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Phosphomonoesterases play an important role in the soil phosphorus (P) cycle since
they hydrolyze P monoester to phosphate. Their activity is generally measured in
soil extracts, and thus, it remains uncertain how mobile these enzymes are and
to which extent they can be translocated within the soil profile. The presence of
phosphomonoesterases in soil solutions potentially affects the share of labile dissolved
organic P (DOP), which in turn would affect P leaching. Our study aimed at assessing
the production and leaching of phosphomonoesterases from organic layers and topsoil
horizons in forest soils and its potential effect on dissolved P forms in leachates
obtained from zero-tension lysimeters. We measured phosphomonoesterase activities
in leached soil solutions and compared it with those in water extracts from litter,
Oe/Oa, and A horizons of two beech forests with a contrasting nitrogen (N) and P
availability, subjected to experimental N × P fertilization. In addition, we determined
phosphate and DOP. In soil solutions leached from litter, Oe/Oa, and A horizons,
phosphomonoesterase activities ranged from 2 to 8 µmol L−1 h−1 during summer,
but remained below detection limits in winter. The summer values represent 0.1–1%
of the phosphomonoesterase activity in soil extracts, indicating that enzymes can
be translocated from organic layers and topsoils to greater soil depths. Activities of
phosphomonoesterases obtained by water extracts were greater in the organic layer of
the P-poor site, while activities of those in soil solutions were similar at the two sites.
Nitrogen addition increased phosphomonoesterase activities in leached soil solutions of
the organic layer of the N- and P-poor soil. Using a modeling approach, we estimated
that approx. 76% of the initial labile DOP was hydrolyzed to dissolved inorganic P within
the first 24 h. Back calculations from measured labile DOP revealed an underestimation
of approx. 15% of total dissolved P, or 0.03 mg L−1. The observed leaching of
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phosphomonoesterases implies that labile organic P could be hydrolyzed in deeper
soil horizons and that extended sample storage leads to an underestimation of the
contribution of DOP to total dissolved P leaching. This has been neglected in the few
field studies measuring DOP leaching.

Keywords: dissolved organic phosphorus, N x P fertilization experiment, hydrolysis, leaching, phosphate, sample
storage, organic layers

INTRODUCTION

Phosphorus (P) is an essential and, in some regions, a limiting
nutrient in forest ecosystems (Wardle et al., 2004; Vitousek
et al., 2010). There are also indications for a deteriorated P
nutrition in European temperate forests ecosystems (Talkner
et al., 2015). Potential reasons are uncertain but may include
a long-term depletion of ecosystems in P, an imbalance
between nitrogen (N) and P inputs due to global change
(Peñuelas et al., 2013) or a co-limitation by N (Harpole
et al., 2011). Phosphomonoesterases play an important role
in the P cycle by hydrolyzing organic P compounds – P
monoesters – to phosphate. Therefore, the activity of extracellular
phosphomonoesterases controls the P form in soil which in turn
determines its mobility and bioavailability in the plant and soil
system. Phosphomonoesterases can be released into extra-cellular
environments either actively by bacteria, roots, mycorrhizae,
fungi, protists, earthworms, and other fauna or passively from the
leakage of cytoplasm due to cell lysis (Spiers and McGill, 1979;
Dick, 2011). Process rates catalyzed by enzymes depend on their
activity (frequently expressed as the maximal potential rate Vmax)
and affinity for substrates (expressed by the Michaelis-Menten
constant KM, defined as the substrate concentration at half of
Vmax). Since phosphomonoesterases form a diverse group of
enzymes, these kinetic parameters represent a weighted mean of
the individual characteristics of present phosphomonoesterases
(Nannipieri et al., 2011). As N is essential for the production
of phosphomonoesterases, soil N availability may represent an
important co-limiting factor for P acquisition by plants and
microbes mediated by phosphomonoesterases (Olander and
Vitousek, 2000; Margalef et al., 2017; Widdig et al., 2019).

The activities of phosphomonoesterases are generally
measured in extracts of homogenized soils. Although it was
shown that soil extracts yield higher concentrations and
different compositions of dissolved organic matter than soil
solutions obtained by zero-tension lysimeters (Christ and
David, 1994; Fröberg et al., 2003; Hagedorn et al., 2004),
few attempts have been made to determine the activities of
phosphomonoesterases directly in soil solutions from field
experiments. In drainage systems of agricultural land, Wirth
et al. (2008) observed the translocation of hydrolases by
percolating leachates, indicating that enzymes can be indeed
mobile. Toor et al. (2003) detected phosphatase activity in
lysimeter solutions in fertilized grassland soils, concluding
that organic P could be mineralized during leaching. Some
laboratory experiments (e.g., Denison et al., 1998; Turner et al.,
2002) indicated that the activities of phosphomonoesterases
could be a potential source of error for dissolved inorganic P

(DIP) determination. In agreement, Turner et al. (2002) related
low concentrations of “labile dissolved organic P (DOP)” in
water-extracts from grassland soils (quantified by hydrolysis
with phosphomonoesterases) as compared to “non-labile
DOP” to the presence of phosphomonoesterases in these
extracts, which rapidly transform labile DOP compounds before
they can be measured. The hydrolysis of P mono-esters in
soil solutions does not only affect the contribution of labile
DOP, but also the mobility of P in soils since some organic
forms of P are less prone to sorptive retention compared to
phosphate (Frossard et al., 1989; Qualls and Haines, 1991a;
Kaiser et al., 2003; Brödlin et al., 2019a). Also, phosphate is
more available to plants and microorganisms and could be
retained more strongly in the system by biological uptake. So
far, the few field experiments in forest soils quantifying leaching
of various organic and inorganic P forms (e.g., Qualls and
Haines, 1991b; Kaiser et al., 2001) have not been considering
the possible consequences of enzymatic alterations of P forms.
If phosphomonoesterases would be present in soil solutions as
suggested by grassland studies and water extractions of soils,
they could be translocated to deeper soils, where they could
transform P monoesters to the hydrologically more immobile
phosphate. In soil solution, phosphomonoesterases could
also change the distribution of P forms after sampling with
extended storage, which may lead to misinterpretations of P
leaching and cycling.

Our study aimed at assessing phosphomonoesterase activities
in leachates and soil solutions obtained by free draining
lysimeters from organic layers and mineral topsoil horizons
of two beech forests and its effects on P forms (DIP, labile
and non-labile DOP fractions). We studied soils of two beech
forests developed from either P-poor sandy till or P-rich basalt
with a different N and P status. To have a larger span in N
and P availabilities and to account for possible N and P co-
limitation, we took advantage of a full factorial N× P fertilization
experiment at the two sites. Our objectives were (i) to investigate
the phosphomonoesterase activities and its drivers in leachates
and soil solutions percolating from organic layers and mineral
topsoils, (ii) to relate these activities in soil solutions to the
activity in conventional soil extracts, and finally (iii) to estimate
the possible impact of enzymatic hydrolysis of labile DOP in
leached soil solutions for P mobility in the soils. We hypothesized
that there are substantial phosphomonoesterase activities in soil
solutions, which causes a rapid hydrolysis of labile DOP, and
changes the contribution of DOP and DIP to total dissolved P.
The consequences of the rapid P hydrolysis would be an altered
mobility and bioavailability of P in soil and an underestimation
of the contribution of DOP to the P leaching in soil.
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MATERIALS AND METHODS

Study Sites
The study sites Lüss (LUE) and Bad Brückenau (BBR) are
mature beech forest stands with strongly differing soil P stocks
(Tables 1, 2). The soil at LUE with low P stocks is a sandy
Cambisol that developed from glacial till, has a thick organic
layer, and shows indications of initial podzolization. The soil at
BBR is a loamy Cambisol that formed from a P-rich basaltic rock
which is characterized by a thin organic layer. The availability and
potential net mineralization of P are substantially higher at BBR
than at LUE (Table 2).

Experimental Set-Up and in situ
Measurements
N x P Fertilization Experiment
A full factorial N and P fertilization experiment was set up and
replicated three times at each site. Plots of 20 m × 20 m were
established with 20 m distance between each of them. The plots
were fertilized with either N, P, or N × P; an unfertilized plot
served as control. From 2016 to 2018, five doses of NH4NO3 were
applied amounting to a total of 150 kg N ha−1. In 2016, 50 kg P
ha−1 were applied as KH2PO4. To compensate for the salt input
in the P fertilized plots, 63 kg K ha−1 were applied as KCl on the
control and N fertilized plots.

Zero-Tension Lysimeters
In November 2017, we installed zero-tension lysimeters at both
sites at three depths: (i) below the litter horizon (Oi), (ii) below
the fermented/humified horizon (Oe/Oa), and (iii) in the mineral
topsoil horizon [A(e)h]. The lysimeters at the three depths
were spatially separated, not beneath each other. Two types of
lysimeters were used. For the litter and Oe/Oa horizon, we used
20 cm × 20 cm plates made from acrylic glass, with a mesh on
top and three holes to ensure contact with the soil underneath
and allowing access by soil fauna (Supplementary Figure 1A).

TABLE 1 | Characteristics of the two study sites, the P-rich site Bad Brückenau
(BBR) and the P-poor site Lüss (LUE), for more detailed information please
see Lang et al. (2017).

BBR (P-rich) LUE (P-poor)

Location N: 50.351800◦

E: 09.927478◦
N: 52.838967◦

E: 10.267250◦

Elevation (m a.s.l.) 809 115

Slope / aspect 10 ± 3◦ / distributed at
a shallow hilltop

No slope /–

Mean annual temperature (◦C) 5.8 8.0

Mean annual precipitation (mm) 1,031 779

Forest stand Beech Beech

Parent material Basalt Sandy till

Soil type Dystric skeletic
Cambisol
(hyperhumic, loamic)

Hyperdystric folic
Cambisol
(arenic, loamic, nechic,
protospodic)

pH (CaCl2) at 0-5 cm 3.2 3.0

Humus layer Mull-type moder Mor-type moder

O-rings, 0.3 cm high, were mounted around the holes to prevent
water loss. The two lower sides of the plate are framed with a
2 cm high rim. The outlet was placed at the joint of the rims
and the plate. A net of 0.5 mm mesh size was fitted into the
outlet, to prevent clogging of the tube by coarse particles. The
lysimeter in the mineral topsoil was a 19.5 cm× 25.5 cm pod with
a 3.3 cm high rim and a bottom outlet equipped with the same
mesh as the plate lysimeters. The pod was filled with three layers
acid-washed quartz sand of different grain sizes (Supplementary
Figures 1B,C).

For the installation of the lysimeters, a 1 m2 square was
selected and a pit was dug along the lower side. For the A horizon
lysimeter, a soil block of at least double the area of the lysimeter
was removed. Then, soil was removed from the envisaged place of
the lysimeter and sieved to <2 mm. The lysimeters were placed
into soil slightly sloping toward the pit. The top of the lysimeters
was covered with the sieved soil to ensure a pore continuum
with the soil above and finally the soil block was placed back
on top of the lysimeter. The plate lysimeters beneath the litter
and the Oe/Oa horizons were installed by removing the litter or
the entire organic layer and placing them onto the top of the
lysimeters. Again, the lysimeters were placed inclined toward the
pit. The outlets of all lysimeters were connected to polyethylene
bottles placed in the pits, connected by a silicone tube. After
installation of the lysimeters, the plots were left to recover from
disturbance for 5 months.

Irrigation and Sampling
Leachates and soil solutions were collected under standardized
conditions by irrigating the plots with 20 L h−1 m−2 of artificial
rain water in February/March 2019 and in July 2019 to cover
seasonal extremes. Artificial rainwater was prepared using P- and
N-free solutes to match local throughfall with pH of 5.5 and
electrical conductivity of 25 µS cm−1. The artificial rainwater
was applied using an Accu-Power sprayer from Birchmeier
(Birchmeier Sprühtechnik AG, Switzerland), set to a constant
spray rate of 0.3 L min−1, which allowed a homogeneous
application of the 20 L over the plot area (1 m2) within 1 h.
Soil solutions collected in the PE-bottles were stored in powered
cooling boxes and transported within 24–48 h to the laboratory.
Phosphomonoesterase activities were analyzed with unfiltered
samples stored at 4◦C. All other analyses were performed with
samples passed through 0.45 µm nitrocellulose filters (GVS Life
Sciences, Zola Predosa, Italy), and stored at 4◦C until analysis.

Leachate Analysis
Dissolved total P concentrations in soil solutions were measured
with ICP-OES (Ultima 2, Horiba Jobin-Yvon, Longjumeau,
France), DIP was estimated spectrophotometrically as
molybdate-reactive P (MRP), using the molybdate-ascorbic acid
method (Murphy and Riley, 1962), using a flow injection analyzer
(Scan+, Skalar, Breda, The Netherlands). Dissolved organic P,
defined as molybdate-unreactive P (MUP), was calculated as
the difference between total P and DIP. Concentrations of
dissolved organic carbon (DOC) and total nitrogen (TN) were
measured with a FormacsHT/TN analyzer (Skalar). Dissolved
nitrate concentrations were measured by ion chromatography
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TABLE 2 | Phosphorus (P), carbon (C), and nitrogen (N) forms from the non-fertilized litter layer, Oe/Oa horizon, and A horizon of the two study sites Bad Brückenau
(BBR, P-rich) and Lüss (LUE, P-poor).

Site Horizon Horizon thickness Total soil C Total soil N Total soil P C stock N stock

cm mg g−1 mg g−1 mg g−1 g C m−2 g N m−2

BBR Litter 2.0 451 17.0 0.96 135.0 5.10

BBR Oe/Oa 2.5 352 19.4 2.30 703.0 38.9

BBR A 5.0 178 12.0 3.02 3,553 240

LUE Litter 4.5 391 14.9 0.79 313.0 12.0

LUE Oe/Oa 6.0 316 11.8 0.53 3,787 141

LUE A 5.0 69.7 3.40 0.17 2,613 128

Site Horizon P stock Pcitr (PO4-P) a Porg of Ptot
a Soil C: Ptot Soil Ntot: Ptot Net-DIP rel. b Net-DOP rel. b

g P m−2 mg kg−1 % − − µg DIP g soil−1* µg DOP g soil−1*

BBR Litter 0.29 315 56 470 17.7 310 40.0

BBR Oe/Oa 4.60 326 48 153 8.43 84.6 18.0

BBR A 60.5 58.0 54 58.9 3.97 2.07 1.34

LUE Litter 0.63 226 78 495 18.9 32.0 21.7

LUE Oe/Oa 6.35 140 78 596 22.3 60.2 7.46

LUE A 6.34 10.0 50 410 20.0 1.25 1.06

Pcitr , citric acid extractable P as proxy for plant available P; Porg of Ptot, share of organic P to total P; Net-P rel., potential net dissolved inorganic P (DIP) release at 20◦C;
Net-DOP rel., potential net dissolved organic P (DOP) release at 20◦C.
aData from Lang et al. (2017).
bData from Brödlin et al. (2019a).
*During incubation over 33 weeks.

(ICS 3000, Dionex, Sunnyvale, CA, United States) and dissolved
ammonium concentrations with a FIAS-300 (Perkin-Elmer,
Waltham, MA, United States). Electrical conductivity was
measured with a LF 325 probe (WTW, Weilheim, Germany) and
pH with a LL electrode (Metrohm, Herisau, Switzerland). In the
unfiltered leachates and soil solutions, colloidal P was determined
in different size classes according to the procedure by Missong
et al. (2018) to estimate non-dissolved P fractions, allowing for
comparisons between filtered and unfiltered samples.

Kinetics of Phosphomonoesterase
Activities
Potential extracellular phosphomonoesterase activities were
measured in samples from litter, Oe/Oa, and A horizons,
as well as in soil solutions. For organic and A horizons,
0.5 g moist material was weighed in sterilized 100 mL glass
bottles with polypropylene lids, then 50 mL of sterilized water
was added, and the suspensions were shaken at 20 rpm
for 30 min at 22◦C on a horizontal shaker. Thereafter, soil
suspensions were sonicated (UW2200, Bandelin) at 40 J s−1

pulsed energy output for 2 min, transferred to sterilized petri
dishes, continuously stirred, and then 50 µL aliquots were
pipetted into 96-well microplates. The wells received 100 µL
of fluorogenic P monoester substrate (4-methylumbelliferyl-
phosphate; C10H7O6PNa2) at six concentrations (5, 20, 50, 100,
200, and 300 µM) plus 50 µL 2-(N-morpholino)ethanesulfonic
acid (C6H13NO4SNa0.5) buffer. The reaction pH was 6.1 and the
temperature 22◦C. Fluorescence was measured after 0, 1, 2, and
3 h reaction time at 355 nm excitation and 460 nm emission
wavelength with a slit width of 25 nm, using a Victor 1,420–050
Multi label Counter (Perkin Elmer). For soil solutions, we used

1 mL of sample, processed similarly but without sonication.
To compensate for measuring close to the detection limit of
enzyme activity in the soil solutions, three analytical replicates
were processed. Note, the term phosphomonoesterases as used
here, covers all enzymes capable of cleaving the mono-ester bond
of added fluorogenic substrate.

Quantification of Labile DOP by Enzyme
Addition Assays
Labile DOP was estimated as the fraction potentially hydrolyzable
by added phosphomonoesterases (Turner et al., 2002). The soil
solutions for the enzyme additions assays were sampled monthly
with zero-tension lysimeters at the P-rich site in 2013 and 2014.
We could not analyze soil solutions from the P-poor site because
of possible in-solution hydrolysis during long transportation
times. Therefore, samples from another beech forest site were
used were used to cross-validate the results from BBR. The site
Mitterfels (MIT) is as well characterized by a Cambisol, but
developed from paragneiss (Supplementary Material 2). Soil
solutions were collected from beneath the organic forest floor
and at 20 cm soil depth in the mineral topsoil. At both sites,
eight solution samples were collected and pooled per depth. The
samples were transported to the laboratory within 22 h after
collection, filtered through 0.45 µm nitrocellulose filters (GVS
Life Sciences) and stored at 4◦C in polyethylene bottles.

Samples were analyzed for P forms as described above. To
obtain measurable concentrations of various DOP fractions,
samples were freeze-dried on a lyophilizator (BETA 1–8, Christ,
Osterrode, Germany), pooled over a 3-months period for
winter (December 2013–March 2014) and for summer (June-
August 2014), then re-dissolved in 20–50 mL of autoclaved
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ultrapure water, and well mixed on a vortex (Select Vortex,
Select BioProducts, United States). Despite these measures,
several values in the mineral soil were close to or below the
detection limit.

The enzyme addition assays on the concentrated soil solutions
were carried out according to Annaheim et al. (2013), using
five analytical replicates. 20 µL of phosphomonoesterase
solution, made from phosphomonoesterase lyophilisate
and ultra-pure water, was added to 200 µL of sample
solution. Additionally, 40 µL of MES buffer (pH = 5.4)
and 40 µL ultrapure water were added. During preparation
of the assays, well-plates and phosphomonoesterases were
constantly kept on ice to prevent unspecific hydrolysis. The
well plates were sealed with self-adhesive film (no. 781390,
Brand, Wertheim, Germany) to prevent evaporation and
incubated for 24 h on a laboratory shaker (Tecan, Männedorf,
Switzerland) at 37◦C and 40 rpm. After incubation, DIP
was determined colorimetrically, using the malachite green
method (Ohno and Zibilske, 1991) and total P via acid
persulfate digestion in an autoclave (Tiessen and Moir,
1993), followed by colorimetric DIP determination with the
malachite green method.

Data Analysis, Calculations, and
Statistics
Michaelis-Menten Kinetics
The hydrolysis rate v can be described by the Michaelis-Menten
equation [1]

v = Vmax ∗
[S]

KM + [S]
(1)

where v is the reaction rate in µmol L−1 h−1 and [S] is the
substrate concentration in µmol L−1, here the amount of labile
DOP. Vmax (µmol L−1 h−1 for leached soil solutions or µmol
g−1 h−1 for soil) is the maximal potential reaction rate and KM
(µmol L−1) is defined as the substrate concentration at half Vmax.
Vmax and KM were estimated with the “drm” function of the R
package “drc” with the two parameter MM model (MM.2).

Calculations of Net Fluxes and Leachable Fractions
Phosphomonoesterase activities in soil solutions indicate
transport to deeper soil horizons, and thus, represent
the “leachable fraction” as compared to the soil’s total
phosphomonoesterase activities. To estimate the leachable
fraction, we first upscaled the enzyme activities in leachates to
the 20 L of artificial rainfall applied per m2 (Supplementary
Material 3). “Total” potential phosphomonoesterase activities
in the soil (as defined by the activity in soil extracts) were
calculated by multiplying the Vmax per gram dry soil with the
total soil mass per m2 (Supplementary Material 2). The ratio of
phosphomonoesterase activities per 20 L per m2 to the activity in
1 m2 soil was defined as “leachable fraction.”

Modeling of Labile DOP Hydrolysis in Soil Solutions
We modeled the labile DOP hydrolysis in soil solutions based
on estimated Michaelis-Menten kinetic parameters Vmax and KM,
total P concentrations (measured in 2019), and fractions of labile

DOP in soil solutions (measured 2013/2014). Equation [2] is
based on the Michaelis-Menten equation [1].

DIPt =
∫ t′=t

t′=0
Vmax ∗

labileDOP0 − DIPt′
KM + labileDOP0 − DIPt′

dt′ (2)

with DIPt being the product released over time t and
labileDOP0 the initial substrate concentration at time point
t = 0. The equation was solved with the “deSolve” package
in R (Soetaert et al., 2010). Equations can be found in
Supplementary Material 4.

Literature data (Table 3) and results from our own enzyme
addition assay were used to approximate the fractions of labile
and non-labile DOP. The following assumptions were made: (i)
All inorganic P in the soil solutions originates from organic
P, however, mineralization of labile organic P starts instantly
upon release in the soil solution. In organic and mineral topsoil
horizons, P input from weathering of P-containing primary
and secondary minerals is negligible, since older topsoils are
depleted in P-containing minerals (Prietzel et al., 2013). We are
aware that microbial cells can contain up to 30% of their P in
inorganic P forms (Bünemann et al., 2011), but the contribution
of inorganic P from microbial cells to total P in soil solutions is
small enough to be neglected. (ii) DOP in the sample consists of
20% labile DOP (Table 3). (iii) Enzyme activity Vmax remains
constant. In filtered samples, as commonly used for P analysis,
microorganisms should be largely removed by filtration at 0.45
µm, however, there might still be some active microorganisms
in the leachates that could produce new enzymes. In balance,
enzymes can become mineralized during the storage period. (iv)
Enzyme activity follows a temperature dependency of on average
Q10 = 1.7 (Kroehler and Linkins, 1988; Trasar-Cepeda and Gil-
Sotres, 1988; Hui et al., 2013; Menichetti et al., 2015; Min et al.,
2019), which was considered to be constant for the entire time
period of sample storage, transport, and laboratory processing.
(v) There is no enzyme activation and deactivation over the
storage period and the solutions are perfectly mixed. Since the
mass of micro-particles in samples is constant, net sorption of
enzymes, and therefore, net activity will not change.

Statistical Analysis With Linear Mixed Effects Models
We assessed treatment effects using linear mixed-effects models.
According to the experimental design, we included blocks (three
blocks per site containing the full fertilization treatment) as
random effects, and site, N and P inputs, and horizon as fixed
effects. We used the lmer function from the lme4 package
(Bates et al., 2015). Due to divergence from normal distributed
residuals, total P, Vmax, and KM values were log-transformed
for statistical analysis. P-values were obtained with the lmerTest
package (Kuznetsova et al., 2017). For all statistical analyses,
effects were considered significant at p < 0.05. Due to relatively
low number of replicates and therefore, limited statistical power,
we designated p-values≥ 0.05 but < 0.1 as marginally significant.
Error estimates given in the text and error bars in figures are
standard errors of the means. All analyses were performed using
R version 3.6.3 (R Core Team, 2020).
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TABLE 3 | Results of enzyme addition assays conducted with phosphomonoesterase addition in 2013/2014 on soil solutions from the P-rich site Bad Brückenau (BBR),
and results from enzyme addition assays from literature with leached soil solutions and soil extracts.

Study Phosphomonoesterase-labile
DOP (% of DOP)*

Non-labile DOP
(% of DOP)**

Medium Ecosystem

Min*** Max*** Mean Min*** Max*** Mean

This study BBR- Litter layer 20 39 29 61 93 71 Leachate Forest soil

This study BBR- A horizon 0 49 25 51 100 75 Leachate Forest soil

Toor et al. (2003) 7 36 23 79# 9# – Leachate Grassland soil

Turner et al. (2002) 0 20 6 40 90 – Soil-water extract Pasture soil

Keller et al. (2012) 10 15 – 61 67 – NaOH-EDTA soil extract Agricultural soil

Jarosch et al. (2015) 9 57 21 14 67 44 NaOH-EDTA soil extract Agricultural soil

Annaheim et al. (2013) 6 39 – 6 39 – Soil-water suspension Grassland soil

Annaheim et al. (2015) 5 16 11 51 68 56 NaOH-EDTA soil extract Agricultural soil

*Hydrolyzable by phosphomonoesterase, or classified as simple or labile monoesters/monoester-like.
**Enzyme-stable, depends on how many different enzymes were added/were naturally in theolution.
***Different soils and soil depths and ecosystems.
#Hydrolysis without any addition of commercial phosphatases.
DOP, Dissolved organic phosphorus.

RESULTS

Phosphorus Forms in the Leachate and
Soil Solutions
Total dissolved P concentrations in soil solutions differed
significantly among horizons (pHorizon < 0.01), but not between
sites (pSite = 0.31). In summer, total P concentrations of non-
fertilized litter, Oe/Oa, and A horizons averaged 0.15, 0.09, and
0.06 mg P L−1 in the P-poor soil. In the P-rich soil, total P from
unfertilized litter, Oe/Oa, and A horizons averaged 0.36, 0.26,
and 0.26 mg P L−1 (pHorizon < 0.01, Figure 1). In winter, total
P concentrations were significantly smaller, averaging 0.05 mg
P L−1 at the P-rich site and 0.03 mg P L−1 at the P-poor site
(pSeason < 0.01). Higher total P concentrations in summer than in
winter were mainly due to higher DIP concentrations in summer.
Organic P accounted for 17–24% of total P in summer; the share
of organic P was higher in winter (pSeason < 0.01), ranging from
36 to 80%. Phosphorus fertilization increased total P leaching,
especially in the litter (p+P = 0.05, pSite:N:P < 0.01) and in
the Oe/Oa horizon (p+N:P = 0.03). In contrast, N fertilization
showed no significant influence on P leaching, at any site
and for any season.

Analysis of P-bearing colloids in unfiltered samples showed
that all colloids were smaller than 0.45 µm (A. Missong,
personal communication, August 25, 2019), indicating that total
P analyzed in filtered leachates (Figure 1) were representative for
unfiltered leachates. In the organic horizons (litter and Oe/Oa),
less than 10% of P was associated with colloids, while in the A
horizon colloid-associated P accounted for approx. 15% of total P
at the P-rich site and approx. 25% at the P-poor site.

Enzyme addition assays with leachates from the P-rich soil
showed that, averaged over the winter and summer, 30% of DOP
in the litter layer and 25% of the DOP in the A horizon could
be potentially enzymatically hydrolyzed (Figure 2), being 0.015
and 0.0004 mg P L−1, respectively. These contents of labile DOP
corresponded to 7% of total P for the litter layer and 3% of total
P for the mineral horizon. There was no consistent significant
difference in labile DOP between seasons. Analyses of P forms

FIGURE 1 | Phosphorus (P) concentrations in leached soil solutions from
unfertilized litter, Oe/Oa, and A horizons in Winter 2019 and Summer 2019 at
(A) the P-rich site Bad Brückenau (BBR) and (B) the P-poor site Lüss (LUE).
Data averaged (n = 3). DOP, dissolved organic P; DIP, dissolved inorganic P.

at the additional site MIT gave similar ranges of DOP fractions
(Supplementary Material 4).

Phosphomonoesterase Activities in
Leachate and Soil Solutions
In soil solutions leached in summer, potential
phosphomonoesterase activities (Vmax) ranged between 1.89
and 8.09 µmol L−1 h−1 (Supplementary Material 5). At the
P-rich site, activity was highest in the solutions leached from the
litter, but similar for the Oe/Oa and A horizons (Figure 3). At
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FIGURE 2 | Phosphorus (P) forms in leached soil solutions from the litter and
the A horizon at the P-rich site Bad Brückenau (BBR) in Winter 2013/2014
and Summer 2014, as revealed by enzyme addition assays with
phosphomonoesterase addition; DIP, dissolved inorganic P; DOP, dissolved
organic P.

the P-poor site, solutions leached from the A horizon revealed
the same Vmax as those from the litter horizon, while it was
lower for solutions from the Oe/Oa horizon (pHorizon < 0.01).

There were no significant site effects (pSite = n.s.). In winter,
phosphomonoesterase activities were mostly below detection
limit (data not shown).

The KM of phosphomonoesterases, reflecting the enzyme
affinity for the substrate, ranged between 3 and 205 µmol L−1 in
soil solutions, with large differences between sites (pSite < 0.01)
and with soil depth (pHorizon = 0.03) (Supplementary
Material 5). The P-poor sandy soil exhibited on average
8.5-fold higher KM values than the P-rich soil. The two sites
showed also a different depth patterns, with slight changes in KM
values with depth in the P-poor site, but a distinct decline in KM
in the P-rich soil, from 17.4 ± 2 µmol L−1 in the litter layer to
3.80± 0.4 µmol L−1 in the A horizon (Figure 4, bottom left).

At the P-rich site BBR, fertilization with N and P did not
significantly alter phosphomonoesterase activities in leached soil
solutions (Supplementary Material 5). In the litter horizon
of the P-poor site, N addition caused increased Vmax of
phosphomonoesterases (pSite:N < 0.05, pN:P = 0.06). In the Oe/Oa
horizon, the addition of P resulted in slightly lower Vmax than for
the control (p+P = 0.08, pSite:N:P < 0.05). In contrast, KM was
only significantly affected by the fertilization treatments in the
Oe/Oa horizon at the P-rich site (pSite:P < 0.05; pSite:N:P < 0.05)
(Supplementary Material 5).

FIGURE 3 | Reaction rates of phosphomonoesterase in leached soil solutions and soil extracts from litter, Oe/Oa, and Ah horizons at the P-rich site Bad Brückenau
(BBR) and the P-poor site Lüss (LUE) as dependent on substrate concentration (S). (A) Phosphomonoesterase activity in leached soil solutions from BBR; (B)
Phosphomonoesterase activity in leached soil solutions from LUE; (C) Phosphomonoesterase activity in soil extracts from BBR; (D) Phosphomonoesterase activity in
soil extracts from LUE. Horizontal lines are half potential activity (Vmax) and vertical lines the Michalis-Menten constant KM. Symbols = experimental data,
lines = approximation by Michaelis-Menten kinetics. Data from July 2019. Error bars as standard error (n = 12, averaged over all fertilization treatments).
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FIGURE 4 | Patterns of the Michaelis-Menten kinetic parameters (A,B) Vmax and (C,D) KM in (A,C) leached soil solutions and (B,D) soil extracts of litter, Oe/Oa, and
A horizons at the P-rich site Bad Brückenau (BBR) and the P-poor site Lüss (LUE) averaged over fertilization treatments (n = 12). Data from July 2019.

Phosphomonoesterase Activities in Soil
Extracts
In the soil extracts, potential phosphomonoesterase
activities (Vmax) ranged between 6 and 128 µmol g−1 h−1

(Supplementary Material 5). Activity was highest in the litter
horizon and decreased strongly with soil depth at both sites
(pHorizon < 0.01) (Figures 3, 4). Vmax was higher at the P-poor
than at the P-rich site, especially in the litter (pSite = 0.01), but
statistically not significant in the Oe/Oa and A horizon. The
decrease in Vmax with soil depth was more pronounced in the
P-rich soil than in the P-poor soil. KM in soil extracts ranged
between 16 and 142 µmol L−1, being highest in the litter layer
and decreasing with soil depth (pHorizon < 0.01; Figure 4 and
Supplementary Material 5).

The depth pattern of Vmax and KM differed between sites
(Figure 4). For the P-rich soil, Vmax and KM consistently
decreased from litter horizon to Ah horizon in soil solutions as
well as in soil extracts. At the P-poor site, they decreased with
depth only in the soil extracts, but not in soil solutions.

Total potential phosphomonoesterase activities (Vmax) in soil
extracts per horizon and square meter amounted to 4–155 mmol

h−1 m−2. In soil solutions, Vmax of phosphomonoesterases
ranged from 38 to 164 µmol h−1 m−2 after irrigation with
20 L of artificial rain water. Accordingly, phosphomonoesterase
activities in leached soil solutions ranged from 0.1 to 1% of
the phosphomonoesterase activities measured in soil extracts.
The highest proportion of leached enzyme activity (ratio of
enzyme activity in leaching vs. soil extract) was observed for the
litter horizon of the P-rich site, the lowest for the mineral A
horizons (Table 4).

There was no correlation between Vmax and KM of
phosphomonoesterases with pH, electrical conductivity, total
organic C, and total N of soil solutions. Kinetic parameters
of phosphomonoesterases in leached soil solutions and extracts
were not significantly related to DIP but to DOP in the soil
solutions (Supplementary Material 6).

Modeling of DOP Hydrolysis in Leached
Soil Solutions
Modeling DOP hydrolysis in soil solutions using measured Vmax
and KM values shows that 50% of labile DOP is mineralized
within 5 and 91 h due to the presence of enzymes (Figure 5). The
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TABLE 4 | Potential phosphomonoesterase activity (Vmax) in leached soil solutions and soil extracts from unfertilized plots per horizon and square meter.

Site Horizon Vmax leachate SE Vmax leachate Vmaxsoil SE Vmax soil Leached % of activity in soil SE

µmol h−1 m−2 mmol h−1 m−2 %

BBR Litter 83.0 ± 11.4 24.7 ± 4.5 0.35 ± 0.05

BBR Oe/Oa 56.7 ± 3.7 30.7 ± 2.9 0.19 ± 0.03

BBR A 58.2 ± 2.5 327 ± 105 0.03 ± 0.00

LUE Litter 75.6 ± 5.8 102 ± 11 0.08 ± 0.01

LUE Oe/Oa 118 ± NA 285 ± 50 0.07 ± 0.00

LUE A 51.9 ± 13.7 507 ± 230 0.03 ± 0.01

Data from litter, Oe/Oa, and A horizons at Bad Brückenau (BBR) and Lüss (LUE). Leached percentage of activity in soil extracts defined as ratio of Vmax in soil solutions
to Vmax in soil extracts. SE: Standard error, n = 3. Data from July 2019.

FIGURE 5 | Hydrolysis of labile dissolved organic phosphorus (DOP) in leached soil solutions estimated within a range of Vmax values: lowest, median, and highest
Vmax derived from this study, including two storage temperatures, and two Q10 values. Vmax and KM from 2019.

model is based on measured P concentrations in leachates and a
labile DOP fraction based on literature values of 20% (Table 3).

We tested the rate of labile DOP hydrolysis in soil solutions,
with five scenarios covering a range of measured Vmax values
of the soils studied (minima, maxima, and median), two Q10
values, and two temperatures during storage (Figure 5): The
Q10 values reflecting the range in literature did not influence
hydrolysis rates strongly (scenario 2 vs. 3: Q10: 1.7 vs. 2.0;
Kroehler and Linkins, 1988; Trasar-Cepeda and Gil-Sotres, 1988;
Hui et al., 2013; Menichetti et al., 2015; Min et al., 2019). In
comparison, Vmax values had stronger influence on the hydrolysis
rate (scenario 1,3,4), with the lowest hydrolysis rate at minimal
Vmax. As expected, storage at 4◦C showed lower hydrolysis rates

than storage at 20◦C (scenario 3 vs. 5, Figure 5). At median Vmax
(scenario 3), 76% of the labile DOP was hydrolyzed within the
first 24 h (Figure 5).

Applying the model with the median Vmax value to the
measured labile DOP fractions in leached soil solutions from
2013/2014 and a transport and storage time of 22 h before
analysis, suggested that at the time of sampling, the fraction
of labile DOP was between 21 and 24% of total P. However,
the measured proportions were only 0–7% (Table 5) of total P.
Consequently, even when labile DOP is rapidly measured after
sampling, labile DOP is strongly underestimated by approx. 15%
(Table 5 and Supplementary Material 7), which corresponds to
an absolute difference of 0.03 mg P L−1.
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TABLE 5 | Back-estimation of fractions of phosphorus (P) forms to the time point of sampling in leached soil solutions from the litter and the A horizon (20 cm depth) in
winter 2013/2014 and summer 2014 at the P-rich site Bad Brückenau (BBR).

Site Soil depth Season Hours Total P DIP Labile DOP Labile DOP Non-labile DOP at 22 h*

cm After sampling µmol L−1 % of total P % of total P % of DOP % of total P

BBR 0 Winter 13/14 0 (estimated) 1.87 48 24 47 27

BBR 0 Winter 13/14 22 (measured) 1.87 66 6.7 20 27

BBR 0 Summer 14 0 (estimated) 13.57 69 21 68 10

BBR 0 Summer 14 22 (measured) 13.57 83 6.4 39 10

BBR 20 Winter 13/14 0 (estimated) 0.18 98 0.0 0.0 2.3**

BBR 20 Winter 13/14 22 (measured) 0.18 98 0.0 0.0 2.3

BBR 20 Summer 14 0 (estimated) 0.21 71 22 78 6.3

BBR 20 Summer 14 22 (measured) 0.21 87 6.2 49 6.3

Estimates are based on P fractions measured 22 h after sampling. The back-estimation is based on the DOP hydrolysis model using following parameters: Vmax = 1.69
µmol L−1 h−1, Q10 = 1.7, temperature = 4◦C. DIP, dissolved inorganic P; DOP, dissolved organic P.
*Not hydrolyzable by phosphomonoesterases – assumed to stay constant over time.
**No back-estimation possible because of lack of presence of labile DOP at time of measurement.

FIGURE 6 | Conceptual model of down-transport of phosphomonoesterase activities in the unfertilized plots with percolating water as compared to total
phosphomonoesterase activity per horizon and m2 (as defined by activity in soil extracts). Phosphomonoesterase activity (Vmax) in soil horizon: in mmol m-2 h-1, net
phosphomonoesterase activity fluxes in µmol m-2 h-1. Data from July 2019.

DISCUSSION

The finding of active phosphomonoesterases being present
in soil solutions implies that labile forms of DOP can be
rapidly hydrolyzed either in situ or ex situ after sampling.
This result suggests (i) that subsoils are continuously supplied

with active enzymes from the surface horizons, for instance
with water passing through macro-pores, and (ii) that
hydrolysis of labile DOP in samples alters the composition
of P forms during leachate collection and processing.
Both may lead to an underestimation of DOP leaching
in soils.
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Production and Mobility of
Phosphomonoesterases
Production
The greater production of phosphomonoesterases (approximated
by the activity in soil extracts, Figure 6) in the organic horizons
of the P-poor soil than in the P-rich soil probably results from
the stronger demand for P from the hydrolysis of organic
P by microorganisms, roots, and their associate mycorrhizal
fungi (Spiers and McGill, 1979; Olander and Vitousek, 2000;
Hofmann et al., 2016). This explanation is supported by a 33P
labeling study showing that the processing and recycling of
organically bound P is more pronounced at the P-poor site
with a thick forest floor, whereas at the P-rich site with more
narrow C:P and N:P ratios, P release from mineral sources is
more dominant (Bünemann et al., 2016). In the leachate of
the P-poor site, Vmax increased after N fertilization (+N and
+N × P) in the litter layer and the mineral soil, whereas P
fertilization had no significant effect on Vmax, These findings
could be either explained by a removal of a N limitation
of phosphomonoesterase production at the nutrient-poor site
LUE, or by a stimulation of microbial activity that in turn
requires more P, since this soil is probably co-limited in both
nutrients. In the Oe/Oa horizon of the P-poor soil, N and P
seem to be both limiting, as their addition (+P and +N × P)
decreased Vmax in leached soil solution, pointing to a lowered
demand after fertilization and hence, lower enzyme production.
In contrast to the low-nutrient site, fertilization had no effect
on Vmax at the nutrient-rich site. These results suggest that the
susceptibility to changes in phosphomonoesterase production
due to N and P fertilization depends on site-specific N:P ratios,
as noted in various meta-analyses (Marklein and Houlton, 2012;
Margalef et al., 2017).

The strong differences in KM between both sites point
at contrasting soil characteristics. In the P-rich soil, the
higher substrate affinity (lower KM) shows that the enzymes
can hydrolyze phosphomonoester at low concentrations. One
reason could be higher contents of sorptive minerals to which
monoesters can bind in the P-rich soil. In the P-rich soil,
the Oe/Oa horizon had lower C contents and hence a greater
contribution of the mineral phase than in the P-poor soil
(Table 2). This is likely related to a greater bioturbation in the
biological more active and P-rich soil, promoting the transfer
of Al and Fe oxides from the mineral soil into organic layers
(Clarholm and Skyllberg, 2013). The effect might be supported
by larger contents of Al and Fe oxides in the topsoil horizon at
the P-rich than the P-poor site (Lang et al., 2017).

Transport
In contrast to the results from soil extracts where contact
between enzymes and substrates is facilitated, the mobility of
substrate and active enzymes for enabling hydrolysis is much
more important under field conditions, where e.g., adsorption
to solid particles prevents contact (Burns et al., 2013; Schimel
et al., 2017). Despite the differences in the production of
phosphomonoesterases (approximated by soil extracts), their
activity in leached soil solutions (Vmax) from the organic horizons

was similar at both sites (Figure 6). The higher leaching rate at
the P-rich site (corresponding to 0.2% of phosphomonoesterase
activity in the Oe/Oa horizon) than at the P-poor site (0.1%
of phosphomonoesterase activity in the Oe/Oa horizon) can be
attributed to the much thicker organic horizons at the P-poor site
leading to a longer contact time between enzymes, monoester,
and potential sorption sites. Moreover, enzymes might largely
be leached from the direct vicinity of the sampling devices,
which leads to smaller relative leaching of enzymes produced.
In the solutions leached from the A horizons, the patterns were
different. Here, the higher Vmax at the P-poor site than at the
P-rich site could either result from the higher production of
phosphomonoesterases at lower P availability at the P-poor site
or from less sorption of phosphomonoesterases. The mineral
soil at the P-poor site is sandy and has low contents of sorptive
minerals while the soil at the P-rich site is a clayey loam (Lang
et al., 2017), with larger capacity to retain charged compounds
such as enzymes. Moreover, water percolation rates are higher
in the sandy P-poor soil (unpublished data; A. Manzoor), which
promotes vertical mobilization and transport of enzymes, similar
as observed for microorganisms (Banfield et al., 2018). As
phosphomonoesterases can be transported either dissolved in
percolating water, adsorbed to suspended or dispersed particles,
or within microbes (Nannipieri et al., 2011; Hoang et al., 2016),
unfiltered samples are needed to assess phosphomonoesterase
mobility and activity within soils. In the soils studied, colloidal
transport was of minor importance for P translocation (A.
Missong, pers. communication).

The comparison of phosphomonoesterase activities in
leached soil solutions in the field and in soil extracts
provides novel insights to the dynamic nature and mobility
of phosphomonoesterases in soils. Since phosphomonoesterase
activities in soil extracts show that enzymes are released from
each horizon, and hence, are prone to leaching, one might
expect that rates of enzyme leaching cumulatively increase
from one to the next organic horizons, where typically almost
no sorption takes place. However, there is no such cumulative
effect; enzyme activities in leached soil solutions show even
a slight decline of phosphomonoesterase activities with soil
depth. As at the same time, enzymes can be produced in each
soil horizon, released to the deeper soil horizons, or degraded,
the ’gross’ removal of phosphomonoesterase activities from
percolating soil solution is much greater than anticipated from
the changes in phosphomonoesterase activities in soil solutions
with depth (Figure 6). Seemingly, the continuous deactivation or
mineralization of enzymes in percolating soil solution is (almost)
compensated by the release of new enzymes in the organic
horizons. This points at rapid turnover of these enzymes in soils,
however, determining the rates is difficult (Burns et al., 2013;
Schimel et al., 2017) and estimates range up to several weeks
(Schimel et al., 2017).

In the mineral soil, decreasing phosphomonoesterase activities
in leached soil solution are likely due to either a smaller
production, or a sorption of enzymes as well as substrates.
Sorption reduces substrate accessibility or causes deactivation
of the enzyme due to changes in its tertiary structure (Allison
and Jastrow, 2006; Nannipieri et al., 2011). Despite sorption
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and deactivation processes, there is a net flux of active
phosphomonoesterases to deeper soil depths. The hydrolyzing
activity of phosphomonoesterases in percolating soil water may
promote retention of P in the mineral soil by hydrolyzing the
hydrologically more mobile phosphomonoesters into less mobile
phosphate (Bol et al., 2016). This is in accordance with findings
of Brödlin et al. (2019b), who measured less net P release in the A
horizon than in the organic horizons at the study sites, likely due
to strong sorption of released phosphate.

Seasonal Patterns
In addition to the observed patterns among and within soils,
phosphomonoesterase activities in leached soil solutions showed
a clear seasonality with substantially smaller enzyme activities
in winter than in summer, despite standardized irrigation. As
microbial biomass was shown to be rather constant throughout
the year (Holmes and Zak, 1994), seasonal differences can
be more likely ascribed to changes in microbial activity
or in the composition of the microbial communities (Yan
et al., 2017). Apart of the general increase in phosphatase
activities with rising temperature (Shaw and Cleveland, 2020),
additional physical and biological factors may explain the
seasonal differences. Low enzymatic activities in winter could
be due to lower phosphomonoesterases production with overall
lower biological activity or to a lower P demand or lower N
availability in winter (Chen et al., 2003; Margalef et al., 2017).
Dilution or depletion by high leaching fluxes during snow
melt may additionally contribute to low enzymatic activities
(Wirth et al., 2008). However, we observed substantially smaller
phosphomonoesterase activities during winter at both sites, but
only the P-rich site received considerable amounts of snow. At
the P-poor site, soil moisture contents were similar during the
winter and summer sampling, with values of approx. 0.17 m3

m−3 at 5 cm depth (Supplementary Material 8). Therefore,
the observed seasonal patterns of phosphomonoesterase activities
mirror most likely the temperature-related biological processes.
This conclusion is supported by the smaller share of DIP to
total P leaching in winter, suggesting that hydrolysis of organic
P is reduced at low temperatures (Figure 2). A lower biological
P demand during winter would be associated with higher
DIP concentrations.

Implications
The presence of active phosphomonoesterases in leachates
obtained from free-draining lysimeters even after filtration
at 0.45 µm has consequences for the quantification of P forms
in soil solutions. It may result in overestimation of DIP in soil
solutions due to hydrolysis of DOP, especially when samples are
collected over longer periods as well as during prolonged sample
storage. However, it is important to note that measurements of
total P are not affected by enzymatic hydrolysis, and thus, total P
leaching fluxes represent a solid measure.

Sensitivity analysis of the labile DOP hydrolysis model used
revealed little influence of the variations in P concentrations
and fractions of P forms on model outcome (Supplementary
Material 9). We therefore presume that our modeling of rather
rapid DOP hydrolyzation rates is (i) rather robust and (ii)

applicable to soils covering a great span of P availabilities. Testing
for the range of Q10 values observed for phosphomonoesterase
activities indicated that both, the range of Q10 values found
in literature (Kroehler and Linkins, 1988; Trasar-Cepeda and
Gil-Sotres, 1988; Hui et al., 2013; Menichetti et al., 2015; Min
et al., 2019; Supplementary Material 9) and the observed
model variations due to changes in Q10 were small. The
largest influence on the hydrolysis rate is exerted by the
Vmax and KM values that were inherent properties of the
soils studied. Despite the distinct differences between the
two soils and their horizons, and the large ranges of N
and P availabilities covered, the model estimation resulted in
comparable hydrolysis times of labile DOP. Our estimate of
76% hydrolyzed labile DOP within 24 h is slightly higher than
in the study by Shand and Smith (1997) showing that in a
soil solution from a peaty Podzol (0–15 cm soil depth) the
share of MRP to total P in increased from 15 to 50% within
24 h after sampling.

Our results also suggest that labile DOP fractions in soil
solutions have to be interpreted with care. For instance, the
contributions of labile DOP in solutions of forest soils observed
here, averaging 20 ± 7% of DOP, as well as those at 70 cm
soil depth under a fertilized grassland (23% labile DOP of DOP;
Toor et al., 2003) are likely underestimates. Back calculations
indicated that at the time of sampling, the fraction of labile
DOP of DOP must have been about 30% higher in our study
(corresponding to a difference of approx. 15% of total P). This
assumption is in agreement with Turner et al. (2002) explaining
low contents of labile DOP (approx. 5% of total P) in soil
water extracts. They argued that that there must be considerably
higher inputs of labile orthophosphate monoesters from plants
and microorganisms to the soil, which, however, must have
been hydrolyzed within short time after their release. Despite
the likely presence of many different P-hydrolyzing enzymes
in soil solution, DOP was still detectable even after prolonged
storage time, implying that a substantial fraction of DOP is
non-hydrolyzable.

The overestimation of DIP in soil water may also lead to
an overestimation of phosphate mobility in soils. For instance,
despite high sorption capacity, phosphate has been measured in
solutions of forested mineral subsoil (Bol et al., 2016). One reason
could be preferential flow that transported phosphate rapidly
to the subsoils. However, another explanation would be that
mobile DOP has been transported into the subsoil and became
hydrolyzed to DIP by dissolved enzymes either in situ or after
sampling. This would not affect assumptions on the potential
bioavailability of leached P, but would cause underestimation the
mobility of ester-bound P (Frossard et al., 1989; Kaiser et al., 2003;
Bol et al., 2016). Also, these findings suggest that non-labile DOP
is most prone to be leached, and therefore might the dominant
P form in soils with prevalent leaching of DOP (Kaiser et al.,
2000; Qualls, 2000). At the long-term perspective, P depletion
of soils might thus be driven by mobile non-labile DOP forms.
Leaching of DOP was not affected by fertilization, suggesting
independent availability of N and P within ecosystems, which is
agreement with studies in soils of contrasting nutrient availability
(Hedin et al., 2003).

Frontiers in Forests and Global Change | www.frontiersin.org 12 May 2021 | Volume 4 | Article 684069

https://www.frontiersin.org/journals/forests-and-global-change
https://www.frontiersin.org/
https://www.frontiersin.org/journals/forests-and-global-change#articles


ffgc-04-684069 May 25, 2021 Time: 14:9 # 13

Fetzer et al. Phosphatase Leaching

Outlook
Measuring phosphomonoesterase activities in leached soil
solution provides a potentially complementary approach to the
soil extract method. Considering the presence of active DOP
hydrolyzing phosphomonoesterases in soil solution advances
the understanding the P cycling in soil. The current associated
uncertainty of the actual chemical composition of P at the time of
sampling exacerbates inferences about P mobility and leaching.
Consequently, a standardized measurement procedure is needed
to compare the leaching of P forms across sites and horizons.
Total P is not affected by the enzyme-driven DOP hydrolysis, and
thus, the most reliable variable to track P leaching. Our results are
likely applicable to other enzyme groups, for example to other P
enzymes, but also enzymes in the C, N, and sulfur cycle.
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