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ABSTRACT

ARTICLE HISTORY

Humic substances are increasingly used as biostimulants in agriculture
because of their supposed effects on nutrient uptake and crop yield. The
objective of this study was to assess the effect of fulvic acid (FA) and humic
acid (HA) addition with and without fertilization (N, P, K, S, and Ca) on (i) grass
yield (Poa trivialis) and nutrient uptake and (ii) composition of soil porewater
and 0.01 M CaCl2 soil extracts. Therefore, a pot experiment was performed
using a loamy soil and a non-calcareous sandy soil. Fertilization increased
N and P uptake and grass yield but there was no effect of FA or HA applica
tion (200 mg C kg−1 soil) regardless of whether N or P was the growth limiting
nutrient. Nutrient availability was assessed in soil pore water samples
extracted by centrifugating moist soil and by 0.01 M CaCl2 extracts of ovendried soil. HA and FA had no effect on the availability of NO3 or ortho-P,
neither in soil porewater nor in 0.01 M CaCl2 soil extracts. Fertilization led to
an increase in 0.01 M CaCl2-extractable ortho-P but, remarkably, to a decrease
in ortho-P and Dissolved Organic Carbon (DOC) concentrations in soil pore
water samples. This discrepancy was explained by the higher ionic strength
of pore water in the fertilized soils, which caused the pH to drop by 0.2 to 0.4
units and thereby stimulated adsorption of ortho-P and DOC to reactive soil
minerals. Such salt-induced effects do not occur in 0.01 M CaCl2 soil extracts
where the ionic strength is nearly constant.
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Introduction
Biostimulants are defined in scientific literature as products which can be used to improve plant
growth, nutrient uptake or resistance of plants against biotic or abiotic stress factors, regardless of their
nutrient contents (Du Jardin 2015). Humic substances (HS) form a major group of biostimulants and
the market for HS is continuously increasing (Calvo, Nelson, and Kloepper 2014). Humic substances
are large and complex organic molecules and are formed as the end product of humification of organic
matter. They can be divided into humic acids (HA) which precipitate under acidic conditions, and
fulvic acids (FA) which are soluble in acid (Van Zomeren and Comans 2007). In biostimulant
products, HS can have multiple effects. The most commonly reported effects of HS are alterations
in root morphology and an increase in nutrient uptake (e.g., N and P) and yield of plants (Calvo,
Nelson, and Kloepper2014; Rose et al. 2014), although some studies have reported no effects on
nutrient uptake or yield (Little et al. 2014; Verlinden et al. 2010).
There are three mechanisms through which HS can enhance nutrient uptake and plant growth.
First, HS are well-known for their effects on root development. Notably, some authors reported
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elongation of roots in the presence of HS (Conselvan et al. 2017; Jindo et al. 2012), whereas others
reported a decreasing effect of HA on root length which they explained by the auxin-like activities of
HS (Scaglia, Pognani, and Adani 2017). Second, HS stimulate the H+-ATPase activity in the root
plasma membrane, which in turn, enhances the N uptake rate by plants (Zanin et al.2018). These
effects of HS on root development and N uptake rate have typically been demonstrated on seedlings
grown in hydroponics or soilless substrates and at very low HS concentrations. Third, HS may increase
the availability of orthophosphate (ortho-P) in soil pore water for plant uptake by competing with
ortho-P for adsorption onto Fe- and Al-(hydr)oxides in soil (Du Jardin 2015; Hiemstra et al. 2013) or
through formation of dissolved humic-metal-P complexes (Gerke 2010). Although these three path
ways have been described extensively in scientific literature, it is still unclear if, and under which
conditions, HS-containing biostimulants lead to an increase in crop yield when applied under
agronomically relevant conditions. For pathway 1 and 2, it is uncertain whether these mechanisms
are relevant under field conditions since tests have so far been limited to hydrocultures in the absence
of soil. Pathway 3 has mainly been studied in batch experiments with soil but without considering
effects on P uptake by plants. For these reasons, it is still uncertain to which extent these pathways
contribute to the effectiveness of HS for enhancing nutrient uptake and plant growth when applied to
soil. Furthermore, there is still a large uncertainty to which extent effects of HS-containing biostimu
lants established in scientific studies can be extrapolated to other soil types with deviating soil
properties and nutrient levels, crops, and plant growth conditions. The latter became evident from
a recent meta-analysis in which the authors assessed the effect of HA on crop growth based on 81
scientific papers (Rose et al. 2014). Addition of HA increased crop yield by on average 22%. However,
in half of the studies considered by these authors, the increase yield was less than 5% and therefore
considered irrelevant from an agronomic point of view.
So far, no attempts have been done to establish a linkage between the above-ground effects of HScontaining biostimulants on nutrient uptake and plant yield to below-ground effects of such biosti
mulants, including effects on concentrations of Dissolved Organic Carbon (DOC) and ortho-P in pore
water or soil extracts. Extraction of air- or oven-dried soil with neutral and non-buffered weak salt
solutions of CaCl2, Ca(NO3)2, or NaNO3 at a high soil:solution ratio (e.g., 1:10 [w:v]) is a commonly
used approach to mimic soil pore water conditions (Houba et al. 2000; Peijnenburg, Zablotskaja, and
Vijver 2007; Römkens et al. 2009). For example, the 0.01 M CaCl2 soil extraction method was
introduced in the ninetys as a simple and cheap method for determining the pH and the availability
of multiple nutrients in a single extract (Houba et al. 2000). Since then, it has become a popular soil test
for quantifying the level of plant-available ortho-P in soil (Hylander, Svensson, and Siman 1995;
Reijneveld et al. 2014). In 0.01 M CaCl2 soil extracts, the ortho-P concentration is controlled by
desorption processes being a function of, amongst others, the P loading of Fe- and Al-(hydr)oxides
(Koopmans et al. 2004a, 2004b) and the loading of competing ions including HS (Regelink et al. 2015).
Soil extraction with 0.01 M CaCl2 is, therefore, useful to determine effects of HS on the equilibrium
ortho-P concentration under controlled solution conditions including a constant ionic strength and
Ca concentration. However, these solution conditions do not necessarily reflect the ionic strength and
Ca concentration of soil pore water (De Troyer et al. 2014). Therefore, the 0.01 M CaCl2 soil extraction
method may not be sensitive enough to detect subtle changes in DOC or ortho-P concentrations
resulting from the application of relatively small amounts of HS. Especially HA is prone to coagulate
and precipitate under the influence of Ca starting from a Ca concentration as low as 2.5 mM (Römkens
and Dolfing 1998). Instead of mimicking soil pore water conditions by the 0.01 M CaCl2 soil extraction
method, soil pore water samples can be collected with in-situ soil moisture samplers, lysimeters, or by
centrifugating moist soil (Macaulay, Edwards, and SHAND 1997).
The objective of this study was to assess the effect of commercially available HA and FA on nutrient
uptake and above-ground biomass of grass (Poa trivialis) in a pot experiment in the greenhouse with
two soils where fertilization with N, P, K, S, and Ca was either applied or withheld. Two soils with
a different P status and contrasting soil characteristics were selected in order to test the effectiveness of
HA and FA at a low and moderate P status. Below-ground effects were assessed through analysis of the
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composition of soil pore water samples, extracted using centrifugation of moist soil, and 0.01 M CaCl2
soil extracts. Results are interpreted focussing on the effects of HS on (i) grass yield and nutrient
uptake for the two different soils with and without fertilization and (ii) the composition of the soil
porewater samples and 0.01 M CaCl2 soil extracts and how the results of these below-ground
measurements are related to the above-ground grass yield results.

Materials and methods
Biostimulants
Two commercially available biostimulants, LIQHUMUS and FULVAGRA, were supplied by the
firm HuminTech, Grevenbroich, Germany (www.humintech.de). The LIQHUMUS consists pre
dominantly of HA and is hereafter referred to as HA. It is obtained from leonardite through
extraction with KOH. The biostimulant FULVAGRA mainly contains FA, hereafter referred to as
FA, and this biostimulant is recovered from groundwater subtracted from aquifers beneath peat
areas in order to be used for drinking water. The brownish color of this water is removed by ionic
exchange which produces a FA-rich concentrate as a side-product which is marketed as
a biostimulant.
The organic matter of the HA and FA products was fractionated into particulate organic carbon
(POC), HA, FA, and hydrophilic acids (Hy) using a method which is partly based on the rapid batch
procedure of Van Zomeren and Comans (2007). First, both products were diluted with demineralized
water to a Total Organic Carbon (TOC) concentration between 200–650 mg L−1. This was done
because in preliminary tests, TOC concentrations below or above this range affected the outcome of
our fractionation method whereas this was not the case when the fractionation was performed on
samples with a TOC concentration in the aforementioned range. Total organic carbon was measured
in the diluted samples before and after filtration over a 0.45 µm-membrane filter (Whatman Aqua 30/
0.45 CA), with POC calculated as the difference. Thereafter, the filtered sample was acidified to pH 1
using concentrated hydrochloric acid to precipitate HA. The acidified sample was centrifuged at
3000 rpm for 10 min and TOC was analyzed in the supernatant containing FA and Hy. The HA
concentration was calculated as the difference in TOC before and after acidification. Thereafter,
a DAX resin was added to the acid supernatant to bind FA. The DAX resin was removed by filtration
and the Hy concentration was determined by measuring TOC in the supernatant. The FA concentra
tion was calculated as the difference between the TOC concentration measured after acidification and
the Hy concentration. Total organic carbon was measured by a fully automated Segmented Flow
Analyzer (SFA; Skalar, SAN++, Breda, The Netherlands) after removal of CO2. During the SFA
measurement, TOC is oxidized to CO2 by the addition of potassium persulfate and sodium tetraborate
and exposure to UV light, followed by CO2 measurement using an infrared detector. Total N content
of the HA and FA was determined after digestion with a mixture of H2SO4, salicylic acid, and H2O2,
with Se as a catalyst, followed by spectrophotometric analysis of NH4 and NO3 in the digests
(Temminghoff and Houba 2004) using an SFA. Total concentrations of P, Ca, Mg, S, K, Na, Fe and
Al were determined after digestion by aqua regia (HNO3/HCl), followed by analysis of the digests by
Inductively Coupled Plasma – Optical Emission Spectrometry (ICP-OES, Thermo Fisher Scientific,
iCAP 6500 duo, Waltham, Massachusetts, United States). The HA and FA products were stored in
a refrigerator until the start of the pot experiment.
Soil collection and characterization
Two soils were collected from agricultural fields in The Netherlands. A non-calcareous sandy soil
(Podzol) was collected from an arable field near Cranendonck (51°18ʹN, 5°36ʹE) and a loamy soil
(Fluvisol) was collected from a grassland on a floodplain of the river Meuse near Lottum (51°26ʹN, 6°
9ʹE). These two soils were chosen because they have a low (loam) and high (sand) soil P status. Soils
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were air-dried, sieved (5 mm) and homogenized prior to the pot experiment. A subsample was ovendried (40°C) and sieved (2 mm) prior to chemical analysis.
Soil organic matter (SOM) was determined by the loss-on-ignition method (Reeuwijk,2002). The
clay content was determined by the pipette method after dispersion of the soil in sodiumpyrophosphate (Reeuwijk,2002). To determine the soil P status, a mixture of acetic acid and ammo
nium lactate (P-AL) was used as an extractant (Egnér et al.1960). Furthermore, water-extractable
P (Pw) was determined at a soil:solution ratio of 1:60 (v/v) after a 22 h incubation step of moist soil at
20°C (Sissingh 1971). For both P-AL and Pw, ortho-P was measured in the extracts spectrophotome
trically using an SFA. In The Netherlands, P-AL and Pw are routinely used as soil extraction methods
in agricultural practice to determine the soil P status for the P fertilizer recommendation system of
grassland and arable land, respectively (Reijneveld et al. 2010). Amorphous Fe- and Al-(hydr)oxides
and P reversibly bound to these (hydr)oxides were determined by the 0.2 M ammonium oxalate
extraction method (Schwertmann 1964). Concentrations of Fe (Feox), Al (Alox), and P (Pox) in these
soil extracts were measured by ICP-OES.
Pot experiment
The pot experiment was performed in a greenhouse. Rough meadow-grass (P. trivialis) was chosen
because this grass species is sensitive toward P deficiency (Ros et al. 2018). The experiment was
designed as a three-factorial design, with two soil types (sand and loam), fertilization (absent and
present), and biostimulant application (absent, HA, and FA). In total, there were 12 treatments (i.e., 2 *
2 * 3). Each treatment was replicated three times resulting in a total number of 36 pots, distributed over
three blocks with each block having one pot from each treatment. The position of the pots within the
blocks was randomly chosen and the position of each pot changed weekly. The pots had a diameter of
20 cm and a depth of 23 cm and were filled with either 6 kg loamy sand soil or 5.5 kg loam soil. On top
of the soil, a 1 cm-germination layer consisting of quartz sand was applied to prevent salt stress of the
grass seeds during germination.
For fertilization, salt solutions were prepared with NH4NO3, NH4Cl, (NH4)2SO4, KNO3, KCl, KH2
PO4, and CaCl2. These solutions were supplied to each pot receiving fertilization to establish a fertilizer
application of 30.1 mmol N, 1.6 mmol P, 8.7 mmol K, 1.5 mmol S, and 2.8 mmol Ca pot−1, which is
similar to 134 kg N, 15 kg P, 15 kg S, 108 kg K, and 36 kg Ca ha−1. The salt solutions were mixed
through the soil prior to the start of the pot experiment. After the first cut, a second dosage of
15.7 mmol N, 1.1 mmol P, 6.7 mmol K, and 1.5 mmol S pot−1 was given corresponding to 70 kg N,
11 kg P, 15 kg S, and 83 kg K ha−1. The fertilizer solutions were spread over the surface of the pot
followed by spraying 180 mL water. Nutrient dosages per ha were calculated as the dosage per pot
divided by the surface area of the pot.
Biostimulant was applied at the start of the experiment and after the first grass harvest. Both times,
the dosage amounted to 100 mg C kg−1 soil which is equivalent to about 175 (loam) and 190 (sand) kg
C ha−1, as calculated from the dosage and the surface area of the pot. Hence, the total biostimulant
dose was 200 mg C kg−1. The first dose was given prior to the start of the pot experiment. Biostimulant
was spread on top of the soil before adding the germination layer consisting of 1 cm of unfertilized
quartz sand and 180 ml water. The second dosage was given after the first grass harvest. For this second
dosage, biostimulant products were diluted with demineralized water to a concentration of 6 mg C L−1,
spread equally over the soil surface, followed by spreading the daily water gift on top of the soil.
At the start of the pot experiment, four grams of P. trivialis seeds obtained from Barenbrug Holland
B.V. (Nijmegen, The Netherlands) were sown in each pot in the germination layer. For the first five
days, pots were covered with plastic to keep the soil moist and to stimulate germination. The soil
moisture content was maintained gravimetrically at 60% of the maximal water holding capacity
(WHC) throughout the experiment by watering at alternating days through a watering tube placed
in the middle of the pot. Grass was harvested twice with a growing period of 40 days between each cut.
For both harvests, the grass was cut 3 cm above the soil surface and weighed to determine fresh yield.

COMMUNICATIONS IN SOIL SCIENCE AND PLANT ANALYSIS

5

The grass was thereafter dried at 70°C for 24 hours and milled (<1 mm) prior to further analyses. Total
N and P contents in the grass tissue were determined after digestion with a mixture of H2SO4, salicylic
acid, and H2O2, with Se as a catalyst, followed by analysis of N and P in the digests using an SFA
(Temminghoff and Houba 2004). The day before the second harvest, demineralized water was added
to each pot to raise the soil moisture content to 80% of the maximal WHC to facilitate the collection of
soil pore water by means of centrifugation. Directly after harvesting, a bulk soil sample of about 0.5 kg
was collected from each pot after mixing the soil in a tray. The moist soil was sieved (5 mm) to remove
roots and kept at 4°C until being centrifuged. Soil pore water was extracted using a centrifugal
drainage technique (Fraters et al. 2017). The soil was packed in a polytetrafluoretheen (PTFE) doublebottomed centrifugation cup (160 cm3). Prior to use, the centrifugal filter units with one layer of filter
paper (Whatman quantitative filter paper, ashless, Grade 589/3 blue ribbon) and one layer of
a 0.45 μm-membrane filter (Whatman NC45) were rinsed in demineralized water and air-dried.
The soils were centrifuged at 7000 rpm for 15 min in an average centrifugal field of 7500 x g (Sorval
RC 6 Plus, Thermo Fisher Scientific, Waltham, Massachusetts, United States). Next, soil pore water
(15–30 ml) was transferred to a polypropylene tube and stored at 4°C until chemical analysis. Blanks of
demineralized water were included in this procedure. Since the soil pore water still contained some
suspended material, they were additionally filtered through a 0.45 µm-membrane filter prior to
analysis.
In the soil pore water samples, DOC was analyzed by an SFA. Total dissolved P (TDP) was analyzed
by ICP-OES. Orthophosphate (ortho-P) was measured colorimetrically according to the molybdenum
blue method of Murphy and Riley(1962) using an SFA. Dissolved organic P (DOP) was calculated as
the difference between TDP and P-PO4. Total N (TN), N-NH4, and N-(NO3+ NO2) were measured
colorimatrically using an SFA. Dissolved organic nitrogen (DON) was calculated as the difference
between TN and the sum of N-NH4 and N-(NO2+ NO3). Also, pH and electrical conductivity (EC)
were measured in the soil pore water samples. Ionic strength was calculated from the EC using
Equation 1 (Sposito 2008):
log10 I ¼ 1:159 þ 1:009 log10 EC

(1)

where I is the ionic strength (mmol L−1) and EC the electrical conductivity in dS m−1.
The remaining soil was oven-dried (40°C) and sieved (<2 mm) and used to extract readily available
nutrients with 0.01 M CaCl2 as an extractant with a soil:solution ratio of 1:10 (w:v) and a shaking time
of 2 hours (Houba et al. 2000). The suspensions were centrifuged at 3000 rpm for 10 min and
thereafter filtered over a 0.45 µm-membrane filter. In these filtrates, pH, DOC, Ortho-P, TDN, NNH4, and N-(NO3+ NO2) were measured using the above described analytical methods.
Statistical analysis
Statistical analyses were performed using IBM SPSS 23.0. Data were tested for normality and homo
geneity. When the necessary assumptions were met, two-way analysis of variance (ANOVA) was
performed. For nutrient uptake and yield, an ANOVA model with soil, biostimulant, and fertilization
as dependent treatment factors was used. For the soil-related data, each soil type was analyzed
separately using biostimulant and fertilization as dependent factors. In both cases, Tukey’s honestly
was used as post-hoc test to determine the differences between treatments.

Results
Biostimulant composition
The TOC content of the biostimulants, its distribution between the POC, HA, FA, and Hy fractions,
and elemental composition are given in Table 1. The TOC content of the FA product amounts to 108 g
L−1 which consists for 85% of FA and 11% of Hy. The HA product has a TOC content of 106 g L−1

6

I. C. REGELINK AND G. F. KOOPMANS

Table 1. Composition of the fulvic acid (FA) and humic acid (HA) used in the pot experimenta.
Description
Fulvic acid
Humic acid

pH
(-)
8.7
9.5

TOCb
(g l−1)
108
106

POCc
(%)
0
9

HA
(%)
4
87

FA
(%)
85
3

Hyd
(%)
11
1

N
(g l−1)
1.5
2.0

K
(g l−1)
0.0
31.7

Mg
(g l−1)
0.1
0.3

S
(g l−1)
1.7
0.7

Ca
(g l−1)
0.5
3.4

Na
(g l−1)
32
0.6

P
(g l−1)
0.009
0.019

a

POC, HA, FA and HY are expressed as a percentage of TOC. b TOC: Total organic carbon, c POC: particulate organic carbon >0.45 µm;
d
Hy: hydrophilic acids.

which is predominantly present as HA (i.e., 87%) and a smaller contribution of POC (i.e., 9%). Both
products are alkaline and contain some N but little P. The high Na content in the FA product is due to
the use of NaCl to regenerate the ion exchange resins used to remove FA from drinking water. The HA
product has a high K content due to the use of KOH to extract the HA from leonardite.
Soil characteristics
Soil characteristics of the sandy and loamy soil are given in Table 2. The sandy soil is slightly acidic, has
a SOM content of 3.8%, and a clay content of 1%. The P-AL value and Pw value amount to 232 mg
P kg−1 and 29 mg P L−1, respectively. Hence, the P status of the sandy soil is fairly high according to soil
fertility standards in The Netherlands (Reijneveld et al. 2010). The loamy soil has a SOM content of
6.0% and a clay content of 16% with a pH of 6.3. The P-AL value of 47 mg kg−1 and the Pw value of
5 mg L−1 are very low in terms of P availability (Reijneveld et al. 2010). Also, the P loading of Fe- and
Al-(hydr)oxides, defined as the molar ratio of Pox versus the summed amounts of Feox+Alox (i.e., α)
(Koopmans, Chardon, and McDowell 2007), is lower for the loamy soil as compared to the sandy soil.
The lower α value of the loamy soil is in line with the lower Pw value of this soil as compared to the
sandy soil, because the P loading of metal (hydr)oxides controls the P concentration in the water
extracts obtained with the Pw method through desorption processes (Koopmans, Chardon, and
McDowell 2007).
Grass yield and nutrient uptake
In Figure 1, total dry matter yield of P. trivialis and total N and P uptake in the first and second harvest
are presented in combination with the average N and P contents and N:P ratios of the above-ground
biomass. Fresh and dry matter yields and N and P uptake for the two separate grass harvests are
available in the Supporting Information (Table S1). Regardless of soil type and fertilization, applica
tion of the biostimulants FA and HA had no significant effect on total dry matter yield, N and
P content of the grass, or total N or P uptake.
Fertilizing both soils with macro-nutrients (N, P, K, S, and Ca) significantly increased total dry
matter yield and total N and P uptake (Figure 1). On average, dry matter yield almost doubled after
fertilizer application as compared to the unfertilized treatments. Total dry matter yield was similar for
both soil types. However, total P uptake and P content of the above-ground biomass was significantly
higher for the sandy soil as compared to the loamy soil regardless of the treatment. This can be
Table 2. General characteristics of the sandy and loamy soils used in the pot experiment.
Soil
Sand
Loam
a

SOMa
(%)
3.8
6.0

Clay
(%)
1
16

pH-CaCl2
(-)
5.5
6.7

Aloxb
31
29

Feoxb
(mmol kg−1
27
74

Poxb
17
9

αc
(mol mol−1)
0.29
0.09

P-ALd
(mg P kg−1)
232
47

Pwe
(mg P L−1)
29
5

SOM: soil organic matter determined by loss-on-ignition. b Alox, Feox, and Pox: Al, Fe, and P extractable with 0.2 M acid ammonium
oxalate, c α = Pox/(Feox+Alox), d P-AL = P extractable in acetic acid and ammonium lactate, e Pw = P extractable with water at a soil:
solution ratio of 1:60 (v/v)
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a

a
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C
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C
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Total P uptake (g)

C

C
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0.8

c

c
16

0

Total N uptake (g)

B

b

N/P ratio (-)
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7

b

b

b
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d
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a

d
d

a

a

c

c

c
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HA

C
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4

a
b
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a

a

b

a

a

a

a

b

b
c
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b

b

c

c
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a

a

3

c

c

c

c

c

c

2
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0

C
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C
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C
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HA

C
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C
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C
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Unfertilized
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Figure 1. Total dry matter yield (A), N/P ratio (B), total N and P uptake (C and D) and N and P content (E and F) averaged over the first
and second harvest of grass grown on the sandy and loamy soil in unfertilized and fertilized treatments and in the absence and
presence of FA (fulvic acids) or HA (humic acids). Letters denote significant differences between treatments (p < .05) and error bars
represent the standard error.

explained by the higher soil P status of the sandy soil as compared to the loamy soil (Table 2).
Apparently, the given dosage of P fertilizer was by far not sufficient to alleviate the very low soil
P status of the loamy soil. In both soils, fertilization significantly increased total P uptake while the
P content remained constant. Hence, the higher total P uptake from both soils is due to the increase in
yield following fertilization rather due to an increase in P content of the grass. In contrast, the
N content of the grass significantly increased upon fertilization for both soils. Overall, N was the
growth-limiting factor on the sandy soil as the N:P ratios of the unfertilized and fertilized treatments
(Table S1) were all below the critical threshold of 14 (Koerselman and Meuleman,1996). When the N:P
ratio is between 14 and 16, either N or P limits grass growth or grass growth is co-limited by N and
P together (Koerselman and Meuleman,1996). When the N:P ratio is above 16, P is the growthlimiting factor. Since the N:P ratios of the second harvest were lower than those for the first harvest
(Table S1), N may have become increasingly depleted in the sandy soil during the pot experiment. For
the loamy soil, the N:P ratios of the unfertilized treatments were significantly higher than for the sandy
soil but only exceeded the threshold of 16 in the first harvest of the fertilized treatments. Hence, N was
most likely the growth limiting factor in the unfertilized treatments of the sandy and loamy soils. In the
fertilized treatments, N was the growth-limiting factor for the sandy soil whereas P was the growthlimiting factor for the loamy soil.

a

No
No
No
Yes
Yes
Yes
Sign. Fert.k
Sign. BSk
No
No
No
Yes
Yes
Yes
Sign. Fert.k
Sign. BSk

S

No
FA
HA
No
FA
HA
No
FA
HA
No
FA
HA
-

BS.b

Soil pore water

pH
Ic
DOC d
(-)
(mmol L−1) (mg L−1)
6.9 a
4.6 a
199 a
6.8 a
6.0 a
192 a
7.1 a
4.8 a
210 a
6.5 b
8.0 b
72 b
6.4 b
16.5 b
85 b
6.5 b
12.7 b
71 b
<0.005
<0.005
<0.005
0.27
0.09
0.966
7.7 a
2.5 a
45 a
7.7 a
2.6 a
54 b
7.7 a
2.3 a
40 a
7.5 b
10.8 b
22 c
7.5 b
17.2 b
36 d
7.4 b
11 b
22 c
<0.005
<0.005
<0.005
0.559
0.09
<0.005

N-NH4
N-NO3
DONe
TDPf
Ortho-Pg
(mg L−1) (mg L−1) (mg L−1) (mg L−1) (mg L−1)
0.7 a
11 a
11.5 a
1.6 a
0.63 a
0.8 a
16 a
11.5 a
1.6 a
0.62 a
0.6 a
13 a
10.6 a
1.7 a
0.62 a
0.4 b
19 ab
4.7 b
0.53 b
0.30 b
0.4 b
49 b
3.5 b
0.43 b
0.20 b
0.5 b
40 b
3.8 b
0.47 b
0.24 b
<0.005
<0.005 <0.005 <0.005
<0.005
0.55
0.058
0.82
0.97
0.77
0.4
3a
3.2 a
0.15 a <d.l.i
0.5
5a
3.0 a
0.12 a <d.l.
0.2
5a
3.0 a
0.12 a <d.l.
0.4
16 b
1.7 b
0.07 b <d.l.
0.6
42 b
0.4 b
0.10 b <d.l.
0.5
27 b
0.6 b
0.07 b <d.l.
0.128
<0.005 <0.005 <0.005
0.129
0.30
0.543
0.529
-

N-NO3
DONe
Ortho-Pf
(mg L−1) (mg L−1) (mg L−1)
0.89 a
0.61
0.12 a
0.94 a
0.69
0.12 a
0.86 a
0.66
0.12 a
1.06 ab
0.64
0.15 b
1.80 b
0.66
0.15 b
1.73 b
0.66
0.15 b
<0.005
0.28
<0.005
0.09
0.95
0.77
1.20
0.92
<d.l.i
0.80
0.86
<d.l.
0.80
0.87
<d.l.
1.13
0.96
<d.l.
1.56
0.89
<d.l.
0.83
0.90
<d.l.
0.412
0.381
0.517
0.501
-

0.01 M CaCl2 soil extract
DOPh
pH
DOCd
N-NH4
(mg L−1)
(-)
(mg L−1) (mg L−1)
0.95 a
5.5 a
7.47
0.10
1.00 a
5.4 ab
8.53
0.10
1.09 a
5.5 a
8.40
0.11
0.23 b
5.3 b
8.03
0.10
0.23 b
5.3 b
8.70
0.11
0.23 b
5.2 b
8.43
0.11
<0.005
<0.005
0.30
0.28
0.95
0.34
0.03
0.10
n.d. j
6.7
11.0
0.08
n.d.
6.8
10.8
0.07
n.d.
6.7
10.4
0.07
n.d.
6.7
11.3
0.08
n.d.
6.7
10.6
0.08
n.d.
6.7
10.9
0.07
0.560
0.544
0.804
0.120
0.538
0.607

Fertilizer application (N, P, K, S, and Ca), b BS: biostimulant, either based on FA (fulvic acid) or HA (humic acid), c I: Ionic strenght; calculated from the electrical conductivity using Equation 1, d DOC:
dissolved organic carbon, e DON: dissolved organic nitrogen (TDN minus N-(NH4+ NO3), f TDP: total dissolved phosphorus after filtration over 0.45 µm, g Ortho-P: orthophosphate, h DOP: dissolved
organic phosphorus (TDP minus ortho-P), i d.l.: < detection limit (0.03 mg L−1 for ortho-P), j n.d. not determined (n.d.); for the loamy soil, ortho-P was below the detection limit, k Level of
significance of factors ‘Fertilization’ and ‘Biostimulant,’ for blanc fields, the statistical test was not performed because data did not meet requirements on normality

L

Ferta

Soil

Table 3. Composition of the pore water samples and the 0.01 M CaCl2 soil extracts from the sandy (S) and loamy (L) soils at the end the pot experiment without and with fertilization (N,P,K,S,Ca) and
without and with application of a biostimulant (fulvic acid or humic acid). Different letters denote statistically significant difference (p < .005; n: 3).

8
I. C. REGELINK AND G. F. KOOPMANS

COMMUNICATIONS IN SOIL SCIENCE AND PLANT ANALYSIS

9

pH (-)

8.0
R² = 0.74

7.5

Sand
Loam

7.0

6.5

R² = 0.54

6.0
0

5

10

15

Ionic strenght

20

25

30

(mmol L-1 )

Figure 2. Relation between the pH and the ionic strength of the soil porewater samples from the sandy soil and from the loamy soil.
Lines are linear regression lines.

Soil pore water composition
The soil pore water composition is given in Table 3. Fertilization led to a significant decrease in the pH
in the pore water samples for both soils. For the loamy soil, the pH decreased by 0.2 to 0.3 units
whereas the pH decrease for the sandy soil was 0.4 to 0.6 units. The ionic strength increased
significantly with a factor of on average 2.4 and 5.3 after fertilization of the sandy and loamy soils,
respectively. Furthermore, fertilization led to a significant decrease in the concentrations of DOC,
DON and, for the sandy soil, DOP. The DOP concentrations could not be determined for the loamy
soil, because the ortho-P concentrations were all below the detection limit. In the sandy soil, inter
estingly, the DOC/DOP ratio in soil pore water increased upon fertilization from on average 201 ± 10
to 380 ± 23 (results not shown). Apparently, fertilization preferentially removed Dissolved Organic
Matter (DOM) more rich in organic P from the soil pore water. Fertilization including N, P, K, S, and
Ca also caused a significant increase in the N-(NO3+ NO2) concentrations. In contrast, TDP and
ortho-P concentrations were significantly lower in the fertilized treatments of the sandy soil. For the
loamy soil, a similar effect of fertilization on TDP solubility was observed, although this effect could
not be found for ortho-P because the ortho-P concentrations were all below the detection limit as
mentioned above.
Application of FA led to a small but significant increase in DOC in the pore water samples of the
loamy soil but not for the sandy soil. In contrast, HA application had no effect on DOC. Furthermore,
neither HA nor FA had a significant effect on the nutrient concentrations in the pore water samples of
the sandy and loamy soils. The ionic strength was somewhat higher in the treatments with FA but this
effect was not significant. The higher ionic strength in the treatments with FA is likely due to the high
Na concentration of 32 mg L−1 (Table 1) of this product.
The pH in the pore water samples was negatively related with the ionic strength with R2 values of
0.74 and 0.55 for the sandy and loamy soils, respectively (Figure 2). For the sandy soil, ortho-P and
DOC concentrations in pore water samples were negatively related with ionic strength (R2 = 0.57 and
0.28, respectively) and positively with pH (R2 = 0.40 and 0.36, respectively) (Figure 3). Similar, trends
were observed in the loamy soil where DOC was negatively related with ionic strength (R2 = 0.31) and
positively with pH (R2 = 0.42). Ortho-P was below detection limit in the loamy soil and, therefore, not
included.

Composition of the 0.01 CaCl2 soil extracts
The composition of the 0.01 M CaCl2 soil extracts is given in Table 3. The composition differed from
the soil porewater samples. For both soils, the pH was on average 1.1 ± 0.07 unit lower and
concentrations of DOC and N-NO3 were on average a factor 10.1 ± 9.3 and 3.3 ± 1.9 lower as
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Figure 3. Concentrations of ortho-P and dissolved organic carbon (DOC) plotted against ionic strength and pH in the porewater
samples from the sandy soil (A, B, C, and D) and from the loamy soil (E and F). Ortho-P was below detection limit in the loamy soil and
therefore not presented. Lines are linear regression lines.

compared to the soil porewater samples. For the loamy soil, ortho-P concentrations were below the
detection limit. For the sandy soil, the ortho-P concentration in the 0.01 M CaCl2 soil extracts was
a factor 3.4 ± 2.0 lower as in the soil porewater samples.
In the sandy soil, fertilization led to a significant decrease in the pH of the treatments without
biostimulant and with HA-containing biostimulant. However, the decrease was only 0.1 pH units and
was much smaller than for the soil pore water samples. No significant differences were observed in pH
between the unfertilized and fertilized treatments of the loamy soil. Differences in N-NO3 were small
and mostly non-significant due to the large variation in the concentration of N-NO3 between
individual samples. In contrast to the soil pore water samples, there was no effect of fertilization on
DOC or DON concentrations. For the 0.01 M CaCl2 soil extracts, TDP concentrations were not
measured and, therefore, DOP could not be determined. For the sandy soil, fertilization caused a small
but significant increase in the ortho-P concentration for the treatments without biostimulant and with
FA- and HA-containing biostimulant. The ortho-P concentration was below the detection limit for all
treatments of the loamy soil. Application of FA and HA had no effect on the composition of the 0.01 M
CaCl2 soil extracts of both soils.
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Discussion
Neither yield nor nutrient availability was improved by application of FA or HA
The pot experiment included treatments in which the biostimulants FA or HA were combined with
applying or withholding fertilization with N, P, K, S, and Ca. Neither FA nor HA had an effect on
grass yield, N and P contents, and total N and P uptake regardless of soil type and whether
fertilization was applied or withheld (Figure 1). In the pot experiment, N was the growth-limiting
factor in the sandy soil and the unfertilized loamy soil whereas grass growth on the fertilized loamy
soil was likely limited by P. Hence, regardless of which nutrient was limiting grass growth, no effect
on grass yield, nutrient uptake, or nutrient content was observed. This lack of an effect of the added
FA and HA products in our pot experiment seems to be in contrast with the result of a meta-analysis
of Rose et al. (2014) who found an average response ratio of above-ground biomass of plants to an
HS application of 22%. However, this effect was inconsistent according to these authors because in
half of the studies included in the analysis, no effect or only a small effect of less than 5% on yield
was found which was considered agronomically irrelevant (Rose et al. 2014). These authors could,
however, not find a satisfying explanation for the differences in the response ratio of plants to the
application of HS.
One of the unresolved factors identified by Rose et al. (2014) which can help to explain the lack of
an effect of the added FA and HA products in our pot experiment is the effect of product dosage. In
our study, a total HS dosage of 200 mg C kg−1 soil divided over two applications was used, i.e., one of
100 mg C kg−1 soil at the start of the pot experiment and the remaining one of 100 mg C kg−1 soil after
the first harvest. A dosage of 200 mg C kg−1 corresponds to 280 kg C ha−1 assuming that the HS are
homogenously distributed over the top ten cm of the soil and assuming a bulk density of 1.4 kg L−1.
According to the meta-analysis of Rose et al. (2014), studies reported in literature cover an TOC
dosage from tens to several thousands of mg TOC kg−1 soil but, despite this wide range, no correlation
was found between product dosage and plant yield response (Rose et al. 2014). The lower end of the
range as found by Rose et al. (2014) corresponds to application rates advised by commercial suppliers
of biostimulants. For example, Humintech GmbH, the supplier of the FA and HA products used in our
study, advises to use these products, with a TOC content of about 100 g L−1, at a dosage of 25 to 47 L
ha−1 which is equivalent to 1.8 to 3.4 mg C kg−1 soil when assuming a mixing depth of 10 cm and
a bulk density of 1.4 kg L−1. In contrast, the upper end of the range of application rates reported in the
meta-analysis of Rose et al. (2014) amounts to 1000 mg C kg−1 soil. One other aspect which is still
unresolved is the effect of the different types of HS products and the modes of how they can be applied
in the field by farmers. Commercial HS products are available in the form of liquid products and solid
products and they can be used as additives in liquid and granular fertilizers. These different types of
products enable farmers to apply HS by means of spreading, row fertilization, or fertigation but little is
known about the differences in effectiveness of various HS products and modes of application (Rose
et al. 2014; Verlinden et al. 2010). In our pot trial, the first dosage of biostimulant was mixed through
the soil whereas the second was spread on the surface.
Biostimulants based on HS are often perceived as being effective at a very low dosage (Canellas et al.
2015; Gerke 2010). This perception is based on observations in hydrocultures or soilless cultures in
which HS were found to be effective at very low concentrations. For example, HS concentrations as
low as 5 mg C L−1 and 24 mg C L−1 were found to be effective in promoting N uptake and root
elongation of Zea mays (Eyheraguibel, Silvestre, and Morard 2008; Vaccaro et al. 2015). This
concentration range is low compared to the DOC concentrations found in the pore water samples
of the sandy soil (72 to 199 mg L−1) and loamy soil (22 to 45 mg L−1) (Table 3) without addition of the
biostimulants. Hence, it is doubtful whether an additional dosage of HS to soil is as effective as when
tested in a hydroculture experiment were the reference treatment contains no DOC at all. Secondly,
another factor being overlooked when translating results from hydrocultures to soil are the interac
tions between HS and reactive mineral soil particles. Humic substances have a high affinity for
adsorption to Fe- and Al-(hydr)oxides and oxidic clay mineral edges, with the extent of HA and Fa
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adsorption depending upon soil properties such as pH, Ca and ortho-P concentrations, and the
surface area of reactive mineral soil particles (Weng, Van Riemsdijk, and Hiemstra 2007). Hence,
addition of HS to soil does not necessarily lead to an increase in the HS concentration in pore water. In
our study, addition of HA had no effect on the DOC concentration in soil pore water whereas addition
of FA had a small effect, although this was observed only for the loamy soil. Fulvic acid has a lower
affinity for adsorption to Fe-(hydr)oxides compared to HA (Deng et al. 2019) which may explain the
presence of slightly elevated DOC concentration for the loamy soil treated with FA. Hence, the HS
added to the sandy and loamy soils in our pot experiment were probably mainly bound to reactive
mineral soil particles. Consequently, exposure of the grass roots to HS hardly increased implying that
no hormonal effects of the added biostimulant on root development and N uptake can be expected.
Addition of FA or HA had no effect on the P content in the grass and total P uptake (Figure 1) and
neither on the ortho-P concentrations in the soil pore water samples and the 0.01 M CaCl2 soil extracts
(Table 3). Both FA and HA are known to compete with ortho-P for adsorption onto surfaces of Feand Al-(hydr)oxides in soil which may lead to an increase in ortho-P solubility (Regelink et al. 2015;
Weng, Van Riemsdijk, and Hiemstra 2008). Fulvic acid is a stronger competitor for ortho-P as
compared to HA due to its lower molecular weight and hence larger number of molecules per gram
carbon and the shorter distance of FA to the surfaces of metal-(hydr)oxides as compared to HA where
the competitive interaction with ortho-P takes place (Deng et al. 2019; Weng, Van Riemsdijk, and
Hiemstra 2008). In a pot experiment with calcareous soil, application of FA at dosages of 300 and
700 mg C kg soil−1 had an effect on both 0.01 M CaCl2-extractable ortho-P and P offtake by soy bean
(Regelink, Rietra, and Comans 2019). Similarly, the simultaneous application of HA and mineral
P fertilizer on top of a calcareous soil in a column experiment, in a similar dosage as used in our pot
experiment, was found to increase the distance of downward P movement and water-extractable
ortho-P (Du et al. 2013). In another study with calcareous soil, a similar effect was found after
application of pelletized P fertilizer treated with HA (Wang, Wang, and Li 1995). Furthermore, in
a series of calcareous soils with a varying Soil Organic Carbon (SOC) content and P loading, watersoluble ortho-P was found to be positively related to the SOC content (Regelink et al. 2015). Hence,
positive effects of HA and SOC on P availability have only been shown for calcareous soils. In our
study, the sandy soil used in our pot experiment was non-calcareous, but the loamy soil contained
a small amount of calcium carbonate (0.6%). However, observations from literature of HS effectively
increasing ortho-P solubility in calcareous soils seems to be in contrast with results from synthetic
batch systems in which goethite is used as a sorbent; according to findings from such systems,
competitive interactions between HA and ortho-P are highest at pH 6 and only small under neutral
to alkaline conditions (Deng et al. 2019; Hiemstra et al. 2013; Kurnain 2016; Weng, Van Riemsdijk,
and Hiemstra 2008). Such synthetic batch systems with model compounds like goethite are, however,
a simplification of true soils and may not be representative for the complexity of the interactions
taking place between HS and ortho-P in soil. Another relevant factor determining the effect of HS on
ortho-P solubility is the initial ortho-P loading of the Fe- and Al-(hydr)oxide surfaces before the
addition of the FA and HA products. In batch experiments, addition of FA and HA had a strong effect
on the soluble ortho-P concentration when the initial P loading of the goethite was near its maximum
value (Deng et al. 2019). In our soils, the P loading (i.e., α) was very low for the loamy soil (α = 0.09 mol
mol−1) and relatively low for the sandy soil (α = 0.29 mol mol−1). The maximum P loading of Fe- and
Al-hydroxides in soil varies between 0.4 and 0.6 mol mol−1 (Koopmans et al. 2004b). Hence, the low
P loading is likely the reason for the lack of an effect of FA and HA on the soluble ortho-P
concentration in our pot experiment. This also implies that low dosages of HS may only be effective
in increasing ortho-P solubility under conditions of a high P loading that usually corresponds to a high
soil P status whereas no effects of HS may be expected for soils with a low P status.
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Composition of soil pore water versus 0.01 M CaCl2 soil extracts
Nutrient availability in soil was assessed by analysis of soil pore water samples, obtained by means of
centrifugation of moist soil, and by extraction of oven-dried soil with 0.01 M CaCl2 (Table 2). The
composition of the soil pore water samples and the 0.01 M CaCl2 soil extracts strongly differed. The
pH values and the concentrations of DOC, DON, ortho-P, N-NH4 and N-NO3 were substantially
lower in the 0.01 M CaCl2 soil extracts as compared to the soil porewater samples. The lower pH in the
0.01 M CaCl2 soil extracts is due its higher ionic strength which promotes desorption of protons
(Houba et al. 1990). The theoretical ionic strength of a 0.01 M CaCl2 solution amounts to 30 mM
which is a factor 3.6 higher as compared to the average ionic strength of the porewater samples
(8.2 ± 5.8 mM). The lower N-NH4 and N-NO3 concentrations in the 0.01 M CaCl2 soil extracts are
likely due to the much wider solution to soil ratio employed during this soil extraction method which
results in dilution for those ions that are poorly bound to reactive soil particles. The change in the NNO3 concentration can, however, not be used to calculate the dilution factor because the N-NO3
concentration in the 0.01 M soil extract is also affected by the soil pre-treatment procedure which
included oven-drying at 40°C. Soil drying results in an increase in N-NO3 concentrations due to lysis
of microbial biomass (Houba et al. 2000; Ros et al. 2011). The lower DOC and ortho-P concentrations
in the 0.01 M CaCl2 soil extracts as compared to the soil porewater samples cannot be explained by
dilution only because the concentrations of these ions are in equilibrium with the solid soil matrix
through desorption processes. Instead, the lower DOC and ortho-P concentrations can be explained
by the combination of the higher ionic strength, the higher Ca concentration, and the lower pH in the
0.01 M CaCl2 soil extracts as compared to the soil porewater samples. Adsorption of DOM and orthoP to Fe- and Al-(hydr)oxides increases at a higher ionic strength and higher Ca concentration due to
the synergistic effects of co-adsorption of these cations. The co-adsorption of such cations shields the
negative charge resulting from the presence of DOM and ortho-P already adsorbed at the surface
charge of the Fe- and Al-(hydr)oxides thereby reducing repulsive forces and promoting additional
DOM and ortho-P adsorption (Weng et al. 2005). In addition to this, a decrease in pH has a positive
effect on adsorption of DOM and P-PO4, because the surface charge of Fe- and Al-(hydr)oxides
becomes more positive at a lower pH (Weng, Van Riemsdijk, and Hiemstra 2007). Additionally,
coagulation and subsequent precipitation of DOM may have played a role as well. Coagulation of
DOM increases with an increase in ionic strength and a decrease in pH (Oste, Temminghoff, and Van
Riemsdijk 2002). Humic acids can coagulate at a Ca concentration of 2.5 to 10 mM, leading to their
removal from solution (Römkens and Dolfing 1998; Wall and Choppin 2003). Hence, due to the
solution conditions imposed by the 0.01 M CaCl2 soil extraction method, the composition of the CaCl2
soil extracts was clearly different from the soil porewater samples.
The soil pore water composition is significantly affected by fertilization with N, P, K, S, and Ca.
Firstly, the ionic strength of the soil pore water is higher due to dissolution of cations, most
importantly Ca, and anions added with the mineral fertilizers. The pH is about 0.2 to 0.6 units
lower in the fertilized treatments of the sandy and loamy soils. This decrease in pH can be explained
by enhanced desorption of protons to solution as a result of the higher ionic strength (Figure 2).
Secondly, for the sandy soil, the concentrations of DOC, TDP, ortho-P, DOP, and DON in the soil
pore water samples are lower after fertilization. Likewise, fertilization decreased the concentrations
of DOC and TDP for the loamy soil whereas this this effect could not be observed for ortho-P
because the ortho-P concentrations for this soil are all below the detection limit (Table 2). The
decrease in the concentrations of DOC and ortho-P in the soil pore water samples after fertilizer
application is likely due to the simultaneous increase in ionic strength and the decrease in pH (Table
2 and Figure 2). As discussed above, a higher ionic strength and Ca concentration and a lower pH
favor adsorption of DOM and ortho-P to Fe- and Al-hydroxides (Weng et al. 2005; Weng, Van
Riemsdijk, and Hiemstra 2007) and promote coagulation of DOM (Oste, Temminghoff, and Van
Riemsdijk 2002).
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The opposite trend was observed in the 0.01 M CaCl2 extracts where fertilization led to a small but
significant increase in ortho-P concentrations for the sandy soil. This increase is small because the
ortho-P concentration is well buffered due to adsorption of this anion to Fe- and Al-hydroxides. For
the loamy soil, ortho-P concentrations were all below the detection limit. Furthermore, DOC and
DON concentrations in the 0.01 M CaCl2 extracts did not differ between the unfertilized and fertilized
treatments of both soils, which is in contrast to the trends observed for the soil pore water samples.
This is because the use of a 0.01 M CaCl2 solution masks the differences in ionic strength between
fertilized and unfertilized treatments and, therefore, prevents salt-induced effects on DOM. The results
of our pot experiment do, however, not allow us to conclude whether the 0.01 M CaCl2 soil extraction
method or soil porewater centrifugation is the best method to predict the P availability in soil for
uptake by grass. For the sandy soil, the increase in 0.01 M CaCl2-extractable ortho-P after fertilization
was in accordance with the higher total P uptake by the harvested grass (Figure 1). However, the
increase in total P uptake was due to a higher total dry matter yield (Figure 1) resulting from
N fertilization, not P fertilization as grass growth was N-limited (Table S1). At the same time, the
ortho-P concentration in the soil pore water of the sandy soil decreased after P fertilization, due to
ionic strength and pH effects, as discussed above. Yet again, because grass growth was N-limited rather
than P-limited, it remains unknown whether this trend reflects the actual P availability in the soil. For
the loamy soil, the suitability of the 0.01 M CaCl2 extraction method and soil porewater samples as
a test for assessing the level of readily available P could not be assessed, because all ortho-P
concentrations were below the detection limit (Table 3).
Overall, the composition of soil pore water samples is affected by differences in ionic strength
and pH resulting from fertilization. Such fertilization-induced differences are effectively prevented
by using weak salt solutions such as 0.01 M CaCl2. A drawback of the 0.01 M CaCl2 soil
extraction method is, however, that the composition of the CaCl2 soil extracts does not corre
spond to the composition of centrifuged soil porewater samples because of their higher ionic
strength and Ca concentration which consequently affects the concentrations of DOC and orthoP in solution.

Conclusions
Application of FA and HA at a dosage of 200 mg C kg−1 soil to a sandy and loamy soil with a high and
very low P status, respectively, had no effect on grass growth (P. trivialis) and total N and P uptake
regardless of whether fertilization with N, P, K, S, and Ca was applied or withheld. Neither was there
an effect of FA or HA addition on the concentrations of DOC, DON, N-NO3, or ortho-P in soil
porewater or 0.01 M CaCl2 soil extracts. We argue that the lack of an effect of the tested HS is because
(i) the given dosages of HS are low compared to the amount of SOC already present in soil, (ii) HS
adsorb to reactive soil mineral surface and may, therefore, not be able to interact with plant roots as
they would do when applied in a hydroculture or soilless substrate and because (iii) an effect of HS
addition on ortho-P availability is only to be expected at a high P loading (i.e., 0.4–0.6 mol mol−1)
whereas our soils had a lower P loading (i.e., 0.09 and 0.29 mol mol−1).
Fertilizer application led to an increase in ortho-P concentrations in 0.01 M CaCl2 soil extracts but
to a decrease in the DOC and ortho-P concentrations in the soil pore water samples. This discrepancy
can be explained by the higher ionic strength of the soil pore water samples from the fertilized soils,
which caused the pH to drop by 0.2 to 0.4 units and thereby stimulated adsorption of ortho-P and
DOC to reactive soil minerals. Such salt-induced effects do not occur in 0.01 M CaCl2 soil extracts
where the ionic strength is nearly constant.
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