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Phosphorus Leaching From Naturally
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Affected by Soil Properties Than by
Drying and Rewetting
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" Department of Soil and Environment, Forest Research Institute Baden W(irttemberg, Freiburg, Germany, 2 Forest Soils
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Foliar phosphorus (P) concentrations in beech trees are decreasing in Europe, potentially
leading to reductions in the trees’ growth and vitality. In the course of climate change,
drying and rewetting (DRW) cycles in forest soils are expected to intensify. As a
consequence, P leakage from the root zone may increase due to temporarily enhanced
organic matter mineralization. We addressed the questions whether sites with different
soil properties, including P pools, differ in their susceptibility to DRW-induced P leaching,
and whether this is affected by the DRW intensity. A greenhouse experiment was
conducted on naturally structured soil columns with beech saplings from three sites
representing a gradient of soil P availability. Four DRW cycles were conducted by air-
drying and irrigating the soils over 4 hours (fast rewetting) or 48 hours (slow rewetting).
Leachates below the soil columns were analyzed for total P, and molybdate reactive
P (considered as inorganic P). The difference was considered to represent organically
bound P. Boosted regression trees were used to examine the effects of DRW and sail
characteristics on P leaching. Contrary to a first hypothesis, that P leaching increases
upon rewetting with the intensity of the preceding desiccation phase, intense soil drying
(to pF 3.5 to 4.5) did not generally increase P leakage compared to moderate drying (to
pF 2 to 3). However, we observed increased inorganic P concentrations and decreased
organic P concentrations in leachates after drying to matric potentials above pF 4. Also
against our expectations, fast rewetting did not lead to higher leakage of P than slow
rewetting. However, the results confirmed our third hypothesis that the site poorest in
P, where P recycling is mainly limited to the humus layer and the uppermost mineral
soil, lost considerably more P during DRW than the other two sites. The results of
our experiment with naturally structured soils imply that intensified drying and rewetting
cycles, as predicted by climate-change scenarios, may not per se lead to increased
P leaching from forest soils. Soil properties such as soil organic carbon content and
texture appear to be more important predictors of P losses.

Keywords: phosphorus leaching, drying-rewetting, temperate beech forest, undisturbed soil columns,
mesocosm, dissolved organic carbon, boosted regression trees
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INTRODUCTION

As an essential plant nutrient, phosphorus (P) is of paramount
importance for the nutrition of beech trees (Fagus sylvatica L.).
Temporal decoupling of P acquisition and growth, and internal
P trade-off between storage tissues and leaves are physiological
strategies enabling this species to flexibly adapt to different soil P
availabilities (Zavi$i¢ and Polle, 2017; Meller et al., 2019). In this
context, cycling and re-utilization of P within the ecosystem are
crucial for P nutrition of beech. As Odum (1969) hypothesized,
the cycling of P as part of plant nutritional strategies becomes
tighter as an ecosystem matures, shifting from open to closed
P cycles, with increasing importance of detritus for nutrient
recycling. Total P uptake from forest trees has been found to
be an order of magnitude higher than P supplied from chemical
weathering, which indicates that P is efficiently re-utilized from
the forest floor. However, despite nutrient recycling, the finite
organic P pool in the forest floor is short-lived and susceptible
to continuous losses through plant litter erosion or its dissolution
and export (Uhlig and von Blanckenburg, 2019).

Lang et al. (2016) argue that the soilss’ P status (in terms
of their carbon/phosphorous (C/P) ratios or total P pools) may
be the most influential factor for forest P nutrition, and that
different ecosystems of similar maturity may display differing
tightness in their P cycling, depending on the soil’s P status. They
propose that at sites rich in P, the nutrient is predominantly
acquired from weathered primary soil minerals (“P acquiring
strategy”). In contrast, P recycled from organic material becomes
an important nutrient source at P-poor sites, leading to a
tightening of the P cycle and a minimization of ecosystem P losses
(“P recycling strategy”).

The soil solution, containing both dissolved organic and
inorganic P forms, is the central compartment of the P cycle
in forests (Weihrauch and Opp, 2018). Mobilized P that is
neither taken up by plants nor immobilized by microbes or
sorbed, can be leached from the topsoil into the subsoil.
Leaching of P from the subsoil is considered small, due to
the high P binding capacity there (Heathwaite and Dils, 2000;
Sinaj et al., 2002). However, leaching may be triggered when
under certain conditions, interactions of soil pore water and
soil matrix are hampered (Julich et al., 2017; Makowski et al.,
2020).

Soil moisture is an abiotic key factor controlling nutrient
fluxes (Meier and Leuschner, 2014). Prolonged dry spells
alternating with heavy rains can create new preferential pathways
for P, initiate leaching processes and thereby open up gaps in an
ecosystem’s P cycle (Sohrt et al., 2017).

In a changing climate, prolonged periods of drought
alternating with more intense rain events (“drying and rewetting
events, DRW) are predicted to occur more often (Trenberth,
2011; Coumou and Rahmstorf, 2012). As a result, fluctuations
in soil moisture are likely to become more extreme in many
environmental settings (Zwiers et al., 2013). As compared to
constantly moist soil, the rewetting of dry soil is known to induce
pulses of CO; efflux and nutrient leaching associated with the
mineralization of organic matter, called the Birch effect (after
Birch, 1958). Barnard et al. (2020) list six main causes for this

mineralization pulse: cell lysis from microbial necromass; organic
matter becoming more accessible to microbial decomposition
after disruption of soil aggregates; exposure of mineralizable C
after desorption of soluble organic compounds associated with
minerals; restoration of water film connectivity that enables
microorganisms to access substrates by diffusion; a net increase
in resource availability for microorganisms upon rewetting
due to sustained exoenzyme activity despite reduced microbial
activity during soil drying; microbial release and catabolization of
osmolytes accumulated in response to drying. All these processes
also affect P mobilization in soil (Barnard et al., 2020). The
DRW-induced release of P is primarily derived from biotic
processes such as microbial cell lysis (e.g., Blackwell et al,
2010; Achat et al.,, 2012; Dinh et al.,, 2017; Pezzolla et al., 2019;
Makowski et al., 2020) and soil organic matter mineralization
(Wu and Brookes, 2005; Butterly et al., 2009; Chen et al,
2021). Microbial cell lysis has been found to enhance leaching
mainly of organic P (Turner and Haygarth, 2001; Turner et al.,
2003; Blackwell et al., 2009). However, also the leaching of
inorganic P has been associated with cell lysis (Brodlin et al,
2019; Khan et al., 2019), possibly due to the rapid mineralization
of released organic compounds rich in P (Annaheim et al,
2013; Dinh et al., 2016). Apart from biotic processes, abiotic
processes may release both organic and inorganic P upon DRW.
The disruption of soil aggregates (Biinemann et al., 2013)
as well as desorption and increased organic matter solubility
(Frossard et al., 2000; Turner and Haygarth, 2003; Butterly
et al, 2009) were found to increase leakage of inorganic P.
Turner and Haygarth (2003) discuss that physical disruption of
organic matter coatings is the primary mechanism contributing
to the increase in extractable inorganic P upon soil drying,
but that dry conditions also reduce the specific surface area
and thus the P sorption capacity of increasingly crystalline
Fe and Al oxides.

Drying and rewetting has been found to increase the mobility
of P in experiments performed with sieved soil, for example
by Dinh et al. (2017) and Brodlin et al. (2019) from O and A
horizons of forest soils, by Forber et al. (2017) from agricultural
soils and by Blackwell et al. (2013) and Biinemann et al. (2013)
from grassland soils. Blackwell et al. (2009) found that the rate of
rewetting significantly changed the concentrations of dissolved
and particulate P in the leachate, with highest concentrations
being observed under fastest rewetting. Similarly, Messing et al.
(2015) found in a field study on clay soil under agriculture
that increased rain intensities enhanced losses of total P and
inorganic P. Preferential flow, e.g., through macropores, has
been found to be an important pathway for the translocation
of particulate (Julich et al, 2017; Makowski et al,, 2020) or
colloidal (Missong et al., 2018) P within soils after irrigation
events. Other than the rate of rewetting, the duration (Forber
et al., 2017) and degree (Dinh et al.,, 2017; Brédlin et al., 2019;
Gao et al,, 2020) of drying, as well as the frequency of DRW
cycles (Chen et al., 2016, 2021; Dinh et al, 2016) have been
studied. Forber et al. (2017) identified 7-15 drying days as
critical breakpoints after which substantially more P was found
in mineral soil solution. Also, Brodlin et al. (2019) found that
longer and warmer dry spells enhanced P release after drought,

Frontiers in Forests and Global Change | www.frontiersin.org

May 2021 | Volume 4 | Article 543037


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

Gerhard et al.

Drying-Rewetting and Phosphorus Leaching

most likely due to increasing osmotic stress levels exerted on
microorganisms. Dinh et al. (2017) identified a pF of 4 as
a critical degree of desiccation of artificial soils, above which
microbial P release increased substantially upon rewetting and
continued to increase up to pF 6. Regarding repeated DRW
cycles, Dinh et al. (2016) found no increase in P release after
repeated DRW, whereas Chen et al. (2016) report decreases
in microbial P, yet increases in inorganic P upon frequent
DRW. Further, in a study by Chen et al. (2021), three repeated
DRW cycles affected biotic and abiotic processes differently, with
most biotic indicators, including microbial P, quickly adjusting
to the treatment.

All above-mentioned studies on DRW-induced P release
were performed on sieved, homogenized soil. DRW studies
on undisturbed soil samples are rare. Batch experiments on
disturbed soils, however, appear to be of limited use in
predicting P release rates from naturally structured soils. For
example, Forsmann and Kjaergaard (2014) found that P release
rates from sieved soils were hardly correlated with actual P
release rates, which illustrates the overall influence of the
soil structure on P transport processes. To our knowledge,
so far only one DRW study on P release used undisturbed
soil columns, however only from forest floors (Homberg
and Matzner, 2017). The authors found that DRW caused a
significant short-term increase in concentrations and leachate
fluxes of dissolved P, with a stronger effect on organic
than on inorganic P.

In experimental soil science, percolation experiments
with undisturbed soil columns are a viable alternative
to in-field experiments and allow the study of nutrient
transport in naturally structured soils (e.g., Hildebrand,
1994; Thaysen et al, 2014; Holzmann et al, 2016). These
studies showed that soil aggregate surfaces and adjacent
macropores are selectively and systematically depleted of
nutrients. Hildebrand (1994) found the soil structure to heavily
delay nutrient release from aggregate surfaces into the pore
space compared to homogenized soil. Those findings have
been confirmed by several studies (e.g., Horn and Taubner,
1989; Hantschel et al., 1994; Vogt and Matschonat, 1997;
Schlotter et al., 2012).

Despite ongoing research, overall understanding of leaching
of P from forest soils is still fragmentary, which implies
a lack of detailed studies quantifying such P losses (Bol
et al.,, 2016). In particular, it remains less understood (a) how
rain events and fast soil infiltration affect P translocation,
(b) how strongly P fractions differ in their susceptibility to
leaching and (c) how various ecosystem properties are involved
in P leaching processes. To approach these questions we
conducted a multivariate soil mesocosm experiment. Specifically
we wanted to test the following hypotheses: (H1) intense
soil drying compared to moderate drying increases P leakage
upon rewetting, possibly due to P release from lysed microbial
cells, (H2) fast rewetting leaches more P than slow rewetting,
due to induced macropore flow and reduced uptake of P by
plants and microorganisms, and (H3) more P is released upon
rewetting from soils with low sorption capacity, in particular
organically bound P.

MATERIALS AND METHODS

Study Sites and Collection of Soil

Columns

We took samples from three different sites in Germany
with mature European beech (Fagus sylvatica L.) stands: Bad
Briickenau (BBR), Vessertal (VES) and Liiss (LUE). The soils
represent a gradient in available and total P stocks (total P: BBR
904 g m~2, VES 464 g m~2, LUE 164 g m~2, to 1 m soil depth).
Table 1 summarizes other important site characteristics. The sites
differ with respect to humus form (BBR: mull-like moder, VES:
moder, LUE: mor-like moder), texture (BBR: silty clay loam, VES:
loam, LUE: loamy sand) and sesquioxide contents. The soil in
LUE shows signs of podzolization. Soil microbial activity is higher
in VES than in BBR and LUE (Lang et al., 2017). According to the
concept proposed by Lang et al. (2016), the site BBR is categorized
as an “acquiring” forest ecosystem, whereas LUE corresponds to
a “recycling” forest ecosystem. VES is considered an intermediate
site (Lang et al., 2017).

In March 2017, we sampled naturally structured soil columns
including young beech trees from natural regeneration. We
retrieved the soil samples by driving acrylic glass cylinders
(inner diameter: 7.4 cm, height: 30 cm) into the soil, using a
metal cartridge with a lid to protect the trees. Sampled soil
columns comprised 15 to 24 cm of the top mineral soil as
well as the organic layers (Oi, Oe, Oa). The sampled forest
floor varied in thickness between 4 and 8 cm, the P-poor

TABLE 1 | Basic site and soil characteristics of the three sampling sites Bad
Briickenau (BBR), Vessertal (VES) and LUss (LUE) for the upper 20 cm soil. Feo
and Alo, are proxies for sesquioxide content. Fe/Al suffix “0”: oxalate extracted.
Data retrieved from Lang et al. (2017).

Study site BBR VES LUE

Soil type (WRB, Dystric skeletic Hyperdystric Hyperdystric folic

2015) cambisol skeletic chromic cambisol
cambisol

Parent material Basalt Trachyandesite Sandy till

Humus form Mull-like Moder Moder Mor-like Moder

Altitude (m a.s.l.) 809 810 115

Precipitation 1,031 1,200 779

(mma~T)

Texture (WRB, Silty clay loam Loam Loamy sand

2015)

Sand% 9 30 76

Silt% 55 47 19

Clay% 37 24 5.5

pH mineral soil 4.2 3.9 3.7

(H20)

Feo (gkg™") 33 8 2

Alo (g kg™ iRl 6 1

Resin extractable P 116 40 11

of A horizon

(mg kg™")

Total P stocks up to 904 464 164

1 m soil depth and
forest floor (g m~2)
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site LUE exhibiting the thickest and the P-rich site BBR the
thinnest humus layer. Due to the abundance of fresh litter in
spring, Oi layers were thick irrespective of the humus form.
To prevent translocation of organic layer material into the
mineral soil during the sampling process, we carefully removed
the humus layer within and around the sampling spot before
soil extraction and added it to the soil column later. Beech
saplings were about 30 to 60 cm high. After storage at 5°C in a
cooling chamber until May 2017, we moved the mesocosms to
the greenhouse.

Conditioning

The DRW experiments were preceded by a 14-month
conditioning phase starting in May 2017, in order to reduce
possible effects of the soil sampling (e.g., disruption of roots and
soil aggregates) on the DRW results. We equipped all mesocosms
with vertically installed MPS 6 sensors (Decagon) which
continuously monitored matric potential and soil temperature in
the center of the mineral soil. Air humidity and temperature in
the greenhouse were also monitored throughout the experiment.
During conditioning, we irrigated the mesocosms with 20 to
40 ml of irrigation solution every second to third day to maintain
a matric potential of around -10 kPa. Especially in the warm
summer period, however, matric potentials in the mesocosms
occasionally decreased between the irrigations to values below
this target value. For irrigation, a solution was used which
resembled the average precipitation water from around Freiburg
i.B., Germany (detailed information provided in Holzmann
et al., 2016). From mid-December 2017 to mid-March 2018,
we set up a cooling case around the mesocosms to simulate
winter conditions. Soil temperatures varied between 7 and 10°C
during this period.

Drying and Rewetting

We conducted four DRW cycles between 17th of July and 20th
of September 2018. Between the DRW cycles, there were 20-
day intervals, in which all mesocosms were treated as during the
conditioning phase. During the drying phase of a DRW cycle,
irrigation was suspended for 3 to 5 days to achieve a moderate
drying to pF values between 2 and 3 (LUE soils) or 2 and 3.5 (BBR
and VES soils), or for 5 to 8 days to achieve an intense drying to
pF values between 3 and 4 (LUE soils) or 3.5 and 5 (BBR and VES
soils). We rewetted by continuously watering each mesocosm
with 250 ml over 4 hours (fast rewetting) or over 48 hours (slow
rewetting), simulating 58 1 m~2 of rainfall. The irrigated water
volume and the duration of the rewetting phase were chosen
based on records of regional precipitation data (Malitz and Ertel,
2015) and available water capacities of the soils. Estimated return
periods of the simulated rain events are 40, 30 and 50 years for the
4 hour rain, and 1.5, 1.5, and 4 years for the 48 hour rain for BBR,
VES and LUE, respectively. We realized three combinations of
drying intensity and rewetting duration: (1) moderate drying and
slow rewetting (MOD-S), (2) intense drying and slow rewetting
(DRY-S), and (3) intense drying and fast rewetting (DRY-F). We
used five replicate mesocosms per variant from each of the three
sites. All mesocosms of one variant were irrigated simultaneously.
Irrigation of the different variants started with a slight time offset

within a few hours. Each mesocosm was exposed to the same
DRW variant (either MOD-S, DRY-S or DRY-F) throughout the
four DRW cycles.

Irrigation water was supplied to each mesocosm from a 250 ml
glass bottle by use of a peristaltic pump (Ismatec). The pump
constantly delivered the irrigation solution to about 5 cm above
the soil surface via silicone tubing, from where it dripped down at
the preset rate. We manually changed the position of the dripping
tube every 15 min to facilitate even water distribution over the
mesocosm surface.

Experimental Boundary Conditions

Regardless of the DRW variant, rewetting aimed at saturating
the mesocosms to matric potentials at or above —10 kPa.
With very few exceptions, this was achieved for all DRW
cycles and mesocosms. However, the location in a greenhouse
entailed a certain susceptibility to environmental influences
and therefore, conditions varied to some extent among the
four DRW cycles. The second DRW cycle, for instance, took
place in a considerably warmer period than the other three,
which resulted in approximately 4°C higher soil temperatures.
Apart from varying atmospheric conditions, differences between
the sites with respect to the water retention characteristics
complicated the aim to achieve similar matric potentials during
the desiccation phase, and LUE samples generally remained
wetter than samples from BBR and VES. Reasons for this could
be a lower water uptake by the trees, a decreased evaporation
due to hampered capillary rise through sand and the presence
of an Oh horizon with a particularly high water retention
capacity in the LUE soils compared to the other two sites.
The mere effect of the drying and rewetting intensities on the
leaching of P is therefore not easily comparable among the
different sites.

Matric Potential During DRW

Average matric potentials before rewetting were for DRY-S and
DRY-F: BBR: —2,004 £ 1,093 kPa, VES: —1,607 + 824 kPa, LUE:
—457 + 645 kPa, and for MOD-S: BBR: —335 =+ 465 kPa, VES:
—176 £ 282 kPa, LUE: —16 + 16 kPa. In the fast rewetting
variant, the measured matric potential reached values around -
10 kPa (upper measurement limit of the MPS 6 sensors) within
3.7 =+ 3.0 hours on average after start of the irrigation, while in
the slow rewetting variants it took on average 9.7 £ 9.9 hours
(MOD-S) and 25.9 £ 13.1 hours (DRY-S) (Figure 1). After the
experiment, we retrieved soil cores of 100 cm® from the lower part
of the mesocosms, and determined the volumetric water content
at -6.3 kPa (field capacity).

Sampling and Chemical Analysis

Soil solution was collected at the bottom of the mesocosms
with filter plates (ROBU GmbH) which consisted of borosilicate
glass 3.3 and had a pore size of 10-16 pum. The leachate was
collected in separate 500 ml borosilicate glass bottles, which
were constantly cooled in a water bath to 12-15°C. During
rewetting and for several hours thereafter, we reduced the
air pressure inside the collection bottles by 6-8 kPa through
a connected vacuum pump (KNF Neuberger GmbH). Thus,
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FIGURE 1 | Matric potential of mesocosms from Bad Briickenau over the
course of the four DRW cycles. MOD-S, moderate drying, slow rewetting;
DRY-S, intense drying, slow rewetting; DRY-F, intense drying, fast rewetting.

water-logging, anaerobic soil conditions and, as a consequence,
reductive P mobilization were avoided. We sampled the
leachates during each DRW cycle. For this, we emptied the
glass bottles at the beginning of a cycle and transferred the
leached solution from the bottles into storage containers at
the end of a cycle.

Until analysis, the leachates were stored for 4 to 8 weeks
at 5°C. Despite cooling, some enzymatic transformation of
organic P likely occurred during the storage, so inorganic
P leaching is probably somewhat overestimated in our data.
We analyzed total phosphorus (TP) of the leachates after
digestion of unfiltrated soil solution with K;S;05 and H;SO4
and addition of ascorbic acid solution. Molybdate reactive
phosphorus (MRP) as well as all other chemical parameters were
determined in soil solution that was filtered through 0.45 pm
cellulose acetate filters. Total minus molybdate reactive P was
considered to represent organically bound P including colloidal
organic P (molybdate unreactive P, MUP). TP, MRP, dissolved
organic carbon (DOC), total nitrogen (TN) and NHy were
measured with a San++ Continuous Flow Analyzer (Skalar
Analytical B.V.). Al, Fe, NO3, SO4, Cl, Si, Mn, Zn, Mg, K,
Ca and Na were analyzed with an 881 Compact IC pro
(Deutsche METROHM GmbH & Co. KG). Soil solution pH was
measured with an A 220 pH meter (Denver Instrument). For a
detailed explanation of chemical analyses see Holzmann et al.
(2016).

Leachate obtained from individual mesocosms was not always
sufficient for a complete laboratory analysis. In those cases, we
combined leachates from replicate samples (same site, same
DRW variant) to obtain an analyzable leachate volume. If
leachate was still not sufficient, TP analysis was prioritized over
other parameters, hence more observations are available for TP
(n = 154) than for MRP and MUP (n = 137). The total P loss

(P load) within a DRW cycle was determined by multiplying the
leachate volumes by the P concentrations.

Statistical Analysis and Model Building

To compare P leaching between the different DRW variants and
the different sites, we firstly applied a Wilcoxon signed-rank test
at 5% error probability.

We then used Boosted Regression Trees (BRTs) to analyze the
effect of experimental variants, environmental conditions as well
as soil and soil solution properties on P leakage. BRT modelling
seemed appropriate due to its ability to handle different types
of predictor variables, outliers and missing data (Elith et al,
2008). BRTs fit multiple regression trees and combine them,
using a combination of the ordinary regression tree approach
and boosting, thereby potentially improving the predictive
performance compared to standard regression methods which
produce a single model (Buston and Elith, 2011). All predictor
variables are ranked according to their relative influence (RI) on
the response variable (De’Ath, 2007). Partial dependence plots
(Friedman and Meulman, 2003) were used to visualize the effect
of a given predictor on the response, while all other predictors are
held at their mean value (Greenwell, 2017).

We built BRTs for the leachate concentrations of MRP, MUP
and TP, the ratio of MUP/TP as well as the total loss of
MRP, MUP and TP during each DRW cycle. We increased the
number of predictor variables included in the BRTs in three
hierarchical steps. Firstly, we fitted basic models (“Level I BRTs”)
with the predictors SITE (BBR, VES or LUE), INT (MOD or
DRY for the drying intensity), IRR_RATE (SLOW or FAST for
the applied rewetting rate) and CYCLE (1, 2, 3 or 4 for the
consecutive DRW cycles).

Secondly (“Level IT BRTs”), we added predictor variables that
are specific to the DRW cycle of each individual mesocosm:
PSI_START (log-transformed matric potential just before
rewetting [logl0(hPa)]), RW_TIME (duration of rewetting
[min], derived from matric potential sensor readings), WRET
(water retention during irrigation = irrigated volume - leached
volume [ml]), MESO_FC (field capacity of the individual
mesocosm [mm]), and SOIL_TEMP (soil temperature [°C]). Air
temperature [°C] and air humidity [%] were tested as predictor
variables to clarify that the number of the DRW cycle was not a
mere proxy for the prevailing climatic conditions.

Thirdly (“Level III BRTs”), we included soil solution chemical
parameters in the final models: pH, DOC ([mg 171]) and
NH4_N (ammonium-N [mg1~!]). NO;_N (nitrate-N [mg1~!]),
DIN = NHy N 4+ NO3_N (dissolved inorganic nitrogen [mg
171]) and TN (total nitrogen [mg 171]) were dropped in the
process of model development due to their high correlation with
the stronger predictor NH4_N (Pearson correlation coeflicients
> | #+ 0.7)). Likewise, Al (total aluminum [mg 17!]), Fe (total
iron [mg 1711), and DON (dissolved organic nitrogen [mg -1,
TN - DIN) were dropped in favor of DOC. To make these
selections, we calculated separate BRT models with only one of
the intercorrelated predictor variables (DIN, NO3;_N, NHy_N,
TN, and Al, Fe, DOC, DON) at a time. We then chose the
predictor that contributed to the model with the highest score of
explained variance.
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We tested all other parameters available from soil solution
analysis (Si, Mn, Zn, Mg, K, Ca, Na, Cl, and SO4) for their
influence on P response variables, but rejected them due to
their negligible impact. Because of their skewed distribution, the
values of the predictors Al, Fe, DOC, NH4_N, and DON were
log-transformed.

All analyses were conducted in R (R Core Team, 2019). We
used the dismo (Hijmans et al., 2017) and gbm (Greenwell et al,,
2019) packages based on scripts provided by Elith et al. (2008)
and Elith and Leathwick (2017) to model BRTs and examine
the models for predictor interactions. The applied gbm.step
function uses cross validation of simulated vs. measured P
concentrations and loads to estimate the optimum number of
trees. As some randomness usually improves model accuracy
and reduces overfitting (Friedman, 2002), models were built
using randomly selected 50% of the data at each iteration (bag
fraction = 0.5). To obtain models with at least 1,000 trees, we
used a learning rate of 0.002, which was increased to 0.003 when
the number of fitted trees exceeded 10,000. To allow for the
fitting of interactions between predictor effects, tree complexity
was set to 5. As measures for predictive performance, we
calculated the variance explained by the BRT models according
to Derville et al. (2016), as well as the cross-validation variance
according to Sutcliffe et al. (2013).

RESULTS

Effects of DRW Variants and Site on
Phosphorus Leaching as Revealed by
Rank Testing

Phosphorus in the leachates was composed to a larger degree
of molybdate unreactive phosphorus (MUP) than of molybdate
reactive phosphorus (MRP; Figure 2; for details see below). While
the experimental drying-rewetting (DRW) variants (MOD-S,
DRY-S, DRY-F) had no effect on either P fraction, when
considering soil columns from all three sites (Figure 2A), there
were differences when comparing data from given sites (see
Supplementary Table 1). DRY-S resulted in the lowest total
phosphorus (TP) concentrations in BBR and VES leachates
(22.9 £ 9.3 and 27.9 & 13.2 pug 17!, respectively), as well as
the lowest MUP concentrations in BBR (12.8 £ 8.5 pg -1
and the second lowest MUP concentrations in VES (15.6 4= 9.1
compared to 15.3 + 6.7 pg 17! in DRY-F). Contrarily, LUE
leachates showed the highest concentrations of TP and MUP in
DRY-S (63.2 + 25.7 and 54.8 + 24.6 g 171, respectively). As
for MRP concentrations, MOD-S, DRY-S and DRY-F only had
a noticeable effect in VES leachates (12.2 & 16.2, 10.8 &= 13.2 and
16.8 4 12.8 g1~ 1, respectively). We found significant differences
when comparing data from the three sites, but irrespective of
DRW variant (Figure 2B). MRP concentrations in leachates from
VES soil (14 + 10.3 jug 1= 1) were significantly and about 1.5 times
higher than in leachates from BBR (8.6 & 4.6 ug 1~!) and LUE
(9.2 4 5.0 ug1™!). By contrast, both TP and MUP concentrations
in leachates from LUE soil (TP: 50.9 + 26.4 pug 1-!; MUP:
41.7 £ 24.3 pg 1™ 1) were significantly and about two times higher
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FIGURE 2 | Leachate concentrations of molybdate reactive phosphorus
(MRP), molybdate unreactive phosphorus (MUP), total phosphorus (TP) and
MUP/TP ratios for the three different DRW variants (MOD-S, DRY-S, DRY-F on
x-axis) (A) and the three sampling sites (BBR, VES, LUE on x-axis) (B).
Asteriks indicate significance at *P < 0.05, **P < 0.01, **P < 0.005,

***P < 0.001 (Wilcoxon test), ns indicates no significance.

than in leachates from VES soil (TP: 32.7 & 14.3 ug 1=1; MUP:
18.7 + 10.8 ug 171) and BBR soil (TP: 26.6 + 10.1 pug 1=}
MUP: 17.0 & 10.1 ug I71). As a consequence, also the relative
proportion of MUP (MUP/TP) was significantly higher in
LUE soil leachates (0.79 4 0.14) than in leachates from VES
(0.57 £ 0.21) and BBR (0.61 £ 0.24) soils. As higher P
concentrations generally coincided with higher leachate volumes,
the inter-site differences described above for P concentrations
also applied to P loads (not shown).
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In addition to the site related differences, concentrations and
loads of both P fractions differed among the individual DRW
cycles (see Supplementary Table 1). While, irrespective of site,
MRP concentrations gradually declined continuously from the
first to the fourth cycle, MUP and TP concentrations were
minimum either in the second cycle (BBR, VES) or in the fourth
cycle (LUE). The effects of the DRW cycle on our results was
revealed in more detail by the boosted regression tree analysis,
as described in the following.

Level | Boosted Regression Trees (BRTs)

for P Concentrations in Soil Leachates

Basic BRT analysis, testing for the relative effects of the predictors
site, drying intensity before rewetting, irrigation rate during
rewetting, and DRW cycle, and visualized in partial dependence
plots (Figure 3), revealed distinct differences between the
behavior of MRP and MUP in leachates during rewetting. The
DRW cycle had a dominant effect on MRP with a RI of 59.9%
(Table 2), leading to a continuous decrease from the 1st to the
last cycle (Figure 3, Supplementary Table 1). The RI of site was
only 25.8% with higher MRP concentrations in VES leachates
than BBR and LUE leachates (Figures 2, 3). By contrast, site had
a somewhat higher RI on MUP, TP and MUP/TP (48.6, 44.3,
and 49.5%, respectively; Table 2) than DRW cycle (37, 42.4, and
38.5%, respectively; Table 2). As also shown by rank testing (see
above), leachates from LUE exhibited higher values of MUP, TP
and MUP/TP than BBR and VES leachates (Figure 3). As shown
for MRP, also the MUP and TP concentrations were maximum in
the first DRW cycle. However, there was no continuous decrease
during the following cycles, and the relative contribution of MUP
was maximum in the last cycle (Figure 3).

Neither drying intensity before rewetting (MOD, DRY; RI
between 3.3 and 6.6%) nor irrigation rate during rewetting
(SLOW, FAST; RI between 5.3 and 11%) had a strong effect on
P leaching from the soil columns. The only noticeable effect were
somewhat higher MRP concentrations (only in VES) and lower
MUP concentrations (only in LUE) after fast than slow rewetting
(see Supplementary Table 1, Figure 3).

Including DRW Parameters: Level Il BRTs

for Leachate P Concentrations

The partial dependence plots for level II BRTs are shown in
Figure 4. These BRTs were performed with the predictors from
level T BRTs (site, DRW cycle, etc.) and predictor variables
specific to individual mesocosms (field capacity MESO_FC, water
retention during rewetting WRET, soil temperature, desiccation
intensity before rewetting PSI_START, duration of rewetting
RW_TIME, etc.). PSI_START and RW_TIME replaced the “two-
level” predictors intensity before rewetting and irrigation rate
during rewetting from the level I BRTs. Site (RI between 14.7
and 28.9%) and DRW cycle number (RI between 18.4 and 31.3%;
Table 2) remained strong predictors for all response variables
also for Level II BRTs (Figure 4). However, also the newly
included predictors exhibited strong effects. Concentrations of
all P fractions were affected strongly by water retention during
irrigation (RI between 14.5 and 22.4%) and field capacity
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FIGURE 3 | Partial dependence plots for Level | BRTs, showing fitted effects
of predictor variables (IRR_RATE: irrigation rate, INT: drying intensity) on MRP,
MUP, TP concentrations and MUP/TP ratios with all other predictor variables
held at their mean. Percentages in plots list the relative influence of each
predictor on the respective response variable. The response variables on the
y-axis have been centered by subtracting their mean.

(RI between 14.5 and 16.9%; Table 2), with concentrations
decreasing with increasing water retention or field capacity
(Figure 4). On the other hand, the relative proportion of MUP
increased with increasing water retention to about 130 ml and
decreased with further increasing water retention (RI 13.2%).
Desiccation intensity prior to rewetting (PSI_START, RI between
16 and 20.6%; Table 2) was another influential predictor for
all P fractions. MRP concentrations increased with increasing
PSI_START in the moist range to about pF 2.5, decreased
slightly with increasing dryness and increased again in the very
dry range above pF 4 (Figure 4). By contrast, MUP and TP
concentrations increased up to pF 2.2, and then decreased with
increasing dryness. The relative proportion of MUP decreased
steadily with increasing dryness. The MUP/TP ratio was the
only parameter which in addition was strongly affected by
soil temperature (RI 25.9%), showing a marked decrease with
increasing soil temperature.

In strong contrast to the two-level predictor irrigation rate (see
level I BRTs), the individual duration of rewetting (RW_TIME)
was among the important predictors for TP and MUP (RI 12.7
and 16.5%, respectively; Table 2). However, an examination of
the interactions between RW_TIME and SITE (data not shown)
revealed that only for LUE samples TP and MUP concentrations
increased with longer rewetting times.
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TABLE 2 | Output from Boosted Regression Trees (BRTs); The explained (cross-validated, CV) variance of the models, and the relative influences of predictor variables
(INT: Drying intensity, IRR_RATE: Irrigation rate, MESO_FC: Field capacity of mesocosm, SOIL_TEMP: Soil temperature, PSI_START: Matric potential before rewetting,
WRET: Water retained during rewetting, RW_TIME: Duration of rewetting, DOC: Concentration of dissolved organic carbon, NH4_N: Concentration of ammonium-N) on
concentrations of molybdate reactive phosphorus (MRP), molybdate unreactive phosphorus (MUP), total phosphorus (TP) and MUP/TP ratios (BRTs Level I, II, Ill), and
the respective P loads (BRTs Level lll). Blank fields indicate that the predictor was dropped during simplifying of the BRT model.

P concentrations P loads
BRTs Level | BRTs Level Il BRTs Level Il BRTs Level Il
Response variable MRP MUP TP MUP/TP MRP MUP TP MUP/TP MRP MUP TP MUP/TP MRP MUP TP
Explained variance [%) 49.7 555 514 49.0 759 678 714 58.6 89.4 828 722 63.3 65.8 83.7 857
Explained CV variance [%] 389 431 434 34.3 475 435 4438 35.0 477 53.7 50.0 35.2 406 529 618
Relative influence [%] SITE 268 486 443 38.5 147 289 205 21.8 14.3 4.2 7.8 9.4
CYCLE 599 37.0 424 49.5 31.3 201 207 18.4 254 140 146 20.2 6.8
INT 3.3 74 6.1 6.6
IRR_RATE 11.0 7.4 7.2 53
MESO_FC 165 169 142 15.9 8.4
SOIL_TEMP 25.9 23.8 10.2
PSI_START 16.0 176 17.0 20.6 10.6 9.8 11.9 8.1
WRET 22.4 14.5 13.2 19.7 8.4 101 40.7 30.0 385
RW_TIME 165 127
pH 27.3 104 16.1 21.8 153
DOC 339 354 12.0 18.7 169
NH4_N 248 249 289 19.5 9.6 176 144
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FIGURE 4 | Partial dependence plots for Level Il BRTs, showing fitted effects of predictor variables (MESO_FC: Field capacity of mesocosm [mm], WRET: Water
retained during rewetting [ml], SOIL_TEMP: soil temperature [°C], PSI_START: Matric potential before rewetting [log10(hPa)], RW_TIME: duration of rewetting [min]
on MRP, MUP, TP concentrations and MUP/TP ratios with all other predictor variables held at their mean. Red dotted lines are loess smoothed curves. Percentages
in plots list the relative influence of each predictor on the respective response variable. The response variables on the y-axis have been centered by subtracting their
mean. Blank fields indicate that the predictor was dropped during simplifying of the BRT model. Ticks at the base of the plots indicate the distribution, in deciles, of
the predictor variable on the x-axis.
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Including Leachate Chemical
Composition: Level Ill BRTs for Leachate

P Concentrations and Loads

Including soil solution parameters (DOC and NH4_N
concentrations, pH) as additional predictors in the BRTs
reduced mainly the RI of the three-level predictor SITE, while
one or more of the soil solution parameters became highly
influential (see partial dependence plots in Figure 5). The
concentrations of all P fractions as well as the relative proportion
of MUP were strongly influenced by NH4_N concentrations
(RI ranging from 19.5 to 28.9%), with P concentrations and
ratios increasing with NH4_N up to a threshold of 0.5 g 171,
Furthermore, MUP, TP and MUP/TP increased with increasing
DOC concentrations (RI between 12 and 35.4%). Soil solution
acidity (pH) showed a strong (RI 27.3%) but varying effect on
MUP between pH 4.5 and 5.0, whereas the relative proportion of
MUP decreased sharply between pH 4.0 and 4.5 (Figure 5).

Interactive relations (not shown) between the predictor
site and the predictors DOC, NH4_N and pH suggest that
the predicted effects of DOC, NH4_N and soil acidity on
the concentrations of P fractions are a reflection of inherent
differences between LUE and the other two sites. The leachates
from LUE (see Supplementary Table 1) exhibited varying
concentrations of DOC (35.2 & 29.8 mg 171), that were, however,
distinctly higher than DOC concentrations in leachates from
BBR (8.5 & 3.5 mg I!) and VES (12.6 &+ 6.6 mg I !). The
concentrations of NH4_N (3.5 4+ 5.3 mg 17!) in LUE leachates
were also higher than those in leachates from BBR and VES
(both 1.1 &+ 0.1 mg 171). LUE leachates were also more acidic
(mean pH 4.3) than leachates from VES (mean pH 5.0) and
BBR (mean pH 5.7).

Since loads of leached P fractions were calculated by
multiplying the leached volume of each rewetting phase with
the respective concentrations of MRP, MUP and TP, all loads
were reduced by an increasing water retention during rewetting
(WRET) as the strongest predictor in the BRTs (RI between 30
and 40.7%; see partial dependence plots in Figure 6). Responses
to most other predictor variables were similar to the respective
P concentrations.

DISCUSSION

P Leakage Decreases Over Time

The total P concentrations in leachates were in a similar range as
in previous leachate studies examining the same sites (Holzmann
et al., 2016; Makowski et al., 2020). Organic P dominated the
leakage from all three sites (mean MUP/TP ratios ranging from
57 to 80%), which has also been observed by a number of other
authors (e.g., Turner and Haygarth, 2001; Blackwell et al., 2010)
and is explained by the greater affinity of MRP to the soil solid
phase (Kaiser et al.,, 2003; George et al., 2018). However, our
findings are in contrast with observations of Holzmann et al.
(2016); Brodlin et al. (2019), and Makowski et al. (2020), where
MRP dominated leachates from mineral soil. We found mean
ratios of MUP/TP to be about a third higher in leachates from

LUE than from BBR and VES, which is due to the thicker humus
layer containing a higher share of organic P in LUE.

While leachate volumes remained approximately constant
throughout the four DRW cycles, P concentrations in the
leachates decreased steadily. The consecutive number of the
DRW cycle was included in all BRT models for MUP, MRP
and TP concentrations, as well as for MRP and TP loads.
The steady decrease of MRP concentrations from the first
to the fourth cycle points to a progressive depletion of the
exchangeable inorganic P pool and its declining replenishment
from organic matter mineralization. The strikingly higher MUP
(and thus TP) concentrations in the first DRW cycle compared
to subsequent cycles indicate a flushing of soil organic matter
during the first rewetting (“Birch effect”). This is in line with
observations of a distinct P flushing during the first hours of
irrigation of desiccated soil in a field experiment by Makowski
et al. (2020). The particularly low MUP concentrations in
the second DRW cycle are possibly due to the higher soil
temperatures (compared to the third and fourth cycle) that
enhanced enzymatic depolymerization and mineralization of
organic matter (e.g., Conant et al,, 2011; Bailey et al., 2019).
Since we did not observe a concomitant increase in MRP
concentrations during the second cycle, the mineralized P was
likely taken up by trees or microorganisms.

Drier Soil Does Not Leach More P Upon

Rewetting

Our observations only partly confirm our hypothesis (1) that
increasing intensity of desiccation would lead to higher P leakage
upon rewetting. Contrary to our expectations, MUP and TP
concentrations as well as MUP/TP ratios decreased in the
leachates with increasing degree of drying, predominantly in the
VES samples. MRP showed a tendency to increase after more
intense desiccation, especially above pF 4. This is in agreement
with the results of Khan et al. (2019), who observed increased
leaching of dissolved inorganic P when soils were more desiccated
prior to rewetting. Our results partially agree with findings of
Brodlin et al. (2019), who observed (in organic and topsoil
material from LUE and BBR) a considerably greater mobilization
of inorganic, but also organic P after an initiate harsh dry spell
(drying at 40°C for 72 h) compared to a subsequent moderate
one (drying at 20°C for one month). While the potential effect of
a first flush is not discussed by Brodlin et al. (2019), the authors
argue that a harsher drying exerts higher osmotic stress on
microorganisms and thereby affects drought-induced P release
of primarily microbial origin. Our results suggest that a drying
to a matric potential up to pF 4 does not affect P leaching,
but losses of P increase above pF 4. This is also in line with
Dinh et al. (2017), who found microbial P release under DRW
to critically increase upon desiccation to above pF 4. Apart
from the magnitude of desiccation (i.e., the achieved matric
potential), the established drying phase in our experiment was
possibly too short to induce a substantial release of P from
microbial cell lysis. For example, Khan et al. (2019) found that
after an intensive drying period of 14 days, rewetting released
significantly more microbially derived P from soils than after
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FIGURE 5 | Partial dependence plots for Level Il BRTs, showing fitted effects of predictor variables (MESO_FC: Field capacity of mesocosm [mm], WRET: Water
retained during rewetting [ml], SOIL_TEMP: soil temperature [°C], PSI_START: Matric potential before rewetting [log10(hPa)], DOC: concentration of dissolved
organic carbon (log-transformed), NH4_N: concentration of ammonium-nitrate (log-transformed)) on MRP, MUP, TP concentrations and MUP/TP ratios with all other
predictor variables held at their mean. Red dotted lines are loess smoothed curves. Percentages in plots list the relative influence of each predictor on the respective
response variable. The response variables on the y-axis have been centered by subtracting their mean. Blank fields indicate that the predictor was dropped during
simplifying of the BRT model. Ticks at the base of the plots indicate the distribution, in deciles, of the predictor variable on the x-axis.

- SITE CYCLE WRET SOIL_TEMP  PSI_START DOC pH NH4_N
o] ©4%)| = o2%)[]--- 7"\ (“o7%)] (10.2%)(| (9.8%) ] (9.6%)
s | — 1 ) 1 i . i
g =, H = H b H W | PO 4,
= g_ — | | ] L . _.-- | 1
<] 1 =l N | i
o
! T T T T T T T 1 1 1 I‘ T T ‘I‘ T T 1 1 I 1 I 1 LT T T T T 1
NE 477 (30%) . (M1.9%H  (18.7%) " " H (21.8%) (17.6%)
a T 7 ‘\ T N ~ 1 ,’ —__\ nm ..
2|8 o Iy e I | e |
a| = v {1 ¥y 1 1 T H
N+ . . . - H
m: M —— e e s s e s e e e s e e
- (6.8%) L (38.5%) | (8.1%) (16.9%) - _ (15.3%) (14.4%)
& 7 ____ \\‘\ _rl—\_—‘——~"'_ ;’l —_7\\’1__‘_—_ 1 ,/ _________
:?_ | ] \\\ a -———’—V | | _,’
T T T T T T T | T T I\_I 1T T 17T 1T T T 1T T T T T LI e N S R
BBRVESLUE 1 2 3 4 05 150 20 24 28 2 3 4 12 3 4 4 5 6 0 1.0 2.0 3.0

FIGURE 6 | Partial dependence plots for Level lll BRTs, showing fitted effects of predictor variables (WRET: Water retained during rewetting [ml], SOIL_TEMP: soil
temperature [°C], PSI_START: Matric potential before rewetting [log10(hPa)], DOC (concentration of dissolved organic carbon (log-transformed), NH4_N:
concentration of ammonium-nitrate (log-transformed)) on MRP, MUP and TP loads with all other predictor variables held at their mean. Red dotted lines are loess
smoothed curves. Percentages in plots list the relative influence of each predictor on the respective response variable. The response variables on the y-axis have
been centered by subtracting their mean. Blank fields indicate that the predictor was dropped during simplifying of the BRT model. Ticks at the base of the plots
indicate the distribution, in deciles, of the predictor variable on the x-axis.

Frontiers in Forests and Global Change | www.frontiersin.org 10 May 2021 | Volume 4 | Article 543037


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

Gerhard et al.

Drying-Rewetting and Phosphorus Leaching

two days of intensive drying. Lower survival of bacteria with
increasing desiccation time was also observed by Meisner et al.
(2015, 2017), while fungi probably survived desiccation better
(Schimel, 2018). Overall, it appears that the microbial community
in our experiment was able to largely outlast and recover from
the desiccation phases (3 to 5 days for moderate and 5 to 8 days
for intensive drying) (cf. Gao et al., 2020; Schimel, 2018). Parts
of the bacterial community likely adapted to drought stress
by developing epigenetical traits, e.g., by the production of
extracellular polymeric substances during soil drying (Schimel,
2018). This may have altered soil repellency, decreased organic
matter mobility (Barnard et al., 2020) and thereby hampered the
leaching of soil organic P (George et al.,, 2018). Possibly, this
process explains why desiccation to values below pF 4 did not
further intensify P leaching in our experiment.

In addition to biotic processes, abiotic factors such as
aggregate disruption (Biinemann et al., 2013) and desorption
(Butterly et al., 2009) modify the response of soils to DRW
cycles. However, the breakdown of soil aggregates by drying and
rewetting is unlikely to have played a role in our experiment
because it usually occurs only at very large rewetting magnitudes
(Barnard et al.,, 2020). Accordingly, we found that in BBR and
VES, which have loamy soils with a distinct soil structure,
MRP (but not MUP) leaching was only slightly increased when
subjected to harsher drying. The elevated leaching of MRP is
possibly an effect of both, the release of adsorbed inorganic P
in the mineral soil (Butterly et al., 2009) and microbial P release
(Dinh et al., 2017).

Taken together, our results suggest that the upshock, i.e.,
the change in soil water potential between desiccation and
rewetting achieved in our experiment, was not the main driver
behind the stimulated P leaching and that site properties had a
stronger influence. Future DRW experiments should investigate
the individual effects of drying intensity and rewetting rate by
more intense upshocks.

Fast Rewetting Does Not Affect P

Leaching More Than Slow Rewetting

Based on our results, we must reject our hypothesis (2) that
P concentrations in leachate are elevated after fast rewetting
compared to slower rewetting. Overall, rewetting time had very
little effect on the P leakage in BBR. In VES, faster rewetting
was associated with slightly increased MRP leaching, but had no
effect on MUP and TP. LUE samples had lower MUP and TP
concentrations and slightly higher MRP concentrations under
fast rewetting than under slow rewetting. The fact that organic
P leaching reacted to the rewetting rate mainly in the LUE
samples, where the organic layer and its potentially mobilizable
organic P pool are larger than in BBR (Hauenstein et al., 2018)
and VES (Lang et al., 2017), underlines the role of dissolved
organic matter for the translocation of organic P. This was also
reflected in the higher DOC concentrations in LUE leachates
than in BBR and VES. The comparatively low response of the
BBR samples to the rewetting intensity can be explained by the
lower mineralization rate and the higher storage capacity for
nutrients at this site.

During fast rewetting of dried soil, water is more likely
to pass the soil via macropores and leach particulate P
(Makowski et al., 2020). In the loamy soils from BBR and
VES, matrix retention of the irrigation water was higher
under slow rewetting, which indicates a rapid passage of
the irrigation water through macropores under fast rewetting.
However, contrary to our expectations, this was not associated
with higher leachate P concentrations (except for slightly
increased MRP leaching in VES). Despite the occurrence of
macropore flow, the BBR and VES soils apparently retained
phosphorus effectively in the soil matrix. The high clay
and sesquioxide contents seemingly allow effective physical
adsorption and ligand exchange at exchange sites (Kalbitz et al.,
2000) despite the rapid water movement. In the sandy LUE
samples, with no visible signs of soil aggregation, MRP was, in
agreement with our hypothesis, higher under fast than under
slow rewetting. Resaturation of the mesocosms was achieved
on average after 83 ml of irrigation after slow rewetting,
but only after 166 ml under fast rewetting, which hints at
the occurrence of preferential flow also in the highly water-
conductive LUE soil.

More P Is Released Upon Rewetting

From Soils With Low Sorption Capacity

In agreement with hypothesis (3), soil solution MRP, MUP and
TP concentrations differed significantly between the sites. LUE,
the site with the smallest P stock and the lowest sorption capacity,
had leachate MUP und TP concentrations that were about a
factor of two higher than in VES and BBR. However, TP and
MUP leaching did not differ between the other two sites, BBR and
VES, despite higher soil P stocks and sorption capacities in BBR.
MRP concentrations were comparably low in LUE and BBR, and
highest in leachates from VES. The generally very low P leaching
from BBR has been linked to low release of P from organic matter
(Hauenstein et al., 2018; Brodlin et al., 2019). In addition, the
higher sorption capacity as well as a reduced apatite solubility in
the less acidic BBR soil (Holzmann et al., 2016) may explain the
lower P leaching from BBR than from VES.

This contrasts the findings of Holzmann et al. (2016); Brodlin
et al. (2019), and Makowski et al. (2020), where MRP dominates
leachates of mineral soil solution. The concentrations of leached
MRP were low at all three sites, and generally lower than MUP.

The higher MRP concentrations in the VES soil leachates
agree with findings of Julich et al. (2017), who observed higher
shares of inorganic labile P in TP in O and A horizons from
VES compared to BBR and LUE. The soil matrix in VES contains
less sesquioxides than in BBR (see Table 1), which, together with
the lower pH, explains the less strong binding of inorganic P
to the soil matrix. Another possible cause for the comparatively
high MRP concentrations in VES is the higher biological activity
and thus potentially higher mobilization of inorganic P at this
site. This is reflected in higher P leaf concentrations, lower
Chnic/Pmic ratios, larger Por/TP ratios and higher C stocks in
the mineral soil compared to BBR and LUE (Lang et al., 2017).
In addition, the bacterial community in VES is more diverse
and less dominated by specialized taxa than in BBR and LUE
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(Bergkemper et al., 2016), which may favor the mineralization of
organically bound P.

According to the Level II BRTs, an increasing field capacity
(MESO_FC) decreased the leachate concentrations of MUP and
TP, especially in LUE. This confirms the expectation that sites
with low water storage capacity have a higher risk of P loss
because of the concomitant reduced ability to retain soluble
organic nutrients there. DOC concentrations, which are three to
four times higher in LUE than in BBR and VES, explained large
parts of the observed variance in the leachate P concentrations.
LUE leachates had higher C/P ratios, which likely results from
higher C/P ratios of the mineral soil, the soil organic matter and
the microbiome at this site (Lang et al., 2017). In our data, Al,
Fe and DON were highly correlated with DOC (R2: 0.82, 0.80,
and 0.73, respectively) and thus also positively related to MUP
and TP concentrations in leachate, but not with MRP. This is
in line with the generally acknowledged simultaneous dynamics
of MUP/TP and DOC as reflections of dissolved organic matter
release, which increases upon physico-chemical solubilization
and microbial breakdown, and decreases with mineral sorption
(e.g., Kalbitz et al., 2000; Kaiser et al., 2003; Zederer and Talkner,
2018; Brodlin et al., 2019; Wanek et al., 2019).

CONCLUSION

We subjected mesocosms with young beech trees growing in
approximately 20 cm undisturbed mineral soil plus organic layer
to four consecutive DRW cycles. P concentrations in leachates
decreased with each cycle. Neither the intensity of drying nor the
rewetting rate affected the P leaching as hypothesized: Intensive
drying or fast rewetting did not generally enhance P release. We
found that an increasing water retention capacity of the soils led
to decreasing P concentrations in the leachates. At all sites, MUP
contributed predominantly to TP and more MUP and TP leached
from the sandy site LUE than from the loamy soils from BBR
and VES. The release of MUP and TP was best explained by
released DOC. This indicates that the solubilization of organic
matter, to some extent enhanced by DRW events, entails the
release and translocation of organic P. This mobilized organic
P may be mineralized and taken up by plants, or leached from
the soil. These losses may be especially high in soils with a coarse
texture that are in addition often inherently nutrient poor and
where biological processes are critical to maintain P supply. Our
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