the IPCC indicate annual increases in prolonged rainfall events 
within temperate climates; thus exacerbating widespread autumn/winter waterlogged 
conditions within in the years to come. For our soils, this means the development of 
anaerobic systems as wetland areas and frequent flooding become more common. 
Reducing systems like these are capable of facilitating conditions in which alternative 
oxidation states of the vital elements needed for soil health present themselves. The 
change of our soil climate is rarely considered when attempting to understand how 
phosphorus is cycled and how it might be affected in an alternative environment. 
Existing knowledge from the marine sector demonstrates that a low oxidation state 
group of compounds known as phosphonates (+3) are successfully utilised by micro-
organisms instead of phosphate (+5) as their phosphorus source; thus demonstrating 
that the phosphorus biogeochemical cycle is much more complex than previously 
regarded. In the case of the soil environment, there is a large quantity of inaccessible 
phosphorus present that might be utilised through similar microbial mechanisms 
when considering a reducing system. The aim of this research is to alter the 
understanding of global phosphorus cycling and additionally of ecosystem 
phosphorus limitation. This is done by assessing the capabilities of certain biological 
species to process phosphorus in alternative oxidation states, highlighting the 
importance of reduced phosphorus compounds on the global redox cycle. 
 
Keywords: Phosphonate, Soil, Cycling  
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Soil available phosphorus (P) deficiency is common in natural grassland ecosystems, 
the role of microorganisms on P transformation can be considered a potential 
mechanism of P supply to plants. However, the effect of grazing intensity on soil P 
supply was still not clear, especially on related microbial properties. The objectives of 
this study were to evaluate the effects of grazing intensity on 1) soil P fractions, 2) 
soil microbial biomass P (SMBP) and the activities of alkaline (ALP) and acid 
phosphatase (ACP), and 3) the abundances of P-solubilizing gene (pqqC) and ALP 
gene (phoD). Soil samples were collected from the 0-20 cm layer from a ten-year 
grazing intensity experience (0, 3, 6, 9 sheep hm-2) in typical steppe, Inner Mongolia, 
China, during the growing season of the maxium above-ground biomass. Soil hedley-
P fraction, soil microbial biomass carbon (SMBC), SMBP, ALP ACP, and the 
abundances of pqqC and phoD genes were determined. 
Soil total P was not affected by grazing intensity and soil P fractions were dominated 
by moderate stable P in typical steppe. Compared with non-grazing (0 sheep hm-2) 
soil P fractions had no significant change in light grazing (3 sheep hm-2) treatment, 
but the stable P significantly increased in moderate grazing (6 sheep hm-2) treatment, 
and the labile P, moderate labile P decreased in heavy grazing (9 sheep hm-

2)treatment. SMBP and the ratio of SMBP SMBC-1 were significantly increased in 
heavy grazing treatment. As the grazing intensity increased, the ALP activity 
decreased, but not ACP. Moderate and heavy grazing significantly increased the 
abundance of pqqC. Grazing significantly changed the abundance of phoD. In 
conclusion, heavy grazing decreased available P and ALP activity, however, the 
increased of pqqC abundance and SMBP would compensate the deficiency of 
available P. This results indicated the important role of microorganisms on P supply 
to plant in typical steppe. 
 
Keywords: grazing, microbe, phosphorus 
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Inappropriate use of manure in areas with high animal density is becoming a 
common issue with negative impacts to soil and water bodies. In Catalonia 
(Northeast Spain), eutrophication is one of the most important threats to water 
ecosystems and it can be caused because of leaching or runoff. Unlike nitrates, 
phosphates are not water soluble, so they move with soil movement. Under our soil 
conditions (with high pH levels) there is a high correlation between manure 
applications and available phosphorus (AP).  
The LIFE+ project Futur Agrari (2014-2018) dealed with manure management in 
Catalan areas with a high number of intensive pig farms by offering fertilizer advice to 
853 ha of cereal crops.  During a 4-year period, 154 sub-plots have been surveyed, 
soil sampled and advised in order to implement good agricultural practices to 
improve soil and water conservation. Soil sampling and AP analysis (Olsen method) 
were carried out in 2014 and 2017 in order to evaluate the effect of the implemented 
actions in the area during these 4 years.  
High amounts of AP were observed in the upper layers (0-30 cm), potentially to be 
lost through soil erosion. The average AP decreased between the two periods from 
46.8 ppm in 2014 to 39.9 ppm in 2017. The number of samples that exceeded 40 
ppm also decrased from 50% to 40%, aproximately. 
Results of AP analysis at deeper layers (30-60 cm) indicate P movement through the 
calcareous soils. The higher AP values obtained at such depth is correlated with the 
organic amendments in the area, while mineral fertilization practices keep lower 
values. 
Technicians, research centres and public bodies must keep working on the 
implementation of good agricultural practices according to manure management to 
reduce the impact to soil and water.  
 
Keywords: Olsen method, manure, leaching 
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To identify areas with high risk of phosphorus (P) leaching from the soil matrix to 
streams and lakes, the processes controlling the interaction between the solid phase 
and soil solution as well as the hydrological conditions must be known. 
In this study, we investigated whether a simple model describing the kinetics of the 
fast, reversible P sorption and desorption based on Langmuir adsorption theory was 
able to estimate the soil solution P content and the potential risk of P loss from the 
root zone on Danish soils, using water extractable P and soil P sorption properties as 
input. 
Soil sorption parameters were determined on 280 samples of top soil from the 
Danish national 7 km sampling grid in combination with 87 soil samples from the 
Danish Agricultural Monitoring program. All samples were analyzed for oxalate 
extractable phosphorus, iron and aluminum, as well as reversibly adsorbed 
phosphorus using the Fe oxide-impregnated paper (infinite sink; Pi) method with 
desorption times from 1 to 24h. Additionally, the P equilibrium concentration (ortho-P 
and total P (TP)) was determined in soil extractions with 0.01M CaCl2 in order to 
approximate phosphorus content in the soil solution. 
An average adsorption isotherm (K), adsorption capacity (Qmax) and desorption 
constant (kd) were determined by non-linear fitting for each soil type. For a subset of 
samples, kd was derived from desorption experiments and compared to the average 
approach. Predicted concentrations of ortho-P and TP were compared to observed 
equilibrium concentrations in topsoil, in soil water from suction cups as well as in tile 
drains. 
Combined with information on local artificial drainage and hydrological pathways, the 
model could help identify areas with high risk of phosphorus leaching. 
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Phosphorus (P) is an essential element for crop growth and plays a critical role in 
agricultural production. However, excessive phosphorus is polluting our environment.  
The expansion of high-input intensive greenhouse vegetable systems in China 
highlights the importance of this problems. Hence, to reduce the P accumulation in 
soil and P loss within GVP system is required. 
In this study, 148 soil samples, 41 vegetable samples and 11 water samples were 
collected simultaneously under two representative GVP systems, plastic greenhouse 
(PG) and solar greenhouse (SG) in Shouguang, one of the major GVP areas in 
eastern China. The accumulation rate of P was studied by the method of space-for-
time substitution, due to the lack of long-term experiment in greenhouse soils. A 
mass-balance approach is used to determine the P budgets for this two intensive 
GVP systems. The maximum environmental capacity and safe planting years of P in 
greenhouse soils were calculated based on the balance-of-payments and 
evolvement of P.  
Our results showed that surplus P was found in both SG and PG systems and it led 
to significant P accumulations in greenhouse soils. Compared to arable soils, 
greenhouse soils within a depth of 90 cm accumulated 3.28 and 11.16 Mg P ha-1 in 
PG and SG system, respectively. The concentration of total P in PG and SG soils 
increased significantly with cultivation durations, but with a decreased accumulative 
rate in SG soils. The maximum environmental capacity of soil P in SG soils were 
186.7 Mg ha-1, and the maximum year of safe planting is 38 yr. The loss rate of P in 
SG soils also increased with cultivation durations and P would lose after 4 yr.  
Our results also demonstrate that intensive agricultural practices is affecting soil P 
accumulation and P losses in GVP system. The SG system presents more potential 
of P losses than PG system due to the intensified inputs in SG. Our results present a 
quantitative framework for assessing P dynamics in GVP system and the potential of 
P losses. Improving phosphorus use efficiency and reducing P surplus is needed to 
minimize P loss. Also, observing networks for detection and monitoring of P 
dynamics should be build up in intensive GVP system for developing sustainable P 
management for vegetable production and minimizing potential environmental risks.  
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Previous phosphorus (P) studies based on 31P NMR usually do not reflect the true 
composition of phosphorus components in environmental samples, because certain 
P species are subject to hydrolysis caused by sample treatment. To which extent the 
original phosphorus pool was arterially altered cannot be quantified since artificial 
hydrolysis resulted in the same degradation products as those produced by the 
natural hydrolysis in situ. Here we offer a practical isotopic scheme to restore the 
unaltered information on the composition and abundance of hydrolysable phosphorus 
compounds in environment. Our data obtained from a forest soil, a desert plant, and 
algal microorganisms showed, for instance, that artificial hydrolysis of 
phosphatidylcholine and RNA contributed to almost 90 percent of relevant 
monoesters detected by NMR. Polyphosphate was also hydrolyzed to yield 
tripolyphosphate, pyrophosphate, and orthophosphate. Adding up these artificial 
products to corresponding precursors allows for the very first time to mathematically 
restore the original P composition in environmental samples.   
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Besides nitrogen (N), phosphorus (P) represents one of the least bioavailable and 
mobile essential macronutrients in soil, which is quickly immobilized by sorption on 
hydrous oxides or minerals containing Fe, Mn and Al. Therefore, plants have the 
need to increase the availability of P from other sources e.g. solubilizing P from 
mineral apatite. Yet, there is not much information on the bioavailability of P from 
mineral apatite. With regard to the uptake of minerals by plants, soil moisture may 
represent an important factor for nutrient availability due to its influence on soil 
solution chemistry. 
In framework of the DFG-SPP 1685 on ecosystem nutrients, a chemical synthesis for 
P-33-labeled hydroxyapatite (Ca/P ratio = 1.67) was implemented which has been 
further used to get more information on the bioaccessibility and bioavailability of 
subsoil P from minerals. 
A wet-chemical synthesis was implemented that allows the fast preparation (ca. 30 h) 
of hydroxyl-apatite labeled with P-33. The products were analyzed with RAMAN and 
XRD. The reactions were performed under different reaction temperatures which 
resulted in four forms of hydroxyapatite with different degrees of crystallinity (low 
crystalline <-> high crystalline). Furthermore, solubility tests were performed to 
investigate their pH-dependency. 
Rhizotrone experiments (60 days) have been performed using summer wheat as 
model organisms with P-33 labeled apatite as point sources located in the subsoil. 
Two different soil setups were applied, using the same topsoil for all rhizotrones and 
P-deficient arable subsoil or sand representing the “subsoil”. Furthermore, two 
different water scenarios were used to investigate the differences in plant growth and 
the effects on the bioaccessibility and –availability of P from apatite in dependence of 
the soil moisture content. We used liquid scintillation counter (LSC), inductively 
coupled plasma - mass spectroscopy (ICP-MS), C/N analysis and radioactive 
imaging to investigate all rhizotrone compartments (soil, plants, roots). The results 
indicated the importance of soil moisture and the current nutrient status of the soil as 
important factors, promoting the uptake of P from minerals. 
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Phosphorus (P) is one of the constraint nutrient elements in the Inner Mongolia 
Grassland, which seriously affects the grassland productivity. Soil organic P (SOP)  
plays an important role in P supply in natural grassland ecosystem. Therefore, it is 
necessary to understand the distribution of SOP components and its contents and 
influencing factors in the Inner Mongolia Grassland. According to the difference of 
soil parent material, soil type and dominant vegetation type, 20 sampling points were 
selected in the Inner Mongolia Grassland, covering three grassland types which 
include the desert grassland, typical grassland and meadow grassland. Three 
replicates of the surface soil (0-15 cm) interval of 15 m were collected with soil auger 
(5 cm in diameter) in each sampling point. The dissolved organic P (DOP), 
particulate organic P (POP), phytate P (PP), content of labile organic P (LPo), 
moderately labile organic P (MLPo), moderately stable organic P (MSPo) and their 
influencing factors were determined. The SOP content in the Inner Mongolia 
Grassland accounted for 56% of total P. The main component of SOP was MSPo, 
accounting for 44.68% of total SOP; DOP content was the lowest, with an average of 
1.27 mg/kg. The contents of DOP, POP, PP, MSPo were in sequence of desert 
grassland < meadow grassland < typical grassland, the tendency of MLPo content 
was meadow grassland < typical grassland < desert grassland. On the basis of the 
SEM (Structural Equation Modelling), the SOP differed according to the types of soil 
parent material and vegetation structure: the soils developed from loess parent 
material and river alluvial sediment were observed with higher DOP, POP and LPo 
content than the other soils. The contents of PP and MLPo in the soil whose parent 
material is the biobial mudstone were higher, while the amount of total SOP and the 
content of each component were lower in the soil developed from granite than those 
of in other soils. In addition, the total SOP, the amount of DOP and POP were 
relatively high in the soil of which the dominant vegetation is the Leymus chinensis; 
The content of LPo in the soil covered by Stipa baicalensis is the highest. The higher 
PP content in the soil were observed with increasing levels of the vegetation 
coverage. Similarly, the contents of DOP, POP and LPo were positively related to the 
soil organic matter (SOM) content. On the contrary, the PP and MLPo exhibited the 
opposite correlation with the SOM content. Except for LPo, the DOP, POP were also 
a significant source of soil available P. The PP, as a storage mechanism of SOP, 
constitutes a P sink. We concluded that the distribution of SOP fractions were 
differed with grassland type, soil parent material and SOM. 
Keywords: Inner Mongolia Grassland, organic phosphorus components 


