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Abstract 
 
Agricultural soils have accumulated considerable phosphorus (P) reserves along the transport pathways within 
land-water continuum. Where P concentrations are excessive compared to the soil P sorption capacity, 
dissolved soluble P can leach to waterbodies. A phosphorus saturation ratio (PSR = P / (Fe + Al)) can be used 
to classify high and low risk soils based on a commonly applied Mehlich-3 soil test. PSR has been used for 
acid mineral soils, but in this study it was applied to sediments and drainage ditch bankside samples. Previous 
published data was converted to PSR and compared to P availability measurements. The results confirmed 
earlier findings, that a PSR threshold of 0.1 can delineate high and low P risk sites. By quantifying the amount 
of P in excess to the threshold, legacy P hotspots could be located in the network which would act as an 
additional source of P inputs to waters. In the study site, two soils contained over 80% of the excess legacy P, 
presenting a localized long-term risk to water quality. The findings support using the cost effective Mehlich-3 
extraction to identify hotspots with most susceptible soil-P to losses and quantify the amount of potentially 
leachable legacy P.         
 

1. Introduction 
 
Drainage ditches have accumulated phosphorus (P) and can function as secondary pollution sources to 
waterbodies. A re-analysis of the data presented by Ezzati et al. (Ezzati et al., 2020) reveals that a commonly 
used and cost effective Mehlich-3 soil test (Mehlich, 1984) can both locate hotspots in the ditch network and 
quantify the amount of potentially leachable P reserve. This re-analysis builds on recent developments on 
identifying threshold P to Al and Fe ratios (P) for evaluating P loss risks (Dari et al., 2018; Kleinman, 2017).    
 
There is growing evidence that the ratio of P to Al + Fe concentrations (PSR, phosphorus saturation ratio) is a 
critical measure of dissolved reactive phosphorus (DRP) loss. Initially P, Fe and Al were measured with acid 
ammonium oxalate, requiring a separate soil test (Hooda et al., 2000; Kleinman, 2017).  Recently, the Mehlich-
3 agronomic soil test has been used successfully (Dari et al., 2018) as a soil-type independent indicator of the 
potential of P losses in runoff, leaching, and drainage to surface waters (Sims et al., 2002). The interpretation 
of PSR is straightforward: when PSR < 0.1 there is very little soluble P, but above the threshold, soluble P 
concentrations increase (Dari et al., 2018; Kleinman, 2017). This relationship has been found in several soil 
series in Florida (Dari et al., 2018), a set of soil samples in Finland (Mattila and Rajala, 2020) and now in ditch 
samples in Ireland (Ezzati et al., 2020).   
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A detailed sorption isotherm methodology, such as the one applied in (Ezzati et al., 2020), can quantify P 
sorption and desorption. However, it requires equilibration of the soil with different P concentrations and data 
fitting, making high throughput analysis difficult. In contrast, Mehlich-3 soil testing is available in commercial 
labs, with sample costs c.a. $25 per sample. An additional benefit of the strong P extraction in Mehlich-3 is 
that  it can measure a large fraction of the soil total P pool (Wuenscher et al., 2015) which is readily available 
(Ketterings and Flock, 2005). Mehlich-3 is a very informative indicator for developing mitigation measures as 
it can be used to quantify the amount of P that should be removed from the soil to bring P saturation below the 
risk limit (Nair et al., 2020). Quantifying and locating the amount of excess P in the drainage system is critical 
for designing appropriate management plans. The study conducted by Ezzati et al. (2020) analyzed the 
samples with both isotherms and Mehlich-3. This has allowed the re-analysis of the data to test  whether the 
cheaper Mehlich-3 analysis could be used instead of the more involved methods in identifying and measuring 
the level of soil P saturation and the risk of losses in runoff and leaching.       
 
In this commentary,  we re-analyzed the data presented by Ezzati et al. (Ezzati et al., 2020). In order to locate 
and quantify the excess P stock, the data was converted first to P saturation and then to P in excess to soil 
phosphorus storage capacity (SPSC) (i.e. excess legacy P). This gave an overview of the distribution and 
amount of potentially solubilized P in the system and may demonstrate the usefulness of the common Mehlich-
3 soil test in guiding site remediation.  
  
 

2. Materials and methods 
 
The analysis was based on the samples and data by Ezzati et al. (2020) investigating the P sorption capacity 
along the length and depth of anopen ditch system in Johnstown Castle intensive dairy farm (190.4 ha) in SE 
Ireland. The site has heterogeneous soil type with different drainage classes from well to poorly drained. An 
artificial drainage system and in-field drains that discharge into surface water is installed in the poorly drained 
area. For the purpose of their study, the 850 m long open ditch was divided into seven sampling sections (A-
G). Each section was sampled for sediment from the bankside soil (0-290 cm depending on ditch depth) and 
base locations of the ditch for soil chemistry (physio-chemical properties, pH, etc) at 30cm intervals. The ditch 
water was also monitored high temporally and spatially for nutrient concentration and biogeochemical data . 
The authors constructed a P sorption isotherm for each sample by measuring the amount of P sorbed to the 
samples, when allowed to reach equilibrium with different concentrations of P in solution (0-1 mg dm-3 P). The 
equilibrium P concentration (EPC0) was defined as the water phase concentration of P, where P sorption and 
desorption are at equilibrium with the soil or sediment. If surrounding water phase P concentration is lower 
than EPC0, there is net desorption of P from the soil and sediment (Ezzati et al., 2020). Higher EPC0 can 
therefore maintain higher dissolved P levels in the system, threatening water quality by turning the soil into a 
source of P that would add pollution to the ditch water. Such state would indicate change of chemistry of the 
soil in the ditch and the need for pollution mitigation. 
 
Our re-analysis of data focused on comparing P availability to the ratio of P sorbed to P sorption capacity. The 
equilibrium P concentration (EPC0) represented P availability and P sorption ratio (PSR) was calculated from 
Mehlich-3 extracted P, Fe and Al concentrations. 
The PSR is defined as the ratio of sorbed P to P sorption capacity (Kleinman, 2017). From the dataset of Ezzati 
et al. (2020), the Fe and Al concentrations (Table 2 in Ezzati et al.) represented P sorption capacity and P 
concentration represented sorbed P (Table 3). The PSR was calculated for all the samples using equation 1:         
 
PSR = (cP/MP) : (cFe/MFe + cAl/MAl)  (1) 
 
where cP, cFe and cAl are Mehlich-3 extracted P, Fe and Al concentrations, and MP (31 g/mol), MFe (56 g/mol) 
and MAl (27 g/mol) are the molar masses. 
 
Following the calculation of PSR, the analysis proceeded in two stages. First the PSR was plotted against 
equilibrium P concentrations to test the validity of using PSR>0.1 as the critical threshold. The breakpoint was 
located using the R-package “segmented” (Muggeo, 2021). Following this initial validation check, the excess 
P concentration was quantified with equation 2 (Nair et al., 2020): 
 
SPSC = (0.1-PSR) x (cFe/ MFe + cAl/ MAl) x MP (2) 
 
Negative soil phosphorus storage capacities (SPSC) were interpreted as excess legacy P in the system. In 
order to convert concentrations to P mass, the excess P concentrations were multiplied by sample volume in 
a hectare area (0.3 m depth x 1 ha) and bulk density (here assumed to be 1.3 t/m3). For a more detailed 
analysis, the areas and bulk densities should be measured on site. Therefore, the exact amounts (kg/ha) are 



unreliable, but the distribution of the total amount is more reliable and can at least highlight locations for more 
detailed study.   
 
 

3. Results and discussion 
 
There was a clear breakpoint in the regression between Mehlich-3 analysed PSR and EPC0 (Figure 1). 
Compared to previous literature (PSR 0.1 (Dari et al., 2018)), the threshold identified with segmented linear 
regression was slightly higher 0.12 (0.095-0.15). However, the number of samples was small (n=46) and the 
confidence interval included also the 0.1 value, supporting instead of refuting earlier findings of critical 
threshold values. Therefore, the value of 0.1 was used for calculating excess P.    
 
When the threshold of PSR > 0.1 was exceeded, P availability increased considerably (Figure 1). On average, 
the EPC0 was 6 times higher above the threshold PSR than below it. This confirmed earlier findings, where 
little desorption from soil was found when PSR < 0.1 (Hooda et al., 2000). When the whole dataset was used, 
the coefficient of determination R2 was higher below (R2=0.70) than above the threshold (R2=0.32). However, 
when only acidic samples (pH < 7.0, n=25 of 46) were used, the R2 =0.6 also above the threshold. Over the 
whole range of PSR for acidic soils R2 = 0.81 (p=0.03), indicating strong and significant correlation. This 
supports the use of Mehlich-3 based PSR as a risk indicator for identifying potentially high-risk sites on acidic 
soils. On high pH soils, P can be sorbed to calcium (Ca) (Kleinman, 2017), complicating the risk assessment. 
The Ca concentrations in the samples were very high (i.e. > 20 000 mg/kg), suggesting that the Mehlich-3 had 
dissolved carbonates from the soil. Therefore, on high pH soils, a high PSR does not guarantee high P risk, 
but a low PSR is evidence of low P risk. This supports earlier findings of strong Ca-P fixing on calcareous soils, 
and the recommended use of Al:P indicator on acidic to neutral soils (Daly et al. 2015). On acidic soils, PSR 
explained a large share of the variability in EPC0, making it a cost effective proxy for isotherm analysis. 
Previous study has successfully used the ratio of Mehlich Al:P on acidic to neutral soils supporting the 
relationship between EPC0 and source-sink dynamic of a sampling location (Daly et al., 2015). In general, 
Mehlich-3 is good method for acidic and slightly acidic to slightly alkaline soil (Ara et al., 2018). 
 
Almost half of the samples (22/46) had elevated PSR, which could be interpreted to indicate widespread P 
accumulation. In addition, since the P-dynamics varied considerably from upstream to downstream, the 
source-sink properties and hence, the trends differ greatly at various sampling locations, both at base of the 
ditch, and soil samples from the bankside at different depths. The increasing depth of the open ditch from up 
gradient of the farm (up stream of the ditch) to down gradient (down stream) would also increase the depth of 
infiltration in subsurface horizons. Therefore, a wider range of P-concentrations is detected in soils with multiple 
horizons than in sediments that have been collected from base of the ditch. Overall, the sediments had lower 
and more uniform PSR (9-14%) than soils (2-27%), highlighting the role of soils as sources of dissolved P to 
the waterbody. However, including the estimated mass of excess P in the system changes the interpretation 
considerably.  
 
 
   

      
Figure 1. As phosphorus increases relative to iron and aluminium (phosphorus saturation ratio, PSR), more 
phosphorus is readily soluble (equilibrium phosphorus concentration, EPC0). Below 10% PSR, EPC0 levels 

0

0,5

1

1,5

2

2,5

3

3,5

4

4,5

5

 -  0,05  0,10  0,15  0,20  0,25  0,30

Eq
u

ili
b

ri
u

m
 P

 (
EP

C
0

m
g/

l)

Phosphorus saturation ratio (PSR=P/(Fe+Al))



are low. Samples with pH > 7.0 (rectangles, n=21) had weak correlation with iron and aluminium sorption. The 
correlation is fitted to samples with pH < 7.0 (n=25).  
 
Estimating the excess P amounts with SPSC (eq.2) revealed that over 80% of excess P was in the bankside 
soils of two sampling locations: E and G (Figure 2; 1400 kg/ha of 1700 kg/ha). In contrast, the sediments 
contained only 8% of the excess legacy P. Compared to the annual P balance of 21 kg P/ha (OECD, 2020), 
the amounts in locations E and G (420-999 kg P/ha) represent decades of accumulation. Consequently, unless 
mitigated, it will also take decades for the accumulated P to be removed with crop yields and for the soil 
chemistry to retain its original properties.  
   
 

 
Figure 2. Excess P in the drainage network is concentrated in the bankside soils, especially in sections E and 
G.  
 
Based on isotherm analysis, the original study recommended installing an in-ditch nutrient interceptor in 
location D-E to adsorb and retain P from water and sediment (Ezzati et al., 2020). However, if installed prior 
to the section E, over 90% of the legacy P would be downstream of the proposed location. On the other hand, 
installing the interceptor below G would require a large interceptor to handle the water flow and would also 
require frequent maintenance of the sorption material to capture the large amounts of P gradually leaching 
from soil profile G.  
 
Another approach to managing P at the location could focus on separating the soils of E and G from the 
waterbody. At least three different approaches could be used for this: i) excavating contaminated bankside 
soils and spreading them on low PSR fields, ii) using an interceptor drain to direct water around sites E and G, 
reducing drainage water flows and iii) collecting drainage water from E and G and recirculating it .  These could 
offer short term solutions, while in the long term the excess P could be mined out with a negative P balance 
(Nair et al., 2020).  In any case, there will be a considerable time lag between remediation and improvement 
in water quality.  
 
In conclusion, a re-analysis of phosphorus isotherm data using phosphorus saturation ratios could provide a 
more complete overview of the legacy P risks in the drainage network. For acid soils and sediments, PSR can 
be used as a reliable proxy for EPC0. For alkaline samples, PSR can delineate low risk sites, but a high PSR 
does not guarantee a high P risk, as Ca can sorb P in high P soils. In addition, the Mehlich-3 PSR can be used 
to estimate the total amount of excess legacy P in the system and the contribution of different sites to the 
whole pool. The data presented in Ezzati et al. (2020) and re-analyzed here supported earlier findings that the 
commonly used Mehlich-3 soil test can be a valuable tool for managing water quality. 
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