CHANGES IN FOREST
ECOSYSTEM NUTRITION

EDITED BY: Friederike Lang, Roland Bol, Jaane Kriiger, Sebastian Loeppmann,
Klaus Kaiser and Stephan Hattenschwiler
PUBLISHED IN: Frontiers in Forests and Global Change and
Frontiers in Environmental Science

,frontiers Research Topics



https://www.frontiersin.org/research-topics/11282/changes-in-forest-ecosystem-nutrition
https://www.frontiersin.org/research-topics/11282/changes-in-forest-ecosystem-nutrition
https://www.frontiersin.org/research-topics/11282/changes-in-forest-ecosystem-nutrition
https://www.frontiersin.org/journals/forests-and-global-change
https://www.frontiersin.org/journals/environmental-science

:' frontiers

Frontiers eBook Copyright Statement

The copyright in the text of
individual articles in this eBook is the
property of their respective authors
or their respective institutions or
funders. The copyright in graphics
and images within each article may
be subject to copyright of other
parties. In both cases this is subject
to a license granted to Frontiers.

The compilation of articles
constituting this eBook is the
property of Frontiers.

Each article within this eBook, and
the eBook itself, are published under
the most recent version of the
Creative Commons CC-BY licence.
The version current at the date of
publication of this eBook is

CC-BY 4.0. If the CC-BY licence is
updated, the licence granted by
Frontiers is automatically updated to
the new version.

When exercising any right under the
CC-BY licence, Frontiers must be
attributed as the original publisher
of the article or eBook, as
applicable.

Authors have the responsibility of
ensuring that any graphics or other
materials which are the property of

others may be included in the

CC-BY licence, but this should be

checked before relying on the
CC-BY licence to reproduce those
materials. Any copyright notices
relating to those materials must be
complied with.

Copyright and source
acknowledgement notices may not
be removed and must be displayed

in any copy, derivative work or
partial copy which includes the
elements in question.

All copyright, and all rights therein,
are protected by national and
international copyright laws. The
above represents a summary only.
For further information please read
Frontiers” Conditions for Website
Use and Copyright Statement, and
the applicable CC-BY licence.

ISSN 1664-8714
ISBN 978-2-88971-499-5
DOI 10.3389/978-2-88971-499-5

About Frontiers

Frontiers is more than just an open-access publisher of scholarly articles: it is a
pioneering approach to the world of academia, radically improving the way scholarly
research is managed. The grand vision of Frontiers is a world where all people have
an equal opportunity to seek, share and generate knowledge. Frontiers provides
immediate and permanent online open access to all its publications, but this alone
is not enough to realize our grand goals.

Frontiers Journal Series

The Frontiers Journal Series is a multi-tier and interdisciplinary set of open-access,
online journals, promising a paradigm shift from the current review, selection and
dissemination processes in academic publishing. All Frontiers journals are driven
by researchers for researchers; therefore, they constitute a service to the scholarly
community. At the same time, the Frontiers Journal Series operates on a revolutionary
invention, the tiered publishing system, initially addressing specific communities of
scholars, and gradually climbing up to broader public understanding, thus serving
the interests of the lay society, too.

Dedication to Quality

Each Frontiers article is a landmark of the highest quality, thanks to genuinely
collaborative interactions between authors and review editors, who include some
of the world’s best academicians. Research must be certified by peers before entering
a stream of knowledge that may eventually reach the public - and shape society;
therefore, Frontiers only applies the most rigorous and unbiased reviews.

Frontiers revolutionizes research publishing by freely delivering the most outstanding
research, evaluated with no bias from both the academic and social point of view.
By applying the most advanced information technologies, Frontiers is catapulting
scholarly publishing into a new generation.

What are Frontiers Research Topics?

Frontiers Research Topics are very popular trademarks of the Frontiers Journals
Series: they are collections of at least ten articles, all centered on a particular subject.
With their unique mix of varied contributions from Original Research to Review
Articles, Frontiers Research Topics unify the most influential researchers, the latest
key findings and historical advances in a hot research area! Find out more on how
to host your own Frontiers Research Topic or contribute to one as an author by
contacting the Frontiers Editorial Office: frontiersin.org/about/contact

Frontiers in Forests and Global Change

1 October 2021 | Changes in Ecosystem Nutrition


https://www.frontiersin.org/research-topics/11282/changes-in-forest-ecosystem-nutrition
https://www.frontiersin.org/journals/forests-and-global-change
http://www.frontiersin.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/about/contact

CHANGES IN FOREST
ECOSYSTEM NUTRITION

Topic Editors:

Friederike Lang, University of Freiburg, Germany

Roland Bol, Helmholtz-Verband Deutscher Forschungszentren (HZ), Germany
Jaane Kruger, University of Education Freiburg, Germany

Sebastian Loeppmann, Christian-Albrechts-Universitat zu Kiel, Germany

Klaus Kaiser, Martin Luther University Halle-Wittenberg, Germany

Stephan Hattenschwiler, UMR5175 Centre d'Ecologie Fonctionnelle et Evolutive
(CEFE), France

Citation: Lang, F, Bol, R,, Krtger, J., Loeppmann, S., Kaiser, K., Hattenschwiler, S.,
eds. (2021). Changes in Forest Ecosystem Nutrition. Lausanne: Frontiers Media SA.
doi: 10.3389/978-2-88971-499-5

Frontiers in Forests and Global Change

2 October 2021 | Changes in Ecosystem Nutrition


https://www.frontiersin.org/research-topics/11282/changes-in-forest-ecosystem-nutrition
https://www.frontiersin.org/journals/forests-and-global-change
http://doi.org/10.3389/978-2-88971-499-5

Table of Contents

06

09

23

38

49

65

80

97

108

121

139

163

Editorial: Changes in Forest Ecosystem Nutrition
Friederike Lang, Jaane Kruger, Klaus Kaiser, Roland Bol and
Sebastian Loeppmann

Phosphorus Fluxes in a Temperate Forested Watershed: Canopy Leaching,
Runoff Sources, and In-Stream Transformation

Jakob Sohrt, David Uhlig, Klaus Kaiser, Friedhelm von Blanckenburg,
Jan Siemens, Stefan Seeger, Daniel A. Frick, Jaane Kruger, Friederike Lang
and Markus Weiler

Foliar Nutrient Concentrations of European Beech in

Switzerland: Relations With Nitrogen Deposition, Ozone, Climate and Soil
Chemistry

Sabine Braun, Christian Schindler and Beat Rihm

Soil Phosphorus Translocation via Preferential Flow Pathways: A
Comparison of Two Sites With Different Phosphorus Stocks

Vera Makowski, Stefan Julich, Karl-Heinz Feger and Dorit Julich
Saprotrophic and Ectomycorrhizal Fungi Contribute Differentially to
Organic P Mobilization in Beech-Dominated Forest Ecosystems
Karolin Muller, Nadine Kubsch, Sven Marhan, Paula Mayer-Gruner,
Pascal Nassal, Dominik Schneider, Rolf Daniel, Hans-Peter Piepho,
Andrea Polle and Ellen Kandeler

Mycorrhizal Phosphorus Efficiencies and Microbial Competition Drive
Root P Uptake

Simon Clausing and Andrea Polle

Soil Phosphorus Heterogeneity Improves Growth and P Nutrition of
Norway Spruce Seedlings

Jorg Prietzel

QM/MM Molecular Dynamics Investigation of the Binding of Organic
Phosphates to the 100 Diaspore Surface

Prasanth B. Ganta, Oliver Kihn and Ashour A. Ahmed

Contrasting Effects of Long-Term Nitrogen Deposition on Plant
Phosphorus in a Northern Boreal Forest

Kristin Palmqvist, Annika Nordin and Reiner Giesler

Only Minor Changes in the Soil Microbiome of a Sub-alpine Forest After
20 Years of Moderately Increased Nitrogen Loads

Beat Frey, Monique Carnol, Alexander Dharmarajah, lvano Brunner and
Patrick Schleppi

Soil Phosphorus Dynamics Across a Holocene Chronosequence of Aeolian
Sand Dunes in a Hypermaritime Environment on Calvert Island, BC,
Canada

Lee-Ann Nelson, Barbara J. Cade-Menun, lan J. Walker and Paul Sanborn
Goethite-Bound Phosphorus in an Acidic Subsoil is Not Available to Beech
(Fagus sylvatica L.)

Anika Klotzbucher, Florian Schunck, Thimo Klotzbucher, Klaus Kaiser,

Bruno Glaser, Marie Spohn, Meike Widdig and Robert Mikutta

Frontiers in Forests and Global Change

3 October 2021 | Changes in Ecosystem Nutrition


https://www.frontiersin.org/research-topics/11282/changes-in-forest-ecosystem-nutrition
https://www.frontiersin.org/journals/forests-and-global-change

175

190

201

215

227

245

260

276

288

299

316

Fine Root Size and Morphology of Associated Hyphae Reflect the
Phosphorus Nutrition Strategies of European Beech Forests

Caroline A. E. Loew, Helmer Schack-Kirchner, Siegfried Fink and

Friederike Lang

Impacts of Fertilization on Biologically Cycled P in Xylem Sap of Fagus
sylvatica L. Revealed by Means of the Oxygen Isotope Ratio in Phosphate
Simon Hauenstein, Micha Nebel and Yvonne Oelmann

Organic Nutrients Induced Coupled C- and P-Cycling Enzyme Activities
During Microbial Growth in Forest Soils

Sebastian Loeppmann, Andreas Breidenbach, Sandra Spielvogel,

Michaela A. Dippold and Evgenia Blagodatskaya

Impact of Climate Change on Soil Hydro-Climatic Conditions and Base
Cations Weathering Rates in Forested Watersheds in Eastern Canada
Daniel Houle, Charles Marty, Fougere Augustin, Gérald Dermont and
Christian Gagnon

Plant Nutritional Status Explains the Modifying Effect of Provenance on
the Response of Beech Sapling Root Traits to Differences in Soil Nutrient
Supply

Sonia Meller, Emmanuel Frossard, Marie Spohn and Jorg Luster

In or Out of Equilibrium? How Microbial Activity Controls the Oxygen
Isotopic Composition of Phosphate in Forest Organic Horizons With Low
and High Phosphorus Availability

Chiara Pistocchi, Eva Mészaros, Emmanuel Frossard, E. K. Blinemann and
Federica Tamburini

Modeling Soil Responses to Nitrogen and Phosphorus Fertilization Along
a Soil Phosphorus Stock Gradient

Lin Yu, Bernhard Ahrens, Thomas Wutzler, Sonke Zaehle and Marion Schrumpf

The Cumulative Amount of Exuded Citrate Controls Its Efficiency to
Mobilize Soil Phosphorus

Helmer Schack-Kirchner, Caroline A. Loew and Friederike Lang

Forest Soil Colloids Enhance Delivery of Phosphorus Into a Diffusive
Gradient in Thin Films (DGT) Sink

Alexander Konrad, Benjamin Billiy, Philipp Regenbogen, Roland Bol,
Friederike Lang, Erwin Klumpp and Jan Siemens

Soil Phosphorus Speciation and Availability in Meadows and Forests in
Alpine Lake Watersheds With Different Parent Materials

Thomas Heron, Daniel G. Strawn, Mariana Dobre, Barbara J. Cade-Menun,
Chinmay Deval, Erin S. Brooks, Julia Piaskowski, Caley Gasch and

Alex Crump

Phosphorus Leaching From Naturally Structured Forest Soils is More
Affected by Soil Properties Than by Drying and Rewetting

Lukas Gerhard, Heike Puhlmann, Margret Vogt and Jérg Luster

Frontiers in Forests and Global Change

4 October 2021 | Changes in Ecosystem Nutrition


https://www.frontiersin.org/research-topics/11282/changes-in-forest-ecosystem-nutrition
https://www.frontiersin.org/journals/forests-and-global-change

330 Leaching of Phosphomonoesterase Activities in Beech Forest
Soils: Consequences for Phosphorus Forms and Mobility
Jasmin Fetzer, Sebastian Loeppmann, Emmanuel Frossard, Aamir Manzoor,
Dominik Brédlin, Klaus Kaiser and Frank Hagedorn

345 Phosphorus Availability Alters the Effect of Tree Girdling on the Diversity
of Phosphorus Solubilizing Soil Bacterial Communities in Temperate
Beech Forests
Antonios Michas, Giovanni Pastore, Akane Chiba, Martin Grafe,
Simon Clausing, Andrea Polle, Michael Schloter, Marie Spohn and
Stefanie Schulz

Frontiers in Forests and Global Change 5 October 2021 | Changes in Ecosystem Nutrition


https://www.frontiersin.org/research-topics/11282/changes-in-forest-ecosystem-nutrition
https://www.frontiersin.org/journals/forests-and-global-change

:' frontiers

in Forests and Global Change

EDITORIAL
published: 30 August 2021
doi: 10.3389/ffgc.2021.752063

OPEN ACCESS

Edited and reviewed by:
Frank Hagedorn,

Swiss Federal Institute for
Forest, Switzerland

*Correspondence:
Friederike Lang

fritzi.lang@
bodenkunde.uni-freiburg.de

Specialty section:

This article was submitted to
Forest Soils,

a section of the journal
Frontiers in Forests and Global
Change

Received: 02 August 2021
Accepted: 05 August 2021
Published: 30 August 2021

Citation:

Lang F, Kriiger J, Kaiser K, Bol R and
Loeppmann S (2021) Editorial:
Changes in Forest Ecosystem
Nutrition.

Front. For. Glob. Change 4:752063.
doi: 10.3389/ffgc.2021.752063

Check for
updates

Editorial: Changes in Forest
Ecosystem Nutrition

Friederike Lang ™, Jaane Kriiger', Klaus Kaiser?, Roland Bol®** and
Sebastian Loeppmann?®°

" Chair of Soil Ecology, Faculty of Environment and Natural Resources, University of Freiburg, Freiburg, Germany, 2 Soil
Science and Soil Protection, Martin Luther University Halle-Wittenberg, Halle, Germany, ° Research Centre Jllich, Institute of
Bio- and Geosciences, Agrosphere (IBG-3), Julich, Germany, * School of Natural Sciences, Bangor University, Bangor,
United Kingdom, ° Biogeochemistry of Agroecosystems, Georg-August-University, Géttingen, Germany, ¢ Department of Soil
Science, Institute of Plant Nutrition and Soil Science, Christian-Albrechts-University, Kiel, Germany

Keywords: phosphorus, nitrogen, cross-scale nutritional interactions, nutrient use efficiency, disturbance, scales
of ecosystem nutrition

Editorial on the Research Topic

Changes in Forest Ecosystem Nutrition

Forests strongly depend on natural nutrient resources since fertilization is not a common forest
management practice in most parts of the world. Soils and above- and belowground interactions
play a crucial role in regulating the retention, distribution, and uptake of nutrients. The high
relevance of nutrition for health and productivity of forests has been demonstrated by recent
research data obtained by extensive forest monitoring around the world. For example, nutrient
availability was the most decisive factor explaining net forest ecosystem productivity (NEP) for a
global population of 92 forest sites (Fernandez-Martinez et al., 2014). Also, changes in phosphorus
(P) and nitrogen (N) nutrition have been emphasized in recent studies on European forests (Jonard
etal., 2015; Etzold et al., 2020). These findings stress the necessity of addressing forest nutrition via
holistic ecosystem approaches (Figure 1), as was recently outlined for P (Lang et al., 2016).

Linking trees’ nutrient supply with the abundance and activity of other organisms present
in different ecosystem compartments has a long tradition in forest-related research. Thus, vast
information on relationships between soils and site conditions, nutrient cycling and composition,
and productivity of vegetation has been collected systematically over long periods of time, and
then used to develop empirical models of forest growth (e.g., Barnes et al., 1982). However,
forest ecosystem interactions are exposed to quickly changing environmental conditions. Recent
drivers of forest nutrition include (a) higher global atmospheric N deposition leading to increased
productivity (Etzold et al., 2020) and causing nutrient imbalances (Pefiuelas et al., 2012); (b) climate
change affecting the recycling of nutrients (Medlyn et al., 2011) and increasing forest disturbance
(Gleason et al., 2010); or (c) changes in management intensity leading to increased removal of
nutrients with biomass (Vadeboncoeur et al., 2014). Such changes in nutritional conditions are
expected to translate into detrimental effects on forest ecosystems. Therefore, proper management
of forests for preserving their functioning requires timely updating of empirical knowledge about
ecosystem interactions and their feedbacks to nutrition.
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FIGURE 1 | In contrast to plant nutrition, which focuses on individual target plants, ecosystem nutrition covers all ecosystem compartments and their interactions
(Top). The different articles within the Research Topic Changes in Forest Ecosystem Nutrition address manifold compartments and interactions on a wide range of

Many new approaches of ecosystem nutrition have been
compiled in the Research Topic “Changes in Forest Ecosystem
Nutrition,” covering spatial scales (Figure 1) from the molecular
level (Ganta et al.) up to landscapes (Houle et al.). Those
approaches are complementary to the traditional concepts of
plant nutrition, which focus on one-way relationships between
soil and plants. Key factors in P ecosystem nutrition at discrete
scale levels were P speciation in soils (Klotzbiicher et al.; Konrad
et al.), nutrient mobilization by root exudates (Schack-Kirchner
et al.), microbial (Michas et al.), and fungal communities (Miiller
et al.), identification of P sources and uptake processes (Pistocchi
et al; Hauenstein et al.), P-efficiency of mycorrhizal fungi
(Clausing and Polle), the impact of beech provenances (Meller
et al.) and root surface distribution (Loew et al.). The topic
also addresses factors effective along different scale levels, such
as P leaching within soils (Makowski et al; Gerhard et al;

Fetzer et al.) or at catchment scale (Sohrt et al.), element
coupling during microbial non-steady state conditions at profile
scale (Loeppmann et al.) or stand scale (Palmqvist et al.), and
P heterogeneity at stand scale (Prietzel) and at the scale of
landscapes (Yu et al.). In addition, the topic extents to the impact
of certain drivers of ecosystem nutrition, including land-use
(Heron et al.), pedogenetic and ecosystem succession (Nelson
et al.), climate change (Houle et al.) and of N deposition (Braun
etal; Frey etal.).

Overall, the range of publications in the Research Topic
impressively illustrates that plant nutrition approaches
considering only processes immediately relevant to vitality
and yield of individual plants are not sufficient to address
recent challenges linked to human impact on forest ecosystems.
The importance of saprophytic symbiotic microorganisms -
including their community composition, abundance, and activity
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— for nutrient turnover in forest ecosystems, and the linkages
between above- and below-ground biota, as well as relations to
ecosystem services need to be carefully considered. At the scale of
ecosystems, heterogeneity and its structuring effects, seasonality,
and links to nutrient transport by soil water or within organisms,
become crucial factors. Based on the compiled studies, we
postulate that for understanding their resilience against and
vulnerability to global change, ecosystem nutrition processes
need to be characterized based on their emergent interacting,
hierarchy, spatial and temporal structure, and robustness. Sound
evaluation of the human impact on forest ecosystem nutrition
needs assessment beyond nutrient budgets and contents, by
considering all relevant key factors that link mobilization and
immobilization processes, and therefore shape the nutrient use
efficiency of forests at the ecosystem level.
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Declining foliar phosphorus (P) levels call increasing attention to the cycling of this element
in temperate forests. We explored the fluxes of P in a temperate mixed deciduous forest
ecosystem in six distinct hydrological compartments: Bulk precipitation and throughfall,
soil water draining laterally from three different soil depths (0-15, 15-150, 150-320cm
below soil surface), groundwater, creek and spring discharge, which were sampled
at daily to bi-weekly resolution from March 2015 to February 2016. Atmospheric P
fluxes into the ecosystem were equally partitioned between wet and dry deposition.
Approximately 10% of the foliar P stock was lost annually by foliar leaching during
late summer. The concentrations of dissolved P in soil water from the forest floor and
upper mineral topsoail followed a pronounced seasonal cycle with higher concentrations
during the vegetation period. The concentrations of P dissolved in soil water decreased
with increasing soil depth. Using an end member mixing analysis (EMMA) we found
that P sources feeding the spring water were both soil water from greater depths or
groundwater with season specific contributions. Atmospheric P fluxes into the ecosystem
determined in this study and P-release from weathering reported for the research site
were large enough to compensate P losses with runoff. This suggests that declining
foliar P levels of forests are unlikely the result of a dwindling total P supply, but rather
caused by tree nutrition imbalances or alternative stressors.

Keywords: hydrological P cycle, canopy P balance, atmospheric P deposition, groundwater, discharge, soil water,
EMMA, periphyton

INTRODUCTION

The primary productivity of forest ecosystems is often limited or co-limited by P availability
(Elser et al., 2000, 2007; Vitousek et al., 2010; Achat et al., 2016). Over the past decades, foliar P
concentrations were observed to decline in temperate forests but it is not yet clear whether this
decline indicates P limitation (Duquesnay et al., 2000; Jonard et al., 2014; Talkner et al., 2015).
Thus, better constraints on P cycling in forest ecosystems are required to identify the mechanisms
of the respective forest ecosystem functioning (Lang et al., 2016, 2017).

Frontiers in Forests and Global Change | www.frontiersin.org 9

December 2019 | Volume 2 | Article 85


https://www.frontiersin.org/journals/forests-and-global-change
https://www.frontiersin.org/journals/forests-and-global-change#editorial-board
https://www.frontiersin.org/journals/forests-and-global-change#editorial-board
https://www.frontiersin.org/journals/forests-and-global-change#editorial-board
https://www.frontiersin.org/journals/forests-and-global-change#editorial-board
https://doi.org/10.3389/ffgc.2019.00085
http://crossmark.crossref.org/dialog/?doi=10.3389/ffgc.2019.00085&domain=pdf&date_stamp=2019-12-17
https://www.frontiersin.org/journals/forests-and-global-change
https://www.frontiersin.org
https://www.frontiersin.org/journals/forests-and-global-change#articles
https://creativecommons.org/licenses/by/4.0/
mailto:jakob.sohrt@posteo.de
https://doi.org/10.3389/ffgc.2019.00085
https://www.frontiersin.org/articles/10.3389/ffgc.2019.00085/full
http://loop.frontiersin.org/people/814229/overview
http://loop.frontiersin.org/people/709977/overview
http://loop.frontiersin.org/people/598985/overview
http://loop.frontiersin.org/people/710656/overview
http://loop.frontiersin.org/people/833385/overview
http://loop.frontiersin.org/people/815839/overview
http://loop.frontiersin.org/people/701935/overview

Sohrt et al.

Forest Phosphorus Fluxes and Budgeting

The P cycle in temperate forests depends mainly on the
general boundary conditions of the past and present, which are
the drivers of the local ecosystem development (Walker and
Syers, 1976). Important boundary conditions include lithology as
the original source of most ecosystem P as well as climate and
topography as controls of the water cycle, erosion-sedimentation,
weathering processes and soil development, through which the
bio-availability of P is determined (Laliberté et al., 2013). Fluxes
of P across the ecosystem boundaries occur through runoff and
atmospheric transport, which may result in either net gains or
losses (Newman, 1995; Mahowald et al., 2008; Buendia et al,,
2010; Tipping et al., 2014). The P deposition in bulk precipitation
and throughfall mostly exceeds the P export by discharge (Cole
and Rapp, 1981; Sohrt et al., 2017), but this does not necessarily
imply that the overall P balance is positive. The P exports from
an ecosystem via atmospheric pathways, e.g., pollen dispersion,
are hard to quantify, which likely causes overestimation of net
atmospheric deposition (Doskey and Ugoagwu, 1989; Newman,
1995; Tipping et al., 2014). Average estimates for above canopy
atmospheric deposition mostly range from 10 to 100 mg P m~2
a~!; discharge losses are typically in the range of 1-10 mg P m 2
a~! (Cole and Rapp, 1981; Sohrt et al., 2017).

In comparison to abiotic fluxes across ecosystem boundaries,
internal P fluxes within ecosystems associated with biotic
processes are much larger (Rodin et al., 1967; Cole and Rapp,
1981; Turner, 1981; Compton and Cole, 1998; Ilg et al., 2009;
Bol et al,, 2016). Litterfall represents a flux of 100 to 500 mg P
m~2 a~!, about 60-80% of which is contained in foliar litter
(Sohrt et al., 2017). Plant nutrient uptake from soil necessarily
exceeds nutrient fluxes from litter fall, since P in growing tissue
and losses via dead roots or herbivory have to be additionally
compensated for. Another biotic flux within temperate forests
highly relevant to the internal P cycling is related to bacteria
and fungi. The microbial biomass comprises on average 20—
40% of the total biomass P, which cycles at the scale of weeks
to months (Raubuch and Joergensen, 2002; Spohn and Widdig,
2017), whereas P contained in woody biomass may persist for
years to decades. While its measurement is still challenging,
microbial uptake and subsequent leaching from dead microbial
biomass must be considered as major internal fluxes in the P cycle
of temperate forests (Horwath, 2017).

Quantifying P fluxes within the hydrological cycle has been
identified as a priority to close gaps in a full quantification of
P cycling in forest ecosystems (Bol et al., 2016). Fundamental
observations made so far include the following: When passing
through the canopy, rainwater is on average enriched 2-fold in P
and the P content is doubled again during percolation through
the forest floor (Sohrt et al., 2017). Beneath the forest floor,
dissolved P concentrations and fluxes decline with increasing
depth since P is effectively retained during percolation through
the upper mineral soil (Cole and Rapp, 1981; Persson and
Broberg, 1985; Jansson et al., 1986; Killingbeck, 1986; Stevens
et al.,, 1989; Brown and Iles, 1991; Qualls and Haines, 1991;
Saa et al, 1993; Sparling et al, 1994; Compton and Cole,
1998; Kaiser et al., 2001a,b; Sohrt et al., 2017). In contrast
to throughfall and water in the forest floor, soil water, and
groundwater in the weathered and fractured bedrock features
the lowest dissolved P contents of all hydrological compartments

(Dillon and Kirchner, 1975; Timmons et al., 1977; Reckhow et al.,
1980; Mulholland et al., 1990; Qualls et al., 2002; Schwirzel et al.,
2012; Verheyen et al., 2015). Thus, due to the large variation of
P concentrations, discharge generation from either groundwater
or soil water sources may control the P concentrations of stream
water. Supporting evidence for this assumption stems from time
series of dissolved P contents in groundwater and discharge in
forested headwaters showing that P concentrations in discharge
are consistently higher and more variable than in groundwater
(Verheyen et al., 2015).

However, the dissolved P concentrations in forest
headwater catchments are not only controlled by the
contribution from different runoff sources, but also by abiotic
adsorption/desorption processes or biotic in-stream processes.
For example, biota in the stream channel can seasonally act both
as a source and sink of P, effectively shaping the P concentration
in lower order forest streams (Gregory, 1978; Munn and Meyer,
1990; Hill et al.,, 2001; Mulholland, 2004; Winkelmann et al.,
2014). A short period of higher P concentrations in streamflow
has been observed when freshly fallen litter enters the stream,
which is attributed to P leached from litter (Triska et al.,
1975). A simultaneous pulse of P leaching from the forest floor
directly after litter fall has also been reported (Gosz et al., 1973;
Baldwin, 1999). After initial leaching of rapidly mobilizable
P, net retention of P in microbial biomass in the stream takes
place, which may extend into the early summer of the following
year, causing a depression of P concentrations (Sedell et al,
1975; Mulholland, 1992, 2004; Mulholland and Hill, 1997). By
applying a radioactive phosphate tracer (3*PO4>~), Elwood et al.
(1983), and Mulholland et al. (1985) showed that the average
uptake length of phosphate between desorption and resorption
in low-order forest streams is in the range of 5-160m, and
that the uptake length increases from the time of litter fall to
summer. Similar mean uptake lengths have been recorded for
ammonium, while mean uptake lengths for nitrate appear to
be substantially larger (Peterson et al., 2001; Webster et al.,
2001; Bernhardt and Likens, 2002). Apart from the in-stream
heterotrophic decomposer community, periphyton can also
shape P concentrations. Since the primary productivity of
periphyton is limited by sunlight, its P consumption and hence
decreasing P concentrations are restricted to the time before
spring budbreak (Friberg et al., 1997; Mulholland and Hill, 1997;
Hill et al., 2001; Winkelmann et al., 2014). As a consequence,
P concentrations in low order forest streams appear to be
either chemostatic, with little or no changes in response to
discharge and seasonality (Meyer and Likens, 1979; Benning
et al,, 2012), or biotically controlled, with minima in spring and
fall (Mulholland, 1992, 2004; Rosemond, 1994; Mulholland and
Hill, 1997; Roberts et al., 2007; Zelazny and Siwek, 2012; Bernal
etal., 2015; Verheyen et al., 2015).

In summary, a number of studies addressed single fluxes
of P in great details, but studies exploring relationships
between multiple input and output fluxes are scarce, especially
for forested catchments. We therefore aimed to quantify
hydrological output fluxes of P and relate them to P
gains from atmospheric deposition. By sampling water at
daily to bi-weekly resolution from six distinct hydrological
compartments—bulk precipitation, throughfall, subsurface flow
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in three depth increments, groundwater, spring discharge, and
creek discharge—we determined mobilization and transport of
P as well as their temporal variation. We focus on the P
canopy balance, the relative contribution of P from soil water
and groundwater to discharge in a spring and a first order
headwater, and the respective P fluxes. In this way, we intend
to spotlight P fluxes in different hydrological compartments and
their relation to each other as well as to investigate, whether the
observed changes in forests P cycles are explained by unbalanced
P budgets.

Study Site
The study was conducted at the “Conventwald” research site
located in the Black Forest, Germany (48°02°0 N, 07°96°0 E). Our
study area consists of two neighboring watersheds: the “creek”
catchment with long-term discharge monitoring of a headwater
creek, and the “spring” catchment. The average elevation of
the two headwater catchments was 840 m a.s.l, mean annual
temperature was 6.6°C, and mean annual precipitation was
1,749 mm a~!. Being part of the European “Level II” (ICP
Forest) environmental monitoring network, the Conventwald
was equipped some decades ago with instruments to monitor
bulk precipitation and throughfall, soil moisture, soil water, and
stream discharge in the creek catchment. New instrumentation
in the spring catchment included 10 m long collectors for lateral
subsurface flow, collecting water at three depth intervals (0-15,
15-150, 150-320 cm below soil surface), a groundwater well with
a depth of 15m drilled through the saprolite into the fractured
bedrock and a weir at the spring catchment. The subsurface
flow collectors including their installation are described in detail
in Bachmair and Weiler (2012).Time series of soil moisture,
bulk precipitation, throughfall, and plant-phenological data were
kindly provided by the Forest Research Institute of Baden-
Wuerttemberg (FVA). With a surface area of 0.086 km?, the creek
catchment was slightly larger than the spring catchment with
an area of 0.077 km”. Exposition was south-east for the creek
catchment and south-south-west for the spring catchment. The
average slope was about 20° at both catchments. In the creek
catchment, an open channel bed was present, reaching up to 40%
of the way from the catchment outlet to the ridge, the upper part
of which was ephemeral. By contrast, the spring catchment had
no permanent surface water flow at all and was instead drained
by a spring at the catchment outlet. It was evident, however,
that this spring did not represent the complete discharge from
the catchment area, as additional below ground discharge was
visible some meters down-slope in the form of water leaking from
a road cut. The existence of below ground discharge was also
evident since the specific discharge from the spring catchment
is only ~60% of that from the creek catchment, which, given
their topographic and hydrological similarity, was not plausible.
Therefore, below ground discharge from the spring catchment
was estimated in such a way that its average specific discharge
(discharge rates normalized to catchment area) matches that of
the creek catchment.

At the creek catchment the vegetation consisted of European
beech [Fagus sylvatica (L.), ~69%] and White fir (Abies alba
(Mill.), ~31%) (Lang et al., 2017). At the spring catchment,

the tree species distribution was slightly different with 45%
Norway spruce [Picea abies (L.)], 40% European beech
[Fagus sylvatica (L.)], 15% Douglas fir [Pseudotsuga menziesii
(Mirb.)] and small amounts of White fir [Abies alba (Mill.)]
[personal communications, Forest Research Institute Baden-
Wuerttemberg (FVA), 2018]. The soil type in both catchments
was a Hyperdystric Skeletic Folic Cambisol with a loamy or sandy
loamy texture and a mor-type moder forest floor atop (Lang et al.,
2017). The soils have formed on periglacial slope deposits and the
uppermost meter of soil had a rock fragment content of about
70% (Lang et al., 2017). The dominant fraction of P in the forest
floor is organically bound. In the mineral soil, the portion of
organically-bound P decreased with depth and, in turn, that of
P bound to secondary Fe- and Al oxides increased (Lang et al.,
2017; Uhlig and von Blanckenburg, 2019b).Weathered bedrock
was found at a depth of 7m and parent bedrock (paragneiss)
at 15m (Uhlig and von Blanckenburg, 2019a). The dominant
P-containing mineral in unweathered paragneiss bedrock was
apatite, as inferred from scanning electron microscopic imaging
in combination with elemental analyses with energy-dispersive
X-ray spectroscopy (unpublished data).

As the Conventwald study site is part of the ICP Forest sites,
extensive scientific background information is available on the
topics of hydrology (Uhlenbrook et al., 1998; Hangen et al., 2001),
soils (Kohler et al., 2000), and plant water use (Rennenberg and
Schraml, 2000; Magh et al., 2017). The Conventwald site is also
part of the DFG-funded priority project (SPP 1685): Ecosystem
Nutrition—Forest Strategies for limited Phosphorus Resources,
providing background information on soil P speciation (Prietzel
et al., 2016; Lang et al, 2017; Stahr et al, 2017; Werner
et al., 2017), colloidal P transport in soil water and streamflow
(Missong et al., 2016, 2017; Gottselig et al.,, 2017), and on P
cycling in plant and microbial biomass (Heuck et al., 2015;
Bergkemper et al., 2016; Zavisic et al., 2016).

METHODS

Sampling

Sample collection was carried out from 01.03.2015 to 25.02.2016.
Daily samples of groundwater, creek, and spring discharge were
taken at midnight with automatic samplers. Bulk precipitation,
throughfall, and lateral subsurface water were sampled in bulk
containers and collected twice a week. To avoid contamination,
the precipitation samplers were covered with a netting of
0.5mm mesh size. Stemflow was only assessed with respect
to water flow (no P concentrations). For the purpose of this
study, water flow associated with stemflow was included into
the throughfall fraction and assumed to feature comparable P
concentrations. For some tree species stemflow has been found
to be highly enriched in P compared to throughfall (Schroth
et al., 2001; Neal et al., 2003). However, the few available studies
on Fagus species’ stemflow P concentrations found them to
be roughly equivalent to throughfall (Voigt, 1960; Nihlgard,
1970). The reson for this may be, that Fagus sylvatica produces
relatively large quantities of stemflow, causing a dilution effect.
All precipitation samples with visible particular contamination
were excluded from further analysis. All samples were stored
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in polypropylene bottles that were cleaned prior to sampling
with P-free detergent and deionized water (Milli-Q, 18 MQ2-cm).
After collection, all samples were filtered through membranes of
0.8 wm pore size (Supor-800, Pall Laboratories) and aliquots for
analyses were taken. Sample acidification to pH 3 with ultrapure
concentrated nitric acid was restricted to samples used for P
analysis. All aliquots were stored at 8°C.

To assess the mobilization and retention of P in water
passing through canopy, forest floor and mineral soil, changes in
concentrations and fluxes of P in bulk precipitation, throughfall,
runoff from the forest floor (ca. 0-15 cm), and the upper mineral
soil (15-150 cm) over time were compared. Only 17 samples
could be collected from the deepest soil layer (150-320cm),
and thus, the temporal variability of P concentrations in this
hydrological compartment was not assessed. Continuous time
series of water levels were recorded at weirs at the outlet of
the two catchments and at the groundwater well. Water levels
in the weirs were transformed into discharge using discharge
rating curves. From March to June 2015, three peaks in deep
groundwater levels were not fully recorded, since the sensor
(Ott Orpheus Water Level Logger) was placed too low and the
maximum measureable head was exceeded.

Analytical Methods

Total P concentrations were measured in the “HELGES”
Laboratory at GFZ Potsdam (von Blanckenburg et al., 2016)
using a high resolution Inductively-Coupled-Plasma Mass
Spectrometer (ICP-MS; Element 2, Thermo Fisher Scientific,
Bremen, Germany). Tests prior to the measurements showed
that matrix-matched calibration was not needed, since no
significant matrix effects were observed in the concentration
range of the major elements. Accuracy and precision of the P
determination was assessed using two international reference
standards (National Research Council of Canada, SLRS-5, and
U.S. Geological Survey, M-212) as well as four laboratory
standards resembling a typical river-water matrix containing
major constituents (Ca, Mg, K, Si, Na, S, P) and trace constituents
(Cu, Ni, Zn, Ti, and Fe) prepared from single element standards.
The overall uncertainty of the P measurement was below 10%
for the encountered range of concentrations. Concentrations of
Ca, Na, K, Mg, and S were analyzed at GFZ Potsdam using
Inductively Coupled Plasma Optical Emission Spectrometer
(ICP-OES; 720ES, Varian, Mulgrave, Australia) following the
procedure described by Schuessler et al. (2016) with relative
uncertainties better than 10%. Concentrations of total dissolved
carbon (C) and nitrogen (N), and dissolved inorganic carbon
(DIC) were analyzed using a Shimadzu (Kyoto, Japan) Vcpn
analyzer. DIC concentrations were all below the detection
limit of 50 g 17!. Thus, dissolved carbon concentrations are
considered as organic carbon. Chloride was measured with an
ion chromatograph (790 Personal IC, Metrohm, Filderstadt,
Germany) at the Chair of Soil Ecology, University of Freiburg.

Data Evaluation

Due to its high aerodynamic roughness, the canopy was expected
to act as an efficient aerosol trap. As a result, P derived
from dry deposition should have increased the P concentration

in throughfall compared to bulk precipitation. In addition,
P may have been leached from leaves, pollen, insects, and
microorganisms within the canopy. To estimate fluxes of wet
and dry P deposition as well as canopy leaching, the canopy
balance model of Ulrich (1983) was used. The model is based on
three assumptions. First, dissolved sodium (Na) in throughfall
is only from wet deposition and leaching from atmospheric
dust because Na is neither taken up nor released by the plant
canopy in relevant amounts. Second, the relation between wet
and dry deposition observed for Na is transferable to other
elements, including P. Third, the fraction of dissolved P in
throughfall that is neither accounted for by dry or wet deposition
must originate from foliar leaching. There was no general
exclusion of outlier values. Only samples with visible particular
contamination were excluded, which was mostly due to insects
getting into the sampler.

To assess the contributions of different hydrological
compartments to discharge, we performed an end member
mixing analysis (EMMA) using the software package EMMAgeo
in the R Environment (Dietze and Dietze, 2013). Three end
members were identified by applying the annual average
concentrations of eight elements/parameters (Ca, Na, K, Mg, S,
DOGC, Si, Cl) from water from the forest floor (0-15cm), the
mineral soil (15-320cm), and groundwater. The model was
calibrated to daily time series of those elements in the discharge
of the spring catchment. The application of the EMMA was
restricted to the spring catchment for two reasons: First, given
that the element concentrations of the end members were
exclusively inferred from the spring catchment we refrained
from transferring the data to the adjacent catchment for reasons
of small-scale heterogeneity. Second, the simulation of in-
stream transformation processes that likely occur in headwater
catchments is beyond the scope of EMMA.

We then tested whether the calculated discharge contributions
from soil- and groundwater (when considering the dissolved P
concentrations in those compartments) would lead to a simulated
P concentration in discharge that is similar to the one actually
observed in spring discharge using simple linear regression
analysis. In doing so, we could infer whether the sources of
discharge imposed a control on discharge P contractions.

Similarity of temporal variation between data series was
assessed with linear models using the Im() function, and 2-sample
t-tests for comparing group averages were assessed using the ¢-
test function in R Environment (Dietze and Dietze, 2013). The
raw data used in this study is partially available as a supplement
to this study (Supplementary Table 1).

RESULTS

Hydrological Conditions

The hydrological conditions in the catchments during the study
period were characterized by three distinct periods: Spring
and summer until June 2015 were relatively wet, followed
by a relatively dry period with a marked water deficit which
ended in November 2015 and then by a period of rewetting,
which extended into January 2016. With a precipitation sum
of 1,118 mm a~! the study period was unusually dry compared
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to the long-term average annual precipitation of 1,749 mm a~!

(average 1961-1996).

From March to June 2015, soil moisture, groundwater level
and discharge fluxes responded rapidly to precipitation events
(Figure 1), which suggested that in this period the hydrological
compartments were well connected. In the groundwater well,
a fill-and-spill behavior could be observed: At ground water
levels between 8 and 6.3m below the surface, relatively
strong variability occurred corresponding to the occurrence
of precipitation, but peaks of groundwater level consistently
stopped at around 6.3m below ground (Figure1C). The
groundwater table did not react immediately to precipitation
events but with a lag time of 1-2 days. Still, until the beginning of
June, all main discharge events in the creek and spring catchment
were associated with corresponding changes of the groundwater
table depth.

At the beginning of June 2015, soil moisture was only 5%
below that of the wetter spring period but strong hydrological
changes were observed, indicating the start of the drier summer

period: The rainfall-runoff event occurring mid of June produced
smaller increases in discharge and soil moisture compared to
events with similar amounts of precipitation in the previous
months (Figures 1A,B,D). The groundwater seemed to be
disconnected from precipitation events from the beginning
of June until December. The slowly declining groundwater
level indicated continuous drainage of the groundwater during
this period. Small fluctuations in discharge occurred after
precipitation events in both catchments, which were more
pronounced in the creek catchment.

At the end of November and early December 2015, two
large precipitation events occurred. The first event elevated soil
moisture to pre-summer level and caused substantial discharge
in both catchments. No groundwater recharge occurred after
the first precipitation event, and the observable increase
in the groundwater level was small even after the second
precipitation event. Pre-summer groundwater levels were only
reached as late as in January 2016. Thus, the rewetting
took 1.5 months.
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Phosphorus Concentrations

Phosphorus concentrations in bulk precipitation were on average
5.8 ug 17! (Table1). Relatively high P concentrations in bulk
precipitation (>10 pg 17!) were found during the vegetation
period, lower P concentrations (<5 pg I™1) in the dormant
season. Phosphorus concentrations in throughfall were on
average 140 pg 17! and peaked from late summer to leaf
abscission in autumn. Peak P concentrations in throughfall were
>1,000 g 171. Phosphorus concentrations in bulk precipitation
and throughfall were not significantly correlated (p >0.05, not
shown). Interestingly, the high throughfall fluxes of P from July
to October appear to have been driven by increases in throughfall
P concentrations rather than by high amounts of precipitation.
Only 24% of the annual precipitation were recorded in this period
but 71% of the total P flux with throughfall.

Disentangling the canopy P fluxes into wet and dry
atmospheric deposition and canopy leaching by applying the
canopy balance model (Ulrich, 1983) suggested that the vast
majority of P fluxes with throughfall originated from foliar
P leaching (Figures 2C,D). Within the first 3 months of the
vegetation period after budbreak in April, no notable canopy
leaching was detected. From July to November, canopy leaching
steadily increased, with P fluxes higher than 10 mg m~2 month ™!
(Figures 2B,C). The highest wet and dry P depositions were
found from April to August, with one outlier in February 2016
(Figure 2A).

For groundwater and discharge of the two catchments,
nearly continuous series of daily samples could be collected.
In groundwater, the average P concentration was 7 pg 171,

TABLE 1 | Concentrations and fluxes of P and water in the study area.

Mean P P flux Water flux
concentration
ng -1 (SD) mgm~2a~’ mmm~2a-1
(uncertainty)

Bulk open precipitation 5.9 (£10) 7.4 (1) 944
Bulk throughfall 150 (£24) 60 (+ 6) 769
precipitation
Dry deposition 9.7 (+2.4/-2.07
Canopy leaching 43 (+8.8/—9.2)2
Organic layer water flow 570(+600) 0.0014 0.002¢
Mineral soil 43 (+38) 20d 4469
Groundwater 7.1 (£4.2) 2.59 1669
Discharge spring 13 (£4.0) 9.2 (+ 1.0)° 613°
Discharge creek 16 (£4.5) 7.9 (* 1.0 613
P Balance spring 7.8 (+4.1/=3.7)°
catchment
P Balance creek 9.1 (+3.9/-3.5)°

catchment

aCalculated according to Ulrich (1983).

bBulk open prec.

+Dry deposition—discharge P flux.

CIncluding ungagged below-ground discharge with total specific discharge assumed to
be equal to creek catchment.

9Calculated with EMMA.

showing no clear indication of systematic seasonal variation
(Figure 1C). One period of higher P concentrations occurred
in June 2015, with concentrations up to 25 pg 17!, Phosphorus
concentrations in groundwater were not significantly correlated
to concentrations and fluxes of P in lateral soil water flow at any
depth increment or discharge (p >0.05, not shown). Day-to-day
variations of P concentrations in groundwater were in a similar
range to those in discharge water.

Phosphorus concentrations in discharge in the spring were on
average 12 g 17! and were significantly (p <0.05, not shown)
smaller than the average P concentration in the creek water of
16 g 171, Phosphorus concentrations in discharge water from
the two catchments displayed a nearly inverse seasonal pattern:
Creek P concentrations were elevated during the vegetation
period (Figure 1F), when spring P concentrations show a
seasonal minimum. Day-to-day variations of P concentrations in
discharge water were comparable between the two catchments.

While almost every recorded precipitation event was
associated with the generation of lateral flow in the forest
floor, not all events could be sampled. Over the measurement
period, 39 lateral flow events were sampled in the forest floor
(0-15cm), 36 events from the upper mineral soil (15-150 cm),
and 17 samples from the deeper mineral soil (150-320cm).
With average concentrations of 700 pg P 17! and maximum
concentrations as high as 1,500 jLg P 17!, near-surface lateral
flow in the forest floor was significantly enriched in P compared
to throughfall; the highest concentrations usually occurred
during the vegetation period (Figure 1D). In the upper mineral
soil (15-150cm), P concentrations in lateral subsurface flow
were significantly reduced by about one order of magnitude in
comparison to lateral flow from the forest floor. Phosphorus
concentrations in the deeper mineral soil at 150-320 cm were
not significantly smaller than the concentrations in the upper
mineral soil (p <0.05, not shown).

End Member Mixing Analysis
During the high-flow period from March to June 2015, spring
discharge was dominated by water with a solute composition
(Ca, Na, K, Mg, S, Cl, DOC) matching best that of water
from the mineral soil (top- and subsoil grouped together,
15-320cm) (Figures 3A,B), with a relative contribution to
discharge of up to 90%. During the summer low-flow period,
groundwater became the dominant source of discharge with
over 95% discharge contribution, which was reversed again
at the end of November after two large precipitation-runoft
events, raising the fraction of water from the mineral soil
in discharge to around 50% initially. According to the
EMMA, water from the forest floor hardly contributed to
the mixture with contributions of about 0.2%. The model
uncertainty, ie., the ability of the model to simulate a
mixture from the end members with an element composition
matching the measured composition at a given day, was lowest
in the high-flow period and highest in the low-flow period
(Figure 3C).

Since the actual P concentrations of the end members are
known but not included in the fitting process of the EMMA,
it can be tested how well the actual P concentrations in
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spring discharge can be simulated using the simulated end
member composition. In doing so, it becomes apparent that
the P concentration in spring discharge is systematically over-
estimated by the calculated end member composition (Figure 4).
If the EMMA model uncertainty is used to weigh the data
points for a linear regression between measured and simulated
P concentrations in spring discharge, only a moderately good
fit (R* = 0.38) is achieved with a slope significantly larger
than one (Figure4D). Given that the model uncertainty is
small in the low-flow period, the EMMA provides reliable
results for this period. Also, weekly and seasonal variations
in P concentrations in spring discharge are well-predicted by
the EMMA. In summary, EMMA predicts that water from
the mineral soil (15-320cm) is the largest contributor to
discharge (66% over the whole observation period), followed
by groundwater with 34% and water from the forest floor with
only 0.02%. For the P fluxes leaving the spring catchment, the
differences are even more pronounced, with the mineral soil
being the dominant source with 93%, followed by groundwater
with 6 and 0.5% from the forest floor (Figure4E). The
variability of discharge is much higher than the variability
of P concentrations therein. Because of this, the bulk of
the accumulated discharge P flux is confined to the high-
flow periods (Figure 4F). This also means, that discharge itself
is a more accurate predictor for the discharge P flux than
the associated P concentration, so that the temporal pattern
of P fluxes can be somewhat accurately represented by our
approach (Figures 4E,F).

The P Balance of the Catchments

Based on the results from the canopy balance and the EMMA,
we calculated not only the mean annual P concentrations
in the hydrological compartments, but also estimated the
annual P fluxes that enter or leave the ecosystem as well as
some that result from cycling within the ecosystem (Table 1).
Disregarding mineral weathering for which we do not have direct
measurements in this study, the P balance would be negative if
only wet deposition is regarded as a true input to the ecosystem
but clearly positive if dry deposition is regarded as input
(Table 1). The uncertainties presented for the P fluxes (Table 1)
represent the effect of the standard deviation of P measurements
of individual samples on the calculated P fluxes. In the case of
wet- and dry deposition the additional inclusion of the model
uncertainty results in an asymmetric uncertainty range. The
uncertainty for the catchment balances is the maximum range
of uncertainty resulting from the individual balance components.
Uncertainties for the measured water fluxes were not determined.

DISCUSSION

P Inputs via Atmospheric Deposition

The question whether the atmospheric dry deposition of P can
be regarded as a true input to the site is of high relevance
for the overall P balance. The answer depends on whether dry
deposition in forests stems from external or internal sources.
One possible internal source is pollen dispersion, which can
contribute substantially to atmospheric dry P deposition (Doskey
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and Ugoagwu, 1989; Tipping et al., 2014). The calculated high P
dry deposition fluxes (May to June) at our study site intersect with
the period of pollen dispersion (Figure 2C). Although their size
of 10-100 pum exceeds the pore size (0.8 um) of the used filters by
2-3 orders of magnitude, P might have been leached out of pollen
increasing the P concentration in throughfall. However, we have
to consider that pollen are not only entering the forest canopy,
but are also exported from the forest. Therefore, without detailed
investigation it is not clear whether a net P input or export occurs
by pollen dispersion.

Further, the assumption of Na behaving conservatively during
canopy passage underlying the canopy balance model of Ulrich
(1983) has been challenged. In particular, it has been shown, that
especially young (broad-) leaves do loose Na via foliar leaching
(Tukey Jr, 1970; Staelens et al., 2007; Thimonier et al., 2008).
Disregarding foliar leaching of Na could cause overestimation of
dry deposition and underestimation of foliar leaching of P in the
canopy balance model used in this study. The underestimation of

foliar leaching could be small relative to the total foliar leaching
of P. The estimate for dry deposition, however, could be more
severely affected, since as much as 45 % of throughfall Na
enrichment may be due to foliar leaching (Thimonier et al., 2008).

Foliar P leaching dominates the overall canopy P balances of
our catchments. Direct evidence of foliar P leaching is still lacking
in the literature and indirect estimates of foliar P leaching are
much lower than the amount derived from this study, ranging
from a maximum of 20 mg m~2 a~! to net uptake of P into the
foliage during canopy passage (Long et al., 1956; Tukey Jr, 1966;
Miller et al., 1976; Duquesnay et al., 2000; Kopavcek et al., 2009;
Runyan et al., 2013). At 50mg m~2 a~!, the calculated foliar
leaching flux of P in this study translates into about 10% of the
average total P content in mature leaves of a deciduous forest
(Sohrt et al., 2017). This implies, that foliar resorption of P, which
is generally assumed to be solely responsible for the deviation of
the P content in mature foliage and foliar litterfall (Killingbeck,
1986, 1996; Duchesne et al., 2001; Coté et al., 2002), may generally
be overestimated if foliar leaching is assumed to be negligible.

Leaching of P from the canopy was virtually absent in the
first 3 months of the vegetation period. This implies that young
leaves are able to avoid significant losses of P via leaching. Two
months before the first indications of leaf senescence occurred,
leaching of P from the canopy was already significantly increased,
which means the leaves lose P in their later life cycle. Almost
half of the total throughfall deposition is due to leaching from
the canopy during the first 2 months of leaf senescence. The
increase in leaching from the canopy may be due to the step-
wise reduction in leaf functionality during senescence, causing
the leaves to become more “leaky.” In addition, progressing
microbial degradation of the senescent foliage may come into
effect: The relevant decomposer organisms are already present
on the foliar surfaces before senescence and generally become
active before leaf abscission (Snajdr et al, 2011). This could
cause damage to the leaves and subsequent leaching of soluble
substances with throughfall, although the initial binding form
of leached P was not addressed in this study. Interestingly,
during the last month of leaf senescence (November), the P
foliar leaching decreased again to very small fluxes, although
precipitation amounts stayed constant and leaf abscission was
only completed by the end of November after a rainstorm event.
Hence, the bulk of foliar P leaching occurs before the final
stages of senescence Besides below-average amounts of bulk open
precipitation there was no apparent occurrence of vegetation
stressors such as pests or strong storm events. Potential sources
of P inputs are arable fields in the Rhine valley or the City of
Freiburg just 7km west of the study site. Considering also the
predominant westerly winds in the area, deposition of P-rich dust
from agricultural and urban settings is, hence, the most likely
cause for the P enrichment in throughfall water.

End Member Mixing Analysis

Itis apparent that the EMMA performed best during the low-flow
period, when calculated groundwater contribution to discharge
was high, and worse during high-flow periods, when water
from the mineral soil was the dominant source of discharge
water. This indicated that the sampled groundwater body directly
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contributes to discharge without large changes in chemical
composition, and thus, was a suitable end member. Water from
the forest floor, on the other hand, was almost absent from the
mixtures calculated with the EMMA, meaning that it likely did
not contribute to spring discharge at all. The reason was likely
that the spring lacked a sufficiently long interception interface
with the thin forest floor, in contrast to more linear creeks
for example.

Opverall, water from the mineral soil was responsible for 65%
of total discharge according to the EMMA. Periods with higher
fractions of soil water in discharge were consistently associated
with higher model uncertainties. From these results it can be
deduced that our model was missing an important end member
that presumably contributed large parts of discharge during high-
flow events. A possible candidate would be water from soil layers
below our maximum sampling depth.

When simulating discharge P concentrations in the spring
catchment from the end member contributions suggested by the
EMMA, P concentrations were strongly overestimated during

the high-flow period in spring when the model inaccuracy was
also highest. During the rest of the study period, discharge
P concentrations are still overestimated but less pronounced.
The reason for the systematic overestimation could be the fact
that P is known to easily attach to or react with a variety
of soil components, while the elements that were used to
calibrate the EMMA may behave more conservatively. The fact
that P concentrations in subsurface flow declined sharply with
increasing depth across the sampled soil layers implies that,
at least in those layers, P immobilization by sorption took
place. Still, simulated discharge P concentrations are significantly
correlated to measured concentrations, which suggests that
changes in discharge contribution of different water sources are
an important control of P concentrations in spring discharge.

Deviations of Discharge P Concentrations

Between the Two Catchments
We identified contrary seasonal variations in discharge P
concentrations in the creek and the spring catchment, although
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the adjacent catchments are similar in topography, soil type,
lithology, and vegetation cover. The only difference is that the
creek catchment has an open channel bed, which is absent in
the spring catchment. Here we provide two potential reasons
explaining the difference.

The first is that an open channel bed has the potential to
receive discharge contributions directly from precipitation and
surface runoff, which would be absent for spring discharge.
Since throughfall, surface runoff, and shallow subsurface flow are
highly enriched in P compared to groundwater, significant inputs
of water via these flow paths should control the P concentrations
in spring discharge. Given that these flow paths should contribute
relatively more water to discharge in the creek than in the spring,
larger average P concentrations and larger temporal variations
of P concentrations would be expected for the creek compared
to spring, especially during rainfall-runoff events. However, P
concentrations in the creek water were highest in the dry period
(with lacking near surface runoff) and there were no increases
in discharge P with rainfall-runoff events. Consequently, there
were no indications of near-surface runoft being the controlling
pathway of P export at the study site for either of the two sites.

The second possible explanation of the difference in seasonal
variations in discharge P between the creek and the spring
catchment were in-stream transformation processes. It has been
demonstrated that retention of P by in-stream biomass can
strongly affect variations in discharge P: Periphyton growth is
associated with uptake of discharge P in spring until leaf flushing
(Friberg et al., 1997; Mulholland and Hill, 1997; Hill et al., 2001;
Winkelmann et al., 2014). Heterotrophic microbial growth on
leaf litter entering the stream can cause a similar effect in autumn
and winter since these microbes are initially N- and P- rather than
C-limited (Gregory, 1978; Munn and Meyer, 1990; Bernhardt
and Likens, 2002; Rier and Stevenson, 2002; Stelzer et al., 2003;
Mulholland, 2004; Hill et al., 2010). During summer, periphyton
activity is decreased due to shading by trees, and P limitation
of in-stream heterotrophic decomposers may be reduced, as
the litter from the previous autumn is increasingly depleted of
accessible C sources. In this time, the in-stream biomass may
become a source of discharge P rather than being a sink. Since
the seasonal pattern of P concentrations in the creek is in line
with this concept, it seems probable that the deviation in P
concentrations in discharge between the two studied catchments
is due to biotic P turnover in the creek, which would be mostly
absent in the spring discharge, leading to the observed differences
in the seasonal pattern of P concentrations in discharge between
the two catchments.

P Balance of the Study Area

In line with earlier studies on the subject (e.g., Cole and
Rapp, 1981; Sohrt et al, 2017), the analysis of P fluxes in
bulk precipitation and throughfall in combination with the
application of the Ulrich (1983) canopy balance model suggested
that atmospheric P inputs alone might compensate P losses with
drainage and runoff in temperate forests. However, especially the
estimated dry deposition flux is connected with uncertainties.
The P discharge flux quantified in this study allows for a
comparison with the study site’s P weathering flux determined by

Uhlig and von Blanckenburg (2019a) amounting to 76 & 17 mg
m~2a~ !, This flux exceeds the P discharge flux presented in this
study by an order of magnitude. As the integration timescales
for cosmogenic nuclide-derived weathering fluxes (103-10° year)
and gauging-derived discharge fluxes (10°-10! year) differ by
orders of magnitudes, timescale effects could account for this
discrepancy. Since bulk precipitation during the study period was
only 60% of the 30-year average, the mean annual discharge, and
thus, P export was likely less than usual. However, accounting
for timescale effects by normalizing the respective P fluxes to
fluxes of sodium does not eliminate the discrepancy between the
P discharge flux and the P weathering flux (unpublished data).
Sodium was chosen because Na is an “inert” element with respect
to nutrient uptake and neoformation of secondary minerals
during chemical weathering. Such discrepancy, quantifiable
through a metric called sodium normalized “dissolved export
efficiency” (DEEﬁa, Uhlig et al., 2017; Schuessler et al., 2018) can
be observed across the globe (Uhlig et al., 2017; Schuessler et al.,
2018). Potential fluxes of P that could (in combination) explain
this systematic discrepancy include underestimated P exports
with litter and wood (de Oliveira Garcia et al., 2018), transiently
increasing P stocks in biomass in growing forests, and net P
export via pollen dispersion.

It appears that the sum of P release from weathering (Uhlig
and von Blanckenburg, 2019a) together with atmospheric P
inputs determined in this study likely compensate P losses with
runoff. Therefore, declining foliar P levels are unlikely the result
of a P depletion of the forest ecosystem.

CONCLUSIONS

The common observation, that percolating water becomes
strongly enriched in dissolved P during the passage through the
canopy and the forest floor, where the highest P concentrations
are recorded, was confirmed by this study. This trend was found
to be reversed when the water came into contact with the mineral
soil, where dissolved P was effectively retained, causing the P
concentration in soil water at about 3 m depth to be en par with
that in the creek water. P export from the catchment via spring
water was found to be driven by runoff from mineral soils and by
groundwater discharge. Also in the investigated creek, a potential
contribution of near-surface runoff to P exports appeared to be
negligible or superimposed by in-stream P cycling.

Wet and dry deposition were found to be in a similar range.
Even if only wet deposition was assumed to be a true input
into the ecosystem, it outweighed the losses by discharge at our
study site, so that the overall P balance of both catchments was
positive during the study period. Together with the potential
inflow of P through mineral weathering this supports the idea
that declining foliar P levels of forest ecosystems are unlikely to
be related to a declining total P supply, but rather to imbalances
of tree nutrition, e.g., due to nitrogen fertilization, or alternative
stressors, such as drought. Detailed investigations of atmospheric
N and P deposition and the inclusion of fluxes resulting from
mineral weathering are necessary to reduce major uncertainties
of forest P budgets.
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Excess deposition of the mineral nutrient nitrogen (N) is a serious threat for European
forests. Its effect on foliar nutrient concentrations of Fagus sylvatica, along with other
predictors, was analyzed in the present study which bases on 30 year’s observation
data in 74 forest monitoring plots in Switzerland. The data include gradients in soil
chemistry, climate, nitrogen (N) deposition, and ozone concentration. This long-term
forest monitoring study shows that foliar concentrations of phosphorus (P), magnesium
(Mg), and potassium (K) decreased over time. Current foliar P concentrations indicate
acute P deficiency, assessed both from the concentration and the N:P ratio thresholds.
In addition, also the relation between N deposition and foliar concentrations of N
and P changed over time. Initially, the N concentrations were positively and the P
concentrations not correlated with N deposition. Today, N concentrations are negatively
and P strongly negatively related, suggesting a progressive N saturation. Interactions
between N deposition and soil chemistry suggest an impaired uptake of Kand P at higher
N loads. The decline of foliar Mg concentrations seems to be a result of soil acidification
mediated by N deposition. Additionally, ozone impaired foliar P uptake. We could observe
an increase in leaf weight over time while there was no time trend in P and K mass per
leaf. This could be interpreted as a dilution effect but detailed regression analysis argues
against the dilution hypothesis. Overall, the changing relation between N deposition and
foliar N and P support the nitrogen saturation hypothesis.

Keywords: nitrogen deposition, phosphorus, potassium, magnesium, fructification, soil acidification

INTRODUCTION

The assessment of tree mineral nutrition is part of the UNECE forest monitoring program ICP
Forests (International Co-operative Programme on Assessment and Monitoring of Air Pollution
Effects on Forests; ICP Forests, 2016). On the plots of this program, a deterioration of nutrition has
been observed in the last two decades (Jonard et al., 2015; Talkner et al., 2015), and phosphorus (P)
is the element most often declining in these studies. Unbalanced tree nutrition will affect growth
and thus limit the uptake of increased atmospheric CO, (Blanes et al., 2013). It will also have
consequences for tree health and mortality (see e.g., St. Chaboussou, 1973; St. Clair et al., 2005;
Vitousek et al., 2010; Sardans et al., 2012; Christina et al., 2015).
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In permanent forest monitoring plots in Switzerland,
decreases in foliar N and P concentrations have been observed
for the last 30 years in European beech (Fagus sylvatica) (Braun
et al., 2018). P concentrations have reached very low levels,
far below the thresholds for normal nutrition. K and Mg
concentrations have decreased, too, and leaves are showing
an increasing incidence of Mg deficiency symptoms. Possible
drivers for these changes may be progressive nitrogen saturation,
soil acidification, changes of growth or climate or increasing
tree age.

Increased tree productivity as a consequence of high
nitrogen deposition, increased CO, concentration or increased
temperature has been proposed to be responsible for the
changes in foliar nutrient concentrations (Pretzsch et al,
2014; Jonard et al., 2015). Dilution effects, when nutrients
are dispersed over a larger biomass, may occur during the
first stage of excess nitrogen addition, as long as N is
still limiting (Menge and Field, 2007). When N deposition
continues, this stage is, however, followed by a stage of nitrogen
saturation (Aber et al., 1989; Emmett, 2007) characterized by
an increase of nitrate concentration in soil solution (Aber
et al, 1989). This may affect roots (Boxman et al., 1998b)
or mycorrhiza (Nilsson and Wallander, 2003; Suz et al,
2014) and therefore nutrient uptake. Saturation may develop
slowly, leading to changes in the responses to excessive
N (Emmett, 2007; McNulty et al, 2017). Thus, a decadal
perspective in monitoring is needed given the inherently slow
processes involved.

Climate change and increased fructification of beech
have been proposed as reasons for the decrease in foliar
P concentrations (Talkner et al, 2015). While increasing
temperatures will rather increase nutrient uptake (BassiriRad,
2000), increasing drought occurrence and intensity is expected
to act in the opposite way (Kreuzwieser and Gessler, 2010).
Since increasing temperature and pronounced drought events
are often linked it is difficult to judge which process will
be predominant.

In the case of Ca and Mg, a decrease of foliar concentrations
is usually explained by soil acidification and the corresponding
depletion of the exchangeable pools in the soils by leaching.
Visible Mg deficiency in Norway spruce has been a forest decline
symptom in parts of Germany affected by high acid loads in the
1980’s (Cape et al., 1990; Elling et al., 2007). For anthropogenic
soil acidification, both sulfur or nitrogen inputs are relevant.
After the reduction of sulfur emissions achieved in the 1990’, the
relative importance of nitrogen for soil acidification has become
more important although sulfur is still leaching from the soils.
Today’s soil acidifying inputs are mainly mediated by nitrogen
as sulfur deposition became very low (Augustin and Achermann,
2012).

The objective of the present paper was to disentangle the
contribution of these possible factors, along with the role
of edaphic predictors. Growth data for the study have been
presented by Braun et al. (2017b). They show a marked
decrease in stem increment, both on the basis of individual tree
measurements and on plot surface.

MATERIALS AND METHODS

Permanent Monitoring Plots

The study was conducted based on data from a network of
long-term forest monitoring plots in Switzerland which was
initiated in 1984. The plots cover a variety of soil types (including
vertisols, cambisols, and rendzic leptosols) and environmental
conditions (Table_Supplementary 1). Seventy-four beech plots
were included in this study (Figure Supplementary 1), each
consisting of 60 mature Fagus trees on a surface area of 0.1-2 ha.
The observation period of this study covers the time from 1984
to 2015, with harvests every 3-4 years (total of 9 harvests). The
number of plots was 52 in 1984 and increased to 93 in 2015.

Soil Analysis

The solid phase of the soil was sampled in all plots once between
2005 and 2010. An Edelman auger (Eijkelkamp) was used for
taking the samples at 6-8 points per plot in different horizons.
The samples were pooled by horizon. Soil samples were air dried
and passed through a 2 mm sieve. Exchangeable base cations and
pH(CacCl,) were determined as described in Braun et al. (2003).
Plant available P was extracted using 2% citric acid at a ratio of
1:10 (Hort et al.,, 1998; Manghabati et al., 2018). Total N and
acid extractable P were determined after a Kjeldahl digestion. For
P this digestion procedure yields lower values than real totals
(Hornburg and Liier, 1999). Lime (CaCO3) was determined by
measuring the volume of CO, evolved by addition of HCI. For
data analysis, the element stocks in kg ha=! were cumulated
over the uppermost 40 or 60 cm, considering layer thickness,
bulk density and stone content in the calculation. Bulk density
was estimated in the field according to Sponagel et al. (2005)
and adjusted for the content of organic carbon. pH and base
saturation were averaged over the uppermost 40 cm. C:N ratios
as well as total N and P concentrations were calculated for the
forest floor or the uppermost mineral soil horizon, if no humic
horizon was present (e.g., mull humus forms). This fraction is
called “uppermost horizon” in the following.

Soil Solution

Soil solution was sampled in a subset of 19 plots covering a
large range of chemical properties, starting between 1997 and
2002. Ceramic cups (Soilmoisture Inc., USA) were installed
in 2-3 depths per plot and 5-8 replicates per depth. Depths
varied per plot according to soil profile but a frequent
sampling pattern was 20, 50, and 80 cm. Samples were collected
monthly. The samples were combined per depth to one mixed
sample per plot. Anions were analyzed in filtered samples
using ion chromatography (Dionex GP50) with suppressed
electrochemical detection (Dionex ED50). For the analysis of
cations, samples were acidified after sampling. Ca, Mg, and Al
were measured using atomic absorption spectrophotometry, K
using flame emission spectrophotometry (Varian 240 AA).

Shoot Harvest and Plant Analysis

Shoots used for nutrient analysis were harvested every 4 years
in July by helicopter from the top crown of the same eight
trees per plot, starting in 1984. The shoots were visually assessed
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for discoloration symptoms (quantified as percentage of leaves
affected) and for fructification by counting fruits or fruit scars
on short shoots of different age. Leaves were dried, ground, and
analyzed for N, P, K, Ca, Mg, and Mn according to Walinga
et al. (1995). A subset of samples from previous harvests was
reanalyzed each time to avoid systematic shifts in the analytical
results. Quality control was achieved by analysis of certified
samples (NIST apple leaves, National Institute of Standards and
Technology, Gaithersburg, USA) and by taking part in a sample
exchange program (WEPAL, University of Wageningen).

Ten leaves per tree were dried at 80°C and weighed.
Nutrient contents in the leaves were obtained by multiplication
of the dry weight per leaf with the concentration. The dry
weight determination was not available for the years 1984
and 1995.

Climate

Meteorological data were interpolated for each plot from the
nearest eight monitoring stations of the Federal Office of
Meteorology and Climatology (MeteoSwiss) as described in
Braun et al. (2017b). The resulting daily averages were used in the
regression analysis or as input to the hydrological model Wasim-
ETH (Schulla, 2013). With this model the following drought
indicators were calculated:

i. Ratio between actual and potential evapotranspiration
(ETa/ETp).

Site water balance (SWB): cumulated difference between
precipitation and potential evapotranspiration at a daily
basis, with added water storage capacity of the soil (available
water capacity). The cumulation started on January 1st.
The lowest value reached during summer was used in the
data analysis.

Temperature, precipitation and drought indicators for the
harvest year were averaged over the time between start
of the season and the harvest date. Start and end of the
season were taken from phenological data of beech budbreak
and discoloration observed by MeteoSwiss and adjusted for
altitude as described in Braun et al. (2017b). The season
length thus differs between plots.

il

iii.

Nitrogen Deposition

We used for this study modeled nitrogen deposition covering
all relevant dry and wet N components at a high spatial
resolution, which gives an estimate of total deposition into
forests. In Switzerland, ammonia (NH3) contribution to nitrogen
deposition is quite high (Rihm and Achermann, 2016). The
model based on emission inventories and dispersion models
for the years 1990, 2000, 2007, and 2010 and was validated
against measurements of NO,, NH3 and of ion concentrations
in the precipitation (Rihm and Achermann, 2016) and against
total deposition estimates by measurements of the single
components with micrometeorological methods (Thimonier
et al., 2018). Spatial resolution of the model was 1 ha for
gaseous NO; and NHj and 1 km? for wet deposition. The years
between the model years were interpolated linearly. Such an
interpolation is feasible as nitrogen emissions do not change
very rapidly.

Ozone Flux

In earlier studies, annual ozone (O3) flux, expressed as the
phytotoxic ozone dose over the threshold of 1 nmol m~2 s~!
(POD;), proved to be the best measure for ozone exposure of
forest trees (Braun et al., 2014). It was calculated using the Central
European parameterization for beech (UNECE, 2017) for the
years 1991-2015. The model DO3SE (Emberson et al., 2000) was
applied to monitoring data from 30 ozone monitoring stations,
and the resulting annual flux values were mapped as described
in Braun et al. (2014). Raster cell size was 250 m. The model was
run including soil water (Biiker et al., 2012) assuming medium
soil water storage. Only annual ozone fluxes were available for
analysis. It was therefore not possible to calculate ozone flux
between budbreak and harvest date for an analysis of harvest
year’s ozone.

Statistics

Aim of the data analysis was the simultaneous evaluation
of a broad range of possible covariates for foliar nutrient
concentrations and ratios and to identify the most significant
ones. A multivariable regression model was used with a
backwards selection of predictors. The covariates included
initially in the model are listed below. They were selected based
on theoretical considerations.

i. Soil analysis

a. exchangeable stocks of K, Mg, Ca, or Mn (sum 0-40 cm) in

kg ha™1, log transformed

citrate extractable stocks of P (sum 0-40 cm) in kg ha™1,

log transformed.

c. stocks of N (Kjeldahl) and P (acid extractable) in t/ha (sum
0-60 cm)

d. base saturation in % (average 0-40 cm)

e. pH(CaCl,) (average 0-40 cm)

f. CaCOj; (lime, sum 0-40 cm) in t ha™!, log transformed.

b.

ii. Meteorological parameters of the current or the previous
year: In the year of the harvest they were averaged over the
time between beech budbreak observed by the phonological
network of MeteoSwiss and harvest date (“harvest year
spring”), in the previous year over the time between beech
budbreak and the following 85 days (“previous year spring”)
or the whole season extending from budbreak to observed

discoloration (“previous year season”).

a. air temperature

b. precipitation

c. ratio between actual and potential evapotranspiration
(ETa/ETp)

d. site water balance:
growing season.

minimum value within each

iii. Time (continuous)

iv. Age: tree age at the beginning of the study for each plot as
recommended for cohort studies (Glenn, 2007). In a dataset
including a range of age classes, this procedure allows to
disentangle the effects of age and of time.

v. Species composition: proportion of deciduous trees in the
forest stand.
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The number of plots allowed to include about 7 predictors
with variations within plots and about 100 with variations
within plot and time (Braun et al., 2017a). The covariates were
subjected to a backwards removal procedure, based on the
Akaike Information Criterion (AIC) which should be minimized.
Linearity was tested using linear, quadratic or cubic functions
of covariates using the function poly. Stocks of soil nutrients
were tested for different depths (0-40, 0-60, 0-80 cm). The stocks
accumulated over 40 cm proved to be the best predictors. As
the arrangement of data in clusters of sites and years required
a mixed linear regression model with site and year as random
factors, the Imer function in R (version 1.1-15, package lme4,
Bates et al., 2015) was used. Concentration predictors usually
have a lognormal distribution. They were log-transformed if
this led to an improvement of the AIC. After identification
of the main effects, all possible interactions were tested one
by one. Interactions which were significant in this screening
procedure were added to the main model and subjected to
another backward selection procedure. Residuals were checked
for normal distribution using probability plots (qqplots) and
for homoscedasticity and outliers using plots of residuals vs.
fitted values. In case of non-conformance the dependent variable
was transformed, and outliers which could clearly be visually
identified in the Tukey-Anscombe plot were removed. In no case
the removal of outliers changed the results. All variables were
centered by subtracting the mean. Predictions and confidence
intervals were extracted from the regression models using the R
function ggpredict (R package ggeffects, version 0.14.0; Liidecke,
2018). This function averages all covariates except the one(s) of
interest. Plots with confidence bands were then produced using
ggplot2 (Wickham, 2009). For the presentation of the results
in the table, the significance of predictors with quadratic and
cubic terms was tested using analysis of variance (R package
car, function Anova, Fox and Weisberg, 2011). Collinearity
of the predictors in the final models was tested using the
variance inflation factor R function vif, package “car” (Fox and
Weisberg, 2011). In most cases the factors were <2.5, in one
case (manganese in soil, base saturation and lime) 4.3 and
5.2, respectively.

The number of plots has not been constant during the
observation time. The monitoring program started with 52 plots
in 1984. It increased to 93 in 2015. As the unequal number
may introduce artifacts in time trends, predictions from a mixed
regression with years as factor are shown in Figure 1 in addition
to the raw concentrations. The covariates ozone, fructification,
the chemistry of soil solution and leaf weight were not available
for all years and/or plots. They were thus included with a reduced
dataset (Table_Supplementary 2). As a starting point for these
regressions, the same covariates as for the regression with all
plots were used, but they were subjected to a further removal of
predictors increasing the AIC.

For the regression analysis of soil solution data, the average
concentrations of the corresponding element in the soil solution
of the year preceding the leaf harvest and in depths of <70 cm
were used. The effect of soil solution chemistry on foliar
concentrations was tested by comparing the AIC of a model with
and without soil solution.

Fructification was not included as predictor in the general
analysis as it is not an independent predictor: foliar nutrient
concentrations may affect fructification and vice versa. It has,
however, increased strongly during the observation period so
its significance for the development of foliar concentrations of
beech was assessed by comparing the time trend in regression
models with and without fructification. Fructification, measured
as number of fruits per short shoot in the respective season,
was included for the current and the previous year in the same
model. Attention was paid to the fruit coefficient on the one
hand and on the time coefficient on the other hand. A change
of the time coefficient would be an indication that fructification
plays a role in explaining the observed time trend in the foliar
nutrient concentrations.

The status of the nutrient supply was evaluated using the
concentration thresholds published by Géttlein (2015) which
base on a very large and well-documented data set compiled by
van den Burg (1985, 1990). Recommendations for harmonized
nutrient ratios in the compilations of van den Burg were
summarized by Fliickiger and Braun (1998).

RESULTS

Time Trend of Element Foliar

Concentrations and Contents
Over time, foliar concentrations of N, P, K, and Mg have
decreased significantly (Figure 1). This is shown by the
significance of the regression with time in Table 1. The observed
time trend was not affected by the increasing number of plots as
the values corrected for this do not differ from the uncorrected
values (black squares in Figure 1). The increasing trend of Ca
concentration in beech leaves is not significant as the variations
between years are large. Inclusion of fructification reduced the
variation for this element between years but the time trend
remained insignificant (see Table4). Changes of N and P
concentrations were largely parallel resulting in rather constant
N:P ratios. The N:K ratio have slightly decreased but this decrease
is not significant as the variations from year to year are mostly
explained by meteorological covariates (see also Figure 7). The
time trend in Mn is not significant either.

Mg deficiency symptoms have increased since 1984 in parallel
to the decreasing concentrations (Figure_Supplementary 2).
Leaves with intercostal chloroses were clearly related to foliar Mg
concentrations, less to Mg content (Figure_Supplementary 3).

The only element which was significantly associated with
tree age was N. With increasing age foliar concentrations of N
decreased. Age may thus have contributed to the decrease in
foliar N concentrations but its inclusion in the regression model
did not replace time as significant predictor. When looking at
contents instead of concentrations there is no significant time
trend (Figure 2, Table 1).

Relations of Foliar Nutrients With Soil
Chemistry of the Solid Phase

Foliar N concentrations were not related to soil chemistry.
Foliar P was higher, when the stock of acid extractable
soil P cumulated over the uppermost 40cm was high
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(Figure 3 left). For foliar Ca, the best predictor was base
saturation. Foliar K, Mg, and Mn were related with the
exchangeable pools of the corresponding element in the soil
(K: Figure_Supplementary 5, Mg: Figure_Supplementary 6
left, Mn: Figure_Supplementary 7 left). Mn was also related
with base saturation (Figure_Supplementary 7 center). If Mn is
analyzed in an univariate spline regression with pH(CaCl,) as
predictor, the foliar concentrations reflect the pH window of high
Mn availability between pH 4 and 5 (Figure_Supplementary 7
right). The soil chemistry predictors for the foliar ratios
to nitrogen were similar as for the corresponding single
elements. Foliar N:P was related with acid extractable P in soil
(Figure_Supplementary 8).

Development of Soil Solution Chemistry
Over Time and Relations With Foliar
Chemistry

Mg was the only element showing significant relations between
foliar concentration and concentration in soil solution (20-40 cm
depths), as indicated by the negative AIC difference (Table 2,
Figure_Supplementary 6 right). Mg in soil solution was almost

as good as predictor for foliar Mg as exchangeable Mg in soil, and
the inclusion of soil solution chemistry along with exchangeable
Mg into the regression model for foliar Mg decreased the
magnitude of the time coefficient considerably (Table 3). By
introducing soil solution Mg, the explained variance for fixed
variables increased from 16.9 to 19.2%.

During the observation period, all base cations as well as NO3’
concentrations in the soil solution have decreased significantly
(Table_Supplementary 3). The decrease in Mg concentrations is
illustrated in Figure_Supplementary 9. The Al concentrations
have increased but in beech plots the increase was small
and not significant. The BC/AI ratio has, however decreased
significantly in the plots with European beech which indicates a
progressing acidification.

Relations of Tree Nutrition With Nitrogen
Deposition

The relations of element concentrations with N deposition
partially depended on other covariates as suggested by significant
interaction terms. For foliar P concentration there were
significant interactions with time and pH(CaCl,). On average
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TABLE 1 | Associations between element concentrations, ratios, and contents in foliage of Fagus sylvatica and different predictor variables.

Concentrations (mg g~ d.m.) Ratios (w/w) Contents (mg leaf~)

N P K Ca Mg Mn N:P N:K N:Mg N P K Ca Mg Mn

Explained variance incl. random variables 0.511 0.609 0.437 0.587 0.434 0.778 0.607 0.462 0.415 0.327 0.409 0.433 0.449 0.391 0.772
Explained variance fixed only 0.310 0.333 0.135 0.424 0.155 0.666 0.251 0.136 0.163 0.024 0.091 0.084 0.271 0.125 0.561
N Deposition ns -- —-—- + 8582 ss83 +++ --

Time - - - -

Age - -

Extractable fraction in soil 0-40cm +++ +++ +++ ss83 —-—= —-—- ss83 +++ ++ sss3 sss3
pH(CaCly) —-—= ++

Soil base saturation 0-40cm +++ s8s3 +++ sss3
Air temperature CS $882 ++

Air temperature PVEG +++ +-F

ETa/ETp CS ns +++ -

ETa/ETp PVEG +++ ++ +++ §882

SWB PVEG -——-

N deposition * time - —-— +++ +++

N deposition * pH(CaCly) +++

N deposition * extractable fraction -——- +++ +++

Base saturation * ETa/ETp CS +++

Extractable fraction 0-40 cm*Eta/ETP CS -——-

-, negative association; +, positive association; s, spline regression with degree given as number after the letters, significant with p < 0.007 (3 symbols), p < 0.01 (2 symbols), p < 0.05 (1 symbol), p > 0.05 (ns; shown only when there
are significant interactions with this predictor). Empty fields: not included in the regression model (delta AIC between the model including or excluding the corresponding predictor >-2). CS, current spring, PS, previous spring; PVEG,
previous season; SWB, Site water balance. Extractable fraction: exchangeable cations according to the dependent variable or citrate extractable P
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instead of foliar concentrations (Figure 2). This contrasting development of concentrations and contents is mainly due to increasing leaf dry weight
(Figure_Supplementary 4): while the specific leaf area slightly decreased throughout the observation period, leaf area increased (data not shown).
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over the whole observation period there was no significant
correlation between foliar N concentration and N deposition
but N deposition was positively correlated with foliar N in

the beginning of the observation period (1984) and negatively
in 2015 (Figure4 left). Foliar P was negatively related to
N deposition in beech. This relation was inexistent in the
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beginning and got stronger over time as suggested by the
significant interaction between N deposition and time (Figure 4
center). The negative relation between foliar P and N deposition
was stronger at low pH(CaCl,) (Figure_Supplementary 10).
Similarly, the ratio of N:P in beech leaves responded much
more to acid extractable P in soil at low N deposition
(Figure_Supplementary 11). The uptake of K on soils with a
high concentration of exchangeable K was only higher when N
deposition was low (Figure 4 right). There was also a significant
positive correlation of N deposition with the N:K ratio (Figure 5
right). The relation between foliar K and N deposition remains
significant also when contents instead of concentrations are
looked at (Figure_Supplementary 12).

Relations of Foliar Nutrients With Ozone

Flux

The ozone flux in the year preceding the harvest was correlated
significantly and negatively with foliar P (Figure 6) while for N
there was only a non-significant trend. The concentrations of the
other foliar nutrients were not related to the ozone flux.

Relations of Foliar Nutrients With

Fructification

Regression models with foliar concentrations as dependent
variable and the significant predictors according to in Table 1
were compared to models with the number of fruits in the current
and the previous year added as predictors. Table 4 shows the
coefficients for current and previous year fruits and the AIC
difference to the model without fruits, Table_Supplementary 4

TABLE 2 | Regression coefficients for the relation between foliar nutrient
concentrations and the concentration of the corresponding element in soil solution
for beech (19 plots).

Coefficient for the soil SE p-value deltaAlC
solution concentration

N 0.0068 0.0047 0.1477 8.8
K —0.0233 0.0233 0.3174 6.7
Ca 0.0086 0.0263 0.7430 7.3
Mg 0.1513 0.0445 0.0007 —-2.0

DeltaAlIC indicates the difference in the AIC between the model including and the model
excluding the soil solution chemistry of the respective element.

the resulting time trends. The inclusion of fructification
improved the model fit (as judged by the AIC) except for K.
The coeflicients with harvest year fruits were positive in all cases,
i.e., foliar nutrient concentrations increased when fructification
was high (Table_Supplementary 5). With previous year fruits,
coefficients were positive for Ca and K concentrations and
negative for N concentration. Inclusion of fruits did not affect
the size of the time coefficient for any of the elements. The time
trends for Ca and Mg were not significant and are shown in
Table_Supplementary 4 for information only.

It was also tested if there was a relationship with long-
term average of fructification. Table5 shows the regression
coefficients obtained when the model in Table 1 is recalculated
in presence of a long-term average per tree. In the case of P,
the relation is significant: trees with more fruits have larger
foliar P concentrations than trees with less fruits. For the other
nutrients the AIC difference is positive, i.e., there is no significant
relationship with long-term fructification average.

Relations of Foliar Concentrations With

Climate

Air temperature, precipitation, evapotranspiration ratio
and site water balance were significant predictors for
foliar nutrient concentrations (Table1). Drought was an
important predictor, quantified either as ETa/ETp ratio,
precipitation or soil water balance, for the cations K
(as ratio to N); (Figure_Supplementary16), Mg, and Ca
(Figure_Supplementary 15). On soils with low base saturation,
foliar Ca concentrations were higher under dry than under moist
conditions (Figure_Supplementary 13).

The only clear temperature response was found for Ca which
increased with increasing temperature of the previous season
(Figure_Supplementary 14) while a non-linear relationship was
observed for the N:Mg ratio.

When all predictors except the one(s) of interest are averaged,
multivariate regression models allow to extract the response
functions. This can be done for either single predictors or a group
of predictors and was used to estimate the time trend of foliar
nutrients explained by climate. The only modification to the
models necessary was to run them without year as random effect.
Then all non-climatic predictors were averaged and the predicted
values from the regression model were extracted and averaged
by year. The results are shown in Figure 7 for two examples
with clear climatic relations: foliar concentrations of Ca and N:K

TABLE 3 | Regression coefficients for the relation between foliar nutrient concentrations with Mg concentration in soil solution (line 3), exchangeable Mg concentration in
the soil (line 4), and time (line 5), for regression models including (left) and excluding Mg in soil solution.

Model with soil solution Model without soil solution
Explained variance incl. random variables 0.364 0.366
Explained variance fixed only 0.192 0.169
Coefficient SE p-value Coefficient SE p-value
Mg soil solution 0.1138 0.0481 0.0003
Exchangeable Mg 0.1744 0.0482 0.0003 0.2058 0.0584 0.0006
Time —0.0544 0.0365 0.1316 —0.0763 0.0375 0.0417
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57% of the observed negative time trend of N:K (right part).

Leaf Weight

As increasing leaf weight is an important reason for the
contrasting trends of nutrient concentrations and contents,
explanatory variables for this variable were also assessed.
Only fructification was a significant predictor for leaf weight
(Figure_Supplementary 17). This relation was strongly negative.

A decreasing leaf weight with increasing fructification would
thus have led to smaller, not larger, leaves and does not give an
explanation for the increasing leaf weight.

Ifleaf weight explained decreasing concentrations by dilution,
its inclusion in the regression model should affect the coefficient
for time. The regression models in Table1 were therefore
recalculated adding leaf weight as additional covariate. The result
is shown in Table 6. Only for foliar Mg the time trend got weaker
after adjustment for leaf weight. This means that the time trend
of Mg concentration may be partly explained by the increasing
leaf weight while the others are not.
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TABLE 4 | Regression coefficients for the correlation of nutrient concentrations
(left part) and nutrient contents (right) with the fructification of the current year (line
c.y.) and of the previous year (line prev.y.).

Concentrations (mg g~' d.m.)  Contents (mg leaf~")

Delta
Fruit variable AIC

Delta

Coeff SE AIC  Coeff SE

N cy. —22.5 0.0218 0.0072 —213.8 —0.3229 0.0215
prev.y. —0.0310 0.0060 —0.0914 0.0160
P cuy. -11.8 0.0504 0.0099 —185.3 —0.3089 0.0216
prev.y. —0.0108 0.0082 —0.0638 0.0161
K cuy. 8.2  0.0352 0.0144 —137.6 —0.3178 0.0255
prev.y. 0.0275 0.0119 —0.0266 0.0189
Ca cuv. —106.8 0.2047 0.0189 —-10.7 —0.1317 0.0262
prev.y. 0.0703 0.0151 0.0073 0.0186
Mg c.y. —-81.0 0.2173 0.0234 —-8.9 —0.1194 0.0301
prev.y. —0.0294 0.0194 —0.0787 0.0225

DeltaAlC, AIC difference of the model with and without fruits. A negative difference signifies
a significant fruit effect.

DISCUSSION

Time Trend and Nutrient Levels

The negative time trend of foliar nutrient concentrations found
in this study is in accordance with several other recent studies
in Europe. Prietzel and Stetter (2010) observed decreasing P
concentration in two Scots pine (Pinus sylvestris) plots between
1991 and 2007, especially at the plot with high N deposition.
Talkner et al. (2015) report on a strong P decrease in leaves of
F. sylvatica in the ICP Forests plots. Jonard et al. (2015) analyzed

TABLE 5 | Regression coefficients of the relation between foliar nutrient
concentration and long-term average of fructification per tree (average year
2000-2015).

Element Coefficient for fructification SE deltaAlC
—0.0546 0.0228 2.00

P 0.1028 0.0315 -3.40
0.0789 0.0461 3.43

Mg —0.0581 0.0741 4.74

Ca 0.0701 0.0578 4.39

the development of all macronutrients in nine tree species and
found P concentrations deteriorating especially in F. sylvatica,
Q. petraea, and P. sylvestris, partially down to critical levels. In
F. sylvatica also the N, Ca, and Mg concentrations decreased,
in Q. petraea the N, Ca, and K concentrations decreased while
the changes of element concentrations in leaves of Q. robur were
not significant. The authors attribute this development to an
increased demand due to increased tree productivity (dilution
hypothesis) although no growth data are presented along with
the nutrient data. For the data presented here, a dilution due
to an increased growth cannot have caused the concentration
decrease as in F. sylvatica the stem increment was decreasing
during the observation time (Braun et al., 2017b). Leaf weight
has increased but the regression analysis including leaf weight
as a covariate argues against its significance as it did not change
the time trend. The increase of nutrient concentration in years
with high fructification as suggested by the positive correlation
between number of fruits and foliar nutrient concentrations can
be interpreted as enrichment in smaller leaves.

P concentrations have to be considered as strongly deficient in
F. sylvatica which is also supported by the high N:P ratios. The
ratios between N and P were clearly above the normal range and
did not change regardless of decreasing N or P concentrations.
This may be interpreted as a decrease of N uptake to keep
the N:P ratios rather constant when P concentrations are low
as it has been observed e.g., for Abies pinsapo by Blanes et al.
(2012). Ratios of nutrient concentrations are independent from
changes in leaf weight. While P concentrations were clearly
deficient for European beech, K concentrations were still in
the normal range on an average (Gottlein, 2015). N:K ratios
can be considered normal, too. The Mg supply was decreasing
and reached clearly deficient levels after 2003 which was also
expressed in increasing visual Mg deficiency symptoms. On an
average, the Mn concentrations are well within the normal range.
Toxic levels, causing visible dark spots, have been detected in
two plots using X-ray analysis at concentrations of 1,163 and
1,328 mg kg~! d.m., respectively (Fliickiger and Braun, 2009)
while Mn deficiency have been observed on two calcareous plots.
No explanation can be given for the increasing leaf mass in the
last 30 years. The increasing fructification can be excluded as
reason as the relation of leaf mass with fructification was negative.
There were no significant climate predictors for leaf mass but
relations were found with leaf area: an increased leaf area was
observed with increasing temperature and drought of the current
season, and with decreasing drought of the previous season (not
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TABLE 6 | Comparison of the time coefficient of the regression model with the
covariates listed in Table 1 (left two columns) and including leaf weight as
additional covariate (right columns).

Without leaf weight Including leaf weight

Element Coeff time SE Coeff time SE
N —0.0374 0.0045 —0.0360 0.0047
P —0.0348 0.0078 —0.0320 0.0074
—0.0234 0.0130 —0.0230 0.0130
Mg —0.0274 0.0200 —0.0161 0.0188
Ca 0.0245 0.0452 0.0324 0.0034

shown). A possible explanation could be increased CO; in the
atmosphere. In a FACE experiment with poplars, increased CO;
led to a larger area per leaf and heavier leaves while the specific
leaf area decreased or remained constant (Gielen et al., 2001). The
latter finding was confirmed in a meta-analysis by Ainsworth and
Long (2005).

Nitrogen Deposition

Our results suggest that elevated nitrogen deposition is an
important predictor for nutrition of European beech. This is
in accordance with experimental evidence and gradient studies.
In an N addition experiment, Balsberg-Pahlsson (1992) found
a decrease of the concentrations of P and Cu in beech leaves
in response to N fertilization with 40kg N ha=! yr=! over 5
years. The fertilizer contained also small amounts of Ca and Mg.
Although foliar K concentrations were unaffected, the increased
N:K ratio suggests a changed K nutrition. Fliickiger and Braun
(1999) observed decreases in the concentrations of P, K, Mg, and
Ca due to N addition in European beech and Norway spruce. In
areas with high N input in the Netherlands, Houdijk and Roelofs

(1993) observed low P, but also decreased Mg concentrations in
Douglas fir needles.

Aber et al. (1989) suggested that P deficiency or a shortage
of water limit the biotic functions when N saturation of forest
ecosystems is reached. In the beginning of the saturation process,
the biomass may be increasing. In our 74 European beech
forests, the observed growth stimulation by nitrogen was small
and detectable only at N inputs of <20kg N ha™! yr~!. In
general, the stem increment has been decreasing during the last
decades (Braun et al., 2017b). In the nitrogen saturation stage, an
impairment of the root system (Aber et al., 1989; Boxman et al.,
1998a) or of mycorrhiza (Rithling and Tyler, 1991; Wallander and
Nylund, 1992) may reduce nutrient uptake and lead to reduced
growth (Boxman et al., 1998a; Jonsson et al., 2004; Magill et al,,
2004). Increased soil solution nitrate concentrations are also an
indicator of the saturation stage. In the plots presented in this
study, nitrate concentrations in 20-40 cm depth in the year 2015
were on an average 1.1mg N 17! which is much higher than
the limit of 0.2 mg N 17! for ecosystems unaffected by nitrogen
set in the Mapping Manual of the UNECE Air Convention
(CLRTAP, 2017). On an average, NH T-N was observed in soil
solution was only 0.011mg N 17! (median) which suggests a
rapid nitrification. In 15 of the beech stands examined in the
present study, de Witte et al. (2017) observed that mycorrhizal
species which are important for P uptake are reduced at higher N
load. Such an impairment of mycorrhiza may lead to reductions
not only in P nutrition but also in supply of other mineral
nutrients—including N—and water.

Excess N deposition has certainly contributed to the low levels
of P and K nutrition and the wide N:P ratios in leaves. The
changing relations between foliar N and P with N deposition
suggest progressive N saturation as proposed by Emmett (2007).
Although N deposition has decreased by 25% during the
observed period it is still considerably higher than the critical
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loads for nitrogen. The average N deposition in beech plots in
2010 was 24.6kg N ha=! yr=! (Braun et al., 2017b). While effects
of this decrease on soil solution chemistry are already visible
(Braun, 2018), biological processes respond much more slowly
(Stevens, 2016; Verstraeten et al., 2017).

Soil Chemistry

Favorable conditions for high K uptake were high exchangeable
K concentrations in soil. High foliar P concentrations or low N:P
ratios were observed at high acid extractable P concentration in
the soil or at low pH. These positive relationships were, however,
only valid when the nitrogen deposition was low. The observed
interactions between N deposition and soil chemical parameters
may beinterpreted as a reduced K and P uptake at higher N
deposition. In our data there was no indication of K limitation in
calcareous soils by the K-Ca-antagonism as discussed by Mellert
and Ewald (2014).Lime stock of the soil was not a significant
predictor for foliar K.

The significant decrease in BC/Al ratio in soil solution
between 1998 and 2017 indicates an increase of acidification
(Sverdrup and Warfvinge, 1993). The concentration of all base
cations decreased significantly, but only foliar Mg was directly
related to soil solution chemistry. This change in soil solution
chemistry may therefore have contributed to the decrease in foliar
Mg. Relations of foliar Mg with soil concentrations have been
shown both for exchangeable Mg in soil (Ende and Evers, 1997)
and for Mg in soil solution (Matzner et al., 1989). The significance
of soil acidification for visible symptoms of Mg deficiency has
been reported for Norway spruce in Germany e.g., by Cape et al.
(1990) and Elling et al. (2007). For the chemistry of the solid
soil phase no replicate in time is available for all plots. In a
subset of plots, however, also a decrease in base saturation and
in pH(CaCl,) was observed between 1996 and 2005 (Fliickiger
and Braun, 2009) while concentrations of citric-acid extractable
P were stable (unpublished results).

The relation between foliar P concentration and pH(CaCl,)
was linear which is not in accordance to the expectations from
soil mineralogy. In acid soils P is immobilized as Al- and Fe-
phosphates (Variscit, Strengit), in alkaline soils as Ca-phosphates
(Apatite; Schachtschabel et al., 1998; Mellert and Ewald, 2014),
with the highest availability at medium pH values. Other studies
observed also a lower P availability in calcareous soils. Lower
foliar P concentrations have been reported for European beech
stands on limestone by Calvaruso et al. (2017), and a low P
nutrition has been suggested to be responsible for a lower vitality
of beech in the Bavarian alps (Ewald, 2000).

We found a clear correlation between foliar P concentrations
and citric acid-soluble P stock in the soil This is in accordance
to the results by Fith et al. (2019) who also found that citrate
extractable P is the best soil chemical predictor for foliar P.
However, the level needed for sufficient foliar P nutrition in the
present study (200kg Pcit ha™! for 0-40 cm stocks) is much
higher than in the study of Fith et al. (2019) who observed
sufficient foliar P concentrations in beech at 43 kg P ha~! for
0-10 cm stocks and 50 kg Peigr ha™1, respectively, for 0-80 cm
stocks. This comparison suggests that the P nutrition of beech in
Switzerland is much lower even when corrected for soil P stocks.

Climate

No temperature effects were found for N, P, and K concentrations
in beech leaves which would have been expected for the
actively absorbed elements (BassiriRad, 2000; Marschner, 2012).
The climate effects observed in the present dataset can be
summarized as increase either at high temperatures or under
drought. This holds true for Mg which was higher when the
minimum water balance of the previous season was low. Ca
was either increased at warmer temperatures of the previous
season or when the current spring was dry except on soils
with high base saturation. These results may be explained by
either an increased uptake when the transpiration stream is
high due to high evaporative demand or by a concentration
effect when drought leads to smaller leaves. The latter process
has been proposed by e.g., Sardans and Penuelas (2007)
and Sardans et al. (2008) who suggested enrichment effects
in Mediterranean ecosystems through reduced biomass. The
decreasing N:K ratio with increasing drought is, however,
not compatible with the concentration hypothesis as ratios
are independent from the magnitude of the reference. In
the case of N:K, drought is explaining a significant part of
the observed increase. A decreased availability of nutrients
in the soil as a result of reduced moisture as proposed by
Kreuzwieser and Gessler (2010) would have led to decreased
nutrient concentrations under dry conditions which was
not observed.

Ozone

Ozone flux was negatively related with foliar P, as a trend also with
N. These changes in foliar nutrients may be a result of a decreased
carbon allocation to the roots (Samuelson and Kelly, 1996; review
by Cooley and Manning, 1987) affecting the symbiosis with the
mycorrhizal fungi which depend on these photosynthates. Ozone
was a significant predictor for the composition of ectomycorrhiza
community in a gradient study in the same beech plots used
for the current study (de Witte et al., 2017). Effects of ozone on
nutrient uptake may therefore be expected and are in accordance
to the results of Wang et al. (2015) who found decreased needle
P concentrations after chamber fumigation with 60 ppb ozone
and changes in the ectomycorrhizal community in hybrid larch
(L. gmelinii var. japonica _ L. kaempferi). In the Kranzberg ozone
fumigation experiment labeled N was also more allocated to the
roots of fumigated trees and showed up less in the leaves of
mature beech and Norway spruce (Weigt et al., 2015). However,
the number of vital ectomycorrhizal root tips and mycorrhizal
species richness increased in the fumigated beeches (Grebenc and
Kraigher, 2007).

CONCLUSIONS

The presented results of a 30 years time series of tree nutrition
of Fagus sylvatica show effects of excess nitrogen deposition, of
soil chemistry and of climate on tree nutrition, with interactions
between the various predictors. Soil acidification is likely to
have contributed to the decrease of the Mg concentration in
beech leaves. Leaf weight increased in parallel to the reduction
of foliar concentrations of N, P, and K. This increase in leaf
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weight explained parts of the time trend in Mg, not in the
other nutrients. An increase of foliar concentrations by drought
was observed for Mg and for Ca on base poor soils. Climate
predictors explained the negative time trend in the case of
the N:K ratio, but the data show no significant effect on the
actively absorbed elements N and P. The drastic increase of
fructification in beech has probably contributed to the annual
variation in Ca concentrations but cannot be responsible for the
changes in time as fructification decreased leaf size and most
elements were positively, not negatively, related with the number
of fruits. The observed interactions between N deposition
and soil chemical parameters indicate a reduced nutrient
uptake at higher N deposition. A decreased stem increment
in parallel to the decreased nutrient concentrations contradicts
the “dilution by increased growth” hypothesis. The high soil
nitrate concentrations and the changing relations between foliar
N and P with N deposition favor also the saturation hypothesis.
Saturation develops slowly over time (Aber et al, 1998;
Emmett, 2007). Nutrient imbalances are important indicators
for this process. It has been shown that negative effects of
increased nitrogen deposition on tree development often starts
with nutrient imbalances, with consequences for e.g., parasite
infestations (Fliickiger and Braun, 1998; Eatough Jones et al.,
2004) or drought induced mortality (Magill et al., 2004). With
weakened resistances against abiotic or biotic incidents, external
events may trigger visible decline processes. The present study
supports the hypothesis that the changes in plant nutrition are
a continuous process in which the nitrogen deposition plays a
prominent role.
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Soil Phosphorus Translocation via
Preferential Flow Pathways: A
Comparison of Two Sites With
Different Phosphorus Stocks

Vera Makowski*, Stefan Julich, Karl-Heinz Feger and Dorit Julich

Institute of Soil Science and Site Ecology, Technische Universitdt Dresden, Tharandt, Germany

Weather events where a dry period is followed by a heavy rainfall event appear to
affect phosphorus (P) exports through preferential flow pathways from forest sails.
Export rates also depend on the P stocks. To explore this, we installed zero-tension
lysimeters in three trenches at two sites with contrasting soil P stocks. Lysimeters were
installed in three different depths (topsoil, subsoil and deep subsoil) to explore P depth
transport. We covered the forest floor above the lysimeters with tarpaulins to simulate
a dry period and afterward artificially irrigated the area. This experiment was repeated
three times at each site. Lysimeter samples were analyzed for concentrations of total P,
organic and inorganic dissolved P and particle bound P (>0.45 wm). Loads of P and
flow rates were calculated. Results reveal clear differences between sites, individual
events and soil depths. At both sites, concentrations and loads of P in the topsoil
lysimeters were higher than those in the subsoil. This difference was most evident at
the low P site and underlines its efficiency of recycling nutrients. Dissolved inorganic
P showed marked peaks in the topsoil lysimeters, whereby in the subsoil, particle-
bound P peaks were partly noticeable at both sites. Depth transport of P into the
subsoil depended on initial soil moisture, texture and the spatial distribution of flow
pathways. Further, we observed large heterogeneity within a single site, dependent
on profile-specific characteristics of the distribution of P, flow pathways and microbial
biomass. We conclude that under certain conditions, there is a depth transport of P
into the subsoil and therefore a potential of P exports, especially for particle-bound P.
Small-scale heterogeneity hampers the clear identification of influences and illustrates
the need for further research regarding soil heterogeneity.

Keywords: heavy rainfall event, dry period, zero-tension lysimeter, P loads, forest soil

INTRODUCTION

Phosphorus (P) is an essential nutrient for all organisms. In terrestrial ecosystems, research on
P mainly focused on cultivated soils (Heckrath et al., 1995; Withers et al., 2001; Damon et al,,
2014). Here, fertilizing and manure application are the main factors for P import (Linderholm et al.,
2012). Exports are driven by soil erosion on the surface, subsurface leaching and tile drains (Sims
et al,, 1998; Turner and Haygarth, 2000). Meanwhile, P budgets in forest soils were assumed to be
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balanced under natural conditions (e.g., Wood et al.,, 1984).
Exports were attributed to soil erosion after clear cutting (e.g.,
Likens et al., 1970) and therefore preventable by management.
Imports of P are driven by atmospheric deposition (of P-rich
dust) and mineral weathering (Newman, 1995). Therefore,
imports depend on the abundance of P-containing minerals
in deposits and parent material. Based on that, it was
hypothesized that P exports under natural conditions in forest
ecosystems depend on their soil P status, ie., total amount
and availability/mobility (Lang et al,, 2016). The smaller the
soil P stock, the tighter the P cycling in a forest ecosystem
and therefore the smaller the leaching loss (“recycling system”).
Consequently, Lang et al. (2017) connected soil P stocks along
a geometric sequence with different nutrition strategies of beech
(Fagus sylvatica L.) ecosystems and confirmed their previous
hypothesis. Furthermore, connections between soil P status and
various influencing factors on the forest P cycle were investigated.
For example, Spohn et al. (2018) found differences in P uptake by
plants or microbes, depending on season and P stock of the soil
at a given site. Hauenstein et al. (2018) illustrated the increasing
importance of organic layers and their ability to prevent P
leaching with decreasing site P status. Moreover, an increased
P mobilization of microbial associated P after drying-rewetting
cycles, resulting in the subsequent increased risk of P depletion,
especially of sites with already low P stocks, was observed
(Brodlin et al., 2019). The above-mentioned studies mainly
focused on organic layers and the mineral topsoil. Research on
the mineral subsoil of forests often focused on the dissolved
organic P fractions (Qualls et al., 2000; Kaiser et al., 2003).
A site-specific depth transport of dissolved organic P in the soil
solution of forest soils could be observed by Kaiser et al. (2003).
Additionally, they found peaks of dissolved organic P during
rainfall events after dry periods. Recent studies found elevated
amounts of P in forest streams during heavy rainfall events,
compared to base flow conditions (Benning et al., 2012; Julich
S. et al,, 2017). Julich S. et al. (2017) quantified these amounts
with up to 12 g ha™! per event, which accounts for up to 19%
of the annual flux. These peaks seem to be more pronounced
during rainfall events following a dry period and thereby are
in line with the findings of Kaiser et al. (2003) and Brodlin
et al. (2019). The drying of the soil and its subsequent rewetting
can result in the formation of preferential flow (Jarvis, 2007;
Guo and Lin, 2018). Through such preferential flow pathways
(PEP), nutrients including P can quickly be transported into
the subsoil without passing the sorbing soil matrix (Makowski
et al.,, 2020). Consequently, a dry period followed by a heavy
rainfall event seem to be important for soil P exports. Most
research on P balances in forest soils has focused on moisture
conditions mainly influenced by slow matrix flow (e.g., Ilg
et al., 2009). For the collection of preferential flow, which is
supposed to predominantly translocate P through forest soils,
zero-tension lysimeters can be used (Allaire et al., 2009; Peters
and Durner, 2009). Advantages and limitations of this approach
were discussed elsewhere (e.g., Zhu et al., 2002; Barzegar et al,,
2004); their applicability with regard to quantifying P transport
via preferential flow in forest soils was tested in a pre-testing
study by Makowski et al. (2020). The filling with coarse material

prevents matrix flow from entering the lysimeter and therefore
they only sample preferential flow. Further, the filling ensures
tight contact to the soil above, prevents it from collapsing and
increases the collection efficiency (Radulovich and Sollins, 1987).
Additionally, zero-tension lysimeters are able to collect particle-
associated P, which is often (partly) excluded by other sampling
methods (e.g., suction cups) by their fine pores (Grossmann and
Udluft, 1991). However, these colloids are important carriers for
soil P, including subsoil P (Missong et al., 2017). Therefore, the
aim of our study was to investigate the translocation of dissolved
and particle-bound P through preferential flow pathways into the
subsoil. We tested to what extent at sites with differing soil P
stock significant differences in P subsoil transport occur. Thus, we
hypothesize that (i) relevant loads of P are translocated into the
subsoil via preferential flow pathways, and (ii) at the P-poor site,
a lower amount of P is translocated into the subsoil as compared
to the P-rich site.

MATERIALS AND METHODS

Site Description

The experiments were conducted at two sites in Germany,
Mitterfels with a high soil P status (678 g m~2 soil P) and Liiss
with a low soil P status (164 g m~2 soil P). Mitterfels (hereafter
called “high P site”) is a mountainous region located in the
Bavarian Forest in SE Germany. The soil is a Dystric Cambisol
(WRB, 2015) developed on a paragneiss. Gravel, stones and
boulders mainly appeared from 20 to 30 cm soil depth and below.
Their size and distribution varied strongly between replicates.
Liiss (hereafter called “low P site”) is located in the North German
lowlands. The soil is also a Dystric Cambisol, which was formed
from a glacial sandy till. The till layers cause marked differences
in soil physical conditions, i.e., texture ranging from silt to gravel
and stones, with a high variety within a single profile. Both
sites are covered with 130-year-old beeches (Fagus sylvatica L.).
Further site information is listed in Table 1, profile information
in Table 2.

Experimental Setup

At each site, three trenches with a minimum length of 2.5 m
and a depth of 1 m were dug. The trenches served as replicates
to cope with small-scale site variability. All plots possessed the
same site-specific properties of tree age and parent material
and are located near each other according to the experimental
design of the whole research program (DFG priority programme
SPP 1685 “Ecosystem Nutrition: Forest strategies for limited
Phosphorus Resources”).

In each trench, three zero-tension pan lysimeters were
installed next to each other. The lysimeters made from
polyethylene (Singh et al., 2017) had a size of 50—40 cm. A 4-
5 cm rim ensured a slope within the lysimeter and promoted
water flow toward the outlet in the corner with the 5-cm rim
(Jemison and Fox, 1992). Additionally, the rim prevented outflow
of sampled water. For a good connection to the overlying soil
and to create a capillary barrier preventing matrix flow sampling,
the lysimeters were filled with coarse, pre-cleaned quartz sand
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TABLE 1 | Site characteristics of the study sites Mitterfels (high P site) and LUss
(low P site), according to Lang et al. (2017).

High P site Low P site
Elevation (m a.s.l.) 1023 115
Mean annual precipitation 1299 779

(mm)
Soil type WRB (2015) Hyperdystric chromic

folic Cambisol

Hyperdystric folic
Cambisol

Sandy fill
53/3.0/27/4.0

Parent material

Mean soil pH (1M KCl)
(L/O/A/B horizons)

Paragneiss
56/29/33/4.0

Soil phosphorus* (g m~2) 678 164
Soil nitrogen* (kg m~2) 1.4 0.7
Soil carbon* (kg m~2) 26 16

*Stocks from forest floor to 17 m soil depth.

TABLE 2 | Soil properties of the two study sites Mitterfels (high P site) and Liss

(low P site).
Thickness Texture Stone content

cm Vol-%
High P site
Organic layer +5/6/11 - -
AE)N 0-3/5/2 Loam 0/0/0
1B —-50/32/17 (Sandy) Loam 75/0/0
2B 50/32/17+ Sandy Loam 75/75/60
Low P site
Organic layer 8/9/10 - -
AE) 0-6/6/8 Loamy Sand 1/5-10/1
1B —37/42/52 Loamy Sand 1-2/5-10/1
2B 37/42/52+ Loamy Sand 1/5-10/1

Shown data from profile description refer to the single replicates. First number
always refers to profile 1, second number to profile 2, third number to profile 3.
Texture was determined from mixed samples.

(>200 pm). A schematic setup and a picture of a built-in sampler
are given in Makowski et al. (2020). The upper lysimeters were
located at 12-16 cm depth. Middle lysimeters were installed in
35-40 cm depth. The lower lysimeters were installed in the lower
subsoil, in depths between 70 and 100 cm depending on profile
depth and stone content (Table 3). Due to the high stone content
at one of the replicates at the high P site, only the upper lysimeter
(beneath the A-horizon) and a second lysimeter at a depth of
20 cm were installed in this trench.

After lysimeter installation, each sampler was connected to an
outlet to collect preferential flow water. Soil above the lysimeters
was covered with a tarpaulin to simulate a dry period. The
lysimeter plots were left to settle and dry. After 4 weeks, soil
moisture was determined with a TDR probe (Trime-Pico 32,
IMKO, Ettlingen, Germany) (Table 4). Measurements were taken
at the topsoil, around 10 cm below forest floor and additionally
from left and right of every lysimeter. Subsequently, we simulated
a large rainfall event with a rainfall intensity of 20 L m~2 h™!,
Event duration was 4 h, thus in total, 80 L m~2 were irrigated with
watering cans. The water was evenly applied over the irrigation
course and the above-sampler area. The sampled water was

collected in polypropylene bottles which were pre-rinsed with
distilled water. The bottles were changed every 500 mL and
the elapsed time since beginning of the irrigation recorded. To
prevent microbial growth, the samples were stored in cooling
boxes. At the end of the day, samples were brought to a
refrigeration cell and stored at 5°C. In total, three cycles of
drying and rewetting were simulated at each site. Irrigation 1
was conducted in May 2018, irrigations 2 and 3 in September
and October 2018, respectively. Due to the seasonal differences,
irrigations were not treated as replicates.

Laboratory Work

The volume of all water samples was determined gravimetrically
and their pH value and electric conductivity were measured
(S20 SevenEasy pH, Mettler Toledo, GiefSen, Germany). Total
phosphorus (TP) was determined by adding 200 pwL of 9 M
H,S04 and 4 mL K»(SO4);, to 40 mL of the unfiltered sample. The
solution was heated in an autoclave for 45 min at 121°C and after
cooling, the samples were measured in a spectrophotometer (UV-
Mini 1240, Shimadzu Deutschland GmbH, Duisburg, Germany)
using the molybdenum-blue method as described in ISO
6878:2004-05 (International Organization for Standardization,
2002, 2004). For determination of the dissolved fractions, the
samples were filtered through a 0.45 pm cellulose acetate filter.
Total dissolved phosphorus (TDP) was measured as described
for TP. Dissolved inorganic phosphorus (DIP) was defined as
dissolved molybdate-reactive P and analyzed photometrically
within filtrates (UV-Mini 1240, Shimadzu Deutschland GmbH,
Duisburg, Germany). Dissolved organic phosphorus (DOP) was
calculated by subtracting DIP from TDP. By method, DOP
is defined as organic P smaller than 0.45 pm. Particle-bound
P (PP) was defined as the difference between TP and TDP.
Values below the detection limit (DL) were further proceeded
with half of the DL.

Calculations and Statistics

Water flow rates were calculated by dividing the collected sample
volume by the lysimeter area (0.2 m?) and collection time. The
fraction of sampled water for each lysimeter was calculated with
the amount of sampled water as a percentage share of irrigated
water amounts. Multiplying measured P concentrations with
the amount of collected water of each sample results in the P
loads. Summing all loads of one lysimeter for one respective
irrigation results in the total (cumulative) P load. Sampling
times and number of samples were different for every profile,
therefore results on concentrations were split into five time
steps, one for each hour of irrigation and one for samples
taken after the irrigation process was finished (240 to maximal
420 min after irrigation start). The concentrations and flow
rates of the three replicates per site were averaged for every
time step, resulting in the mean concentrations and time steps
per site. For each site, standard deviations and coeflicients
of variation were calculated from the mean cumulative loads
of every irrigation event (see Table 5 and respective figures).
Differences between sites were tested with an unpaired Wilcoxon
test on the respective TP loads per lysimeter. Unpaired Wilcoxon
tests were performed with RStudio Version 1.2.1335, based on
R Version 3.6.1. The ratios of TP load to the TP stock in the
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TABLE 3 | Installation depths and the fraction of sampled water of the lysimeters at the high P and low P site.

Site Replicate Lysimeter Installation depth Fraction of sampled water (%)
cm under forest floor Irrigation 1 Irrigation 2 Irrigation 3
High P 1 Upper 12 65 68 4
Middle 34 66 45 58
Lower 68 3 0
2 Upper 18 23 20 14
Middle 47 5
Lower 65 0
3 Upper 16 24 26 17
Middle 25 13 3
Low P 1 Upper 13 28 24 16
Middle 45 6
Lower 82 0
2 Upper 14 21 8 16
Middle 48 10 3
Lower 85 6 0
3 Upper 15 9 15 12
Middle 45 1 0
Lower 81 0 0

soil were calculated. For this, the soil stock up to the respective
lysimeter installation depth was taken into account. Soil stock
data was taken from Lang et al. (2017).

RESULTS

Flow Rates and Fraction of Sampled

Water

Flow rates at the high P site ranged between 0 and 9 mL
m~2 h™! In all three irrigations, the maximum value was
measured in the middle lysimeter of one replicate. At the low
P site, flow rates were lower and ranged between 0 and 2.3 mL
m~2 h~!, Here, the maximum values were reached by the upper
lysimeters. At both sites, the lysimeters started reacting from top
to bottom. First samples of each replicate were drawn from the
upper lysimeter, followed by the middle lysimeter. In the deep
subsoil lysimeters, flow only occurred during the first irrigation

TABLE 4 | Volumetric soil moisture in %, measured with TDR probe directly before
irrigations.

High P site Low P site
Irrigation 1 2 3 1 2 3
10 cm depth 17.8 7.8 16.3 12.8 4.6 5.8
15 cm depth 20.5 10.7 20.6 141 2.2 3.0
45 cm depth 24.4 14.0 241 1.9 2.4 2.9
80 cm depth 28.7 9.0 22.8 16.1 1.9 3.9

Values represent the arithmetic means of all replicates, with n > 6. Depths refer to
levels under the forest floor.

experiment (Figure 1). The first samples at the high P site
consistently were taken during the first time step, while at the
low P site, sampling began during the second time step. Over
the course of the individual irrigations, the mean flow rates of
the upper lysimeters remained constant. The mean flow rate
of the middle lysimeters at the high P site increased clearly
during the experiments. Concurrently at the low P site, in the
middle lysimeters flow only occurred in the last time step of
the experiment. After the end of the irrigation, mean flow rates
strongly decreased (see time step 5). At both sites, the range of
flow rates and their means decreased with every irrigation. The
flow rates and their means were highest at the high P site.

The sampled water volume as a proportion of the irrigated
water volume ranged from 0 to 68% (corresponding to 0-54 L
m~2) at the high P site and from 0 to 28% (0 to 22 L m~2) at
the low P site (Table 3). Values of 0% state that no sample was
collected from the respective lysimeter. Coeflicients of variation
(CV) for each lysimeter were high and varied between 0.15 and
0.78. In the upper lysimeters, more flow occurred than in the
middle and lower ones.

Concentrations of P Fractions in

Preferential Flow Water

All mentioned concentrations refer to the arithmetic mean values
of the three plot repetitions and the defined time steps. Standard
deviations (SD) at both sites were high and indicate the variability
of the replicates (Figures 2, 3). At the high P site, concentrations
range from below the limit of quantification (LOQ) of 5 g L™}
up to 115 pg L~! DIP in the upper lysimeter. At the low P
site, they range from LOQ up to 417 g L~! PP found in the
lower lysimeter. Highest mean concentrations occurred with the
highest standard deviations.
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TABLE 5 | Mean cumulative TP loads (in jug m~2) per irrigation, in brackets their coefficient of variation (CV) (—).

High P site Low P site
Lysimeter Irrigation 1 Irrigation 2 Irrigation 3 Irrigation 1 Irrigation 2 Irrigation 3
Upper 4062 (0.53) 1654 (0.52) 770 (0.17) 1500 (0.28) 3354 (0.49) 2830 (0.40)
Middle 686 (0.95) 540 (0.54) 483 (1.0) 631 (1.19) 205 (0.04) 208 (0.12)
Lower 87 (-) - - 1752 (-) - -
Arithmetic means and CV were calculated from the cumulative TP loads of three replicates per site.
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FIGURE 1 | Mean flow rates per time step of high (blue) and low (yellow) P sites. Arithmetic means were calculated from flow rates of all replicates per site for the
respective time step. Ranges indicate the span from minimum and maximum values. Time steps 1-4 each represent 60 min of irrigation, time step 5 represents
180 min after the end of the irrigation. Depth represents the lysimeter installation depths (u — upper, m — middle, | — lower). Vertical dotted line represents the end of
the irrigation impulse.

In the upper lysimeters of the high P site (Figure 2), high
amounts (up to 115 ug L™!) of DIP toward the end of the
first irrigation were found. In the following irrigations, DIP
concentrations were below 22 g L™1. During irrigations 2 and
3, no P fraction was clearly prevailing in the upper lysimeters. In
the middle lysimeters, DOP and DIP concentrations were around
the LOQ during all irrigations with a maximum of 21 pg L™!
(DOP, irrigation 3). PP concentrations were slightly higher and
reached a maximum of 89 g L™! during the third irrigation.

Lower lysimeters sampled only during the fifth time step of the
first irrigation. Here, DIP and DOP concentrations were below
the LOQ, while PP concentration reached 21 ug L™,

In the upper lysimeters at the low P site (Figure 3), DIP
concentrations were up to 62 jug L™!. During the two following
irrigations, DIP concentrations in the upper lysimeters ranged
between 109 and 251 g L™! and therefore were clearly higher
than in the first irrigation. DOP concentrations ranged between
15 and 55 pug L™!, while PP was the smallest fraction with
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values between 8 and 47 wg L™!. By contrast, in the middle
lysimeter samples, DIP concentrations were <10 ug L™! and
DOP concentrations were constant around 30 g L™! during all
irrigations. The PP fraction was the main fraction during the first
irrigation in the middle (136 pg L™1) and lower (417 g LD
lysimeters. The PP/TP ratios of 0.93 (middle lysimeter) and 0.99
(lower lysimeter) underline their prominent role.

Cumulative P Loads

The P loads were calculated as means of the replicates per site
and time step. Especially in the upper lysimeter, TP loads differ
between sites (see Figure 4 and Table 5). The lower lysimeters
did not collect any samples in irrigations 2 and 3. Comparing
the loads of both sites, they differ significantly (p < 0.001) in
the upper lysimeters for the second and third irrigation. The
difference between sites was not statistically significant for the
results from the first irrigation (p = 0.29). Furthermore, loads
between sites in the middle and lower lysimeters did not differ
significantly. This is probably due to the high variability of the
replicates. The mean TP loads, cumulated per irrigation, range
from 87 to 4062 ug m~2 (Table 5). The maximum TP loads
were measured in the upper lysimeters at both sites. Still, the high
coefficients of variation show the high variability of the replicates
at each site. At the high P site, maximum mean cumulative P load
(2444 wg m~2 for DIP) occurred in the upper lysimeter during
the first irrigation. The low P site also showed maximal values for

DIP loads with 2525 jug m~? during the second irrigation and
2089 wg m~2 during the third irrigation in the upper lysimeter.
Cumulative DOP loads followed a similar pattern. The maximum
at the high P site was measured in the upper lysimeter during the
first irrigation (553 jLg m~2), at the low P site during the second
and third irrigation (631 g m~2 and 449 ug m~2). The clear
maximum of the PP loads was measured in the upper lysimeter
at the high P site and during the first irrigation (1058 jLg m~2).
The low P sites maximum was 591 g m~? (irrigation 1, middle
lysimeter) and therefore clearly lower than at the high P site.

The ratios of TP loads to the respective soil P stock of the
sites are given in Figure 5. Here, the low P site reveals higher
amounts (63-144 pg Pyater g_1 Pyoi1) of P mobilized in the upper
lysimeters, compared to the high P site (7-37 g Pyater g’1 Pgoil)-
This emphasizes the high loads of mobilized P in the topsoil of the
low P site. In the middle lysimeters, load-to-stock P ratios of both
sites were similar to each other and clearly lower than in the upper
lysimeters. Lower lysimeter ratios could only be calculated for the
first irrigation. Here, the low P sites ratio was higher (14 g Pyater
g_l Pyoi1) compared to the high P site (0.2 g Pyater g_l Pyoil)-

DISCUSSION

Our results demonstrate differences in terms of mobilization and
transport of P between sites, depths and events. The dominating P

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

May 2020 | Volume 3 | Article 48


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

Makowski et al.

Phosphorus Translocation in Forest Soils

Lysimeter depth
3

Time step 1 Time step 2 Time step 3 Time step 4 Time step 5
é.
2
[(—— 3
1
u F_‘ h} h} ! EI— Fractions
g . DOP
g I:l DIP
N
(e
EI“ é-
o
s
=
w

0 100 200 300 400 O 100 200 300 400 0

P). Lysimeter depths are indicated by u (upper), m

100 200 300 400 O
Concentration in ug L

FIGURE 3 | Mean P concentrations in preferential-flow water collected with zero-tension lysimeters during three irrigations at the low P site. Arithmetic means were
calculated from all samples drawn in the respective time step. Shown P fractions are DOP (dissolved organic P), DIP (dissolved inorganic P) and PP (particle bound
(middle) and | (lower). Time steps 1-4 each represent 60 min of irrigation, time step 5 represents 180 min after the
end of the irrigation. No bar indicates that in the respective time step and/or depth, no sample was drawn. Error bars indicate the standard deviation.

100 200 300 400 O 100 200 300 400

fraction in our results was DIP, which is in line to the findings of
similar studies (Dinh et al., 2016; Homberg and Matzner, 2018;
Brodlin et al., 2019), who investigated leachates from organic
layers during drying-rewetting cycles in beech forest soils. Dinh
et al. (2016) and Brodlin et al. (2019) also sampled A-Horizons,
but reported higher DOP and smaller DIP shares than our results
from the upper lysimeters. Therefore, preferential flow pathways
seem to translocate P, often as DIP, from the organic layers
into the mineral topsoil below the A-horizon. Additionally, our
results contrast findings from a 27 months experiment, where
DOP predominates leachates from the forest floor and mineral
soil solution (Kaiser et al., 2003). However, our experiments did
not always result in high DIP concentrations in the topsoil. The
release of DIP into the soil solution is controlled by biotic and
abiotic processes (Frossard et al., 2000). The biotic release of
DIP is associated with microbial turnover and mineralization.
This is especially important for sites with low P availability,
where low abiotic DIP release is assumed (Frossard et al., 2000;
Pistocchi et al., 2018). Therefore, high concentrations of DIP in
soil water represent high microbial activity in combination with
no or little plant uptake. Furthermore, soil moisture controls
biotic processes with more inactive microbes and less turnover
in dryer soils (Skopp et al., 1990). The microbial release of DIP
following drying-rewetting cycles is assumed to be highly relevant
at the P poor site (Lang et al., 2017). This is supported by our data
showing that DIP was predominating in the second and third

drying-rewetting cycle at the low P site. By contrast, the plant-
available P fraction (corresponding to DIP) was clearly reduced
at the high P site during late summer and autumn in our data.
However, our methodical approach does not allow conclusions
on elevated DIP uptake by plants or less microbial release as
compared to the low P site. For future experimental approaches,
corresponding methods should be included to answer questions
on DIP release and uptake.

The observed depth transport of PP in our study confirms
assumptions on the importance of the particle-bound P fraction
in seepage water, also including colloids below the operationally
defined size of 0.45 wm (Missong et al., 2017; Makowski et al.,
2020). These observations fit to our results, where highest PP
loads were found at the low P site. Colloid-associated P fluxes
in soil leachates in 20 cm soil depths were detected in a range
of 8-51 mg P m~2 a~! (Bol et al, 2016) and may account
for 12-91% of total P leached in forest soils (Missong et al.,
2018). Investigations of forest streamwater revealed that colloidal
DOP may account for 40-100% of the P losses, which were
suggested to be mediated by preferential flow transport during
storm events (Bol et al., 2016). The DOP loads in seepage water
in our experiments ranged between 0 and 0.63 mg m~2 within
a period of 7 h. Literature values on annual DOP fluxes in
deciduous forest soil were indicated in a range of 30-62 mg
m~2in organic layers and 2-38 mg m~ 2 in subsoil [summarized
in Bol et al. (2016)]. Against this background, the observed
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DOP fluxes in our experiments seem to be very low, even if
the occurrence of several rain events in the applied extent is
considered. However, the methodical approach by using zero-
tension lysimeters may explain why other studies, using suction-
based approaches, detected a predominance of DOP rather than
PP in soil water fluxes.

We were able to collect only few samples from middle and
especially lower lysimeters resulting in the assumption that the
subsoil is not well connected to water flow from upper soil layers
in our experiments. Similar flow patterns were detected in a
study by Bogner et al. (2008), who also found low soil moisture
to be the reason for missing subsoil preferential flow in forest
soils. Research on cultivated soils, which is more frequent, is
contradictory concerning soil moisture and depth transport via
preferential flow pathways (e.g., Granovsky et al., 1994; Kung
et al., 2000), because not all PFP in the soil were activated
under drier conditions. Others suggested that site-dependent

differences are more dominant than soil moisture with regard
to occurrence of depth flow (Weiler and Flihler, 2004). The
differences in the occurrence of PFP can in our cases mainly be
explained by the differences in texture and stone content. At the
high P site, higher stone contents in the B-horizons lead to flow
mainly along the stone surface matrix interface (Julich D. et al.,
2017). At the low P site with low stone content and a coarser
texture, slower and fingering-like flow is pronounced. In sum,
factors such as soil moisture, texture, and stone content affect
distribution and connection of PFPs to deep water flow, and
consequently P fluxes through the soil profile. With regard to our
first hypothesis, we can conclude that under certain conditions,
preferential flow along specific pathways is able to translocate
relevant loads of P into the subsoil. These loads mainly consist
of PP and DOP rather than DIP.

Focusing on differences in export dynamics between sites,
main aspects are the P contents of the parent material and the
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resulting soil P stock. Taking the soils P stock and the respective
P loads into account, a ratio of load per stock can be specified.
In the upper and middle lysimeters, this ratio differs from the
P loads of the sites (Table 5 and Figure 5). At the low P site,
the ratio of TP in seepage to TP stocks in the overlying soil was
clearly higher than at the high P site during all irrigations. This
supports the results of Brodlin et al. (2019), who found higher
mobilization of P at the low P site than at the high P sites. Further,
we were able to detect a strong decrease of the ratios from the
upper lysimeter to the middle lysimeter. For irrigations 2 and
3, our data is in line with the assumption by Lang et al. (2017)
that low P sites prevent mobilized P from leaching out of the
rooting zone, which is a strong indicator for tight recycling of P
within the ecosystem. In relation to the soil P stock, both sites had
similar amounts of P translocated in the subsoil. The results from
irrigation 1 differ from that assumption. Here, high cumulative
P loads were found in the lower lysimeters of the low P site
and the P load to P stock ratio is higher than at the high P site
(Table 5 and Figure 5). However, the sample amount in the lower
lysimeters was generally very low with high variability in the
replicates, which represents a very small data base but high data
uncertainty for the deep subsoil. Nevertheless, as the decrease of
the P ratio from topsoil to subsoil is much stronger at the low P
site than at the high P site, less P translocation into the subsoil can
be expected here. Therefore, we found strong indications which
would confirm our second hypothesis.

Furthermore, we found considerable differences between the
replicates within the respective sites, indicating a high variability
of preferential flow. Ranges and coeflicients of variation of
our data indicate a high variability of flow rates as well as
P concentrations and loads within each site. Recent research

on forest soils focused on the differences in nutrient/element
distribution between PFP and soil matrix (Bundt et al., 2001;
Backnis et al., 2012; Bogner et al,, 2012; Julich D. et al,, 2017).
Meanwhile, research on the heterogeneity of preferential flow
mainly focused on its occurrence (Wickenkamp et al., 2016)
or spatial distribution (Jarvis et al., 2012) rather than nutrient
distributions. In addition to the heterogeneous occurrence of
preferential flow, distribution of soil P concentrations has shown
to be highly variable within a soil profile in dependences of soil
depth and contents of soil organic matter as well as pedogenic
Al and Fe minerals (Werner et al., 2017). Backnis et al. (2012)
and Julich D. et al. (2017) connected high stone contents with
heterogeneous flow and low P sorption conditions. Furthermore,
Bundt et al. (2001) emphasized the size and role of microbial
biomass in PFP. As a consequence, factors like heterogeneity
of soil P, pathway type, pathway distribution and microbial
biomass can explain the variability of the presented results.
Further research on the spatial and temporal heterogeneity of
nutrients in preferential flow appears to be important for a deeper
understanding of the role of preferential flow (pathways) for
nutrient translocation in natural ecosystems.

CONCLUSION

In this study, we compared two beech-stocked sites with
contrasting soil P status concerning the amount of P in
preferential flow at several soil depths. We were able to show
that under certain conditions, relevant amounts of P were
translocated into the subsoil via preferential flow. Here, low P
sites were better adapted by recycling processes and retained
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higher shares of mobilized P in the main rooting zone than high P
sites. Additionally, DIP was the main mobilized P fraction, while
PP seemed to be important for depth transport, regardless of the
soils P status. Nevertheless, driving factors for P losses from forest
ecosystems were hard to identify due to the high variability within
the sites. Future research must determine the conditions which
lead to P export from forest ecosystems with an emphasis on soil
heterogeneity. In summary, our study was able to demonstrate
that P is translocated from topsoil to deeper soil regions and to
give first numbers on the magnitude of this transport processes.
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Phosphorus (P) is an essential nutrient, but European forest ecosystems are
experiencing widespread declines in soil P concentrations. To clarify the roles of
ectomycorrhizal (EM) and saprotrophic (SAP) fungi in P cycling in forest soils that differ
in inorganic and organic P availability, we conducted an ingrowth tube (IGT) experiment
over 18 months of exposure in five beech (Fagus sylvatica L.) forests in Germany. To
separate the contributions of both fungal guilds in situ, two different types of IGTs
were used: (i) open IGTs with micromesh windows to allow EM fungi to regrow into
the tubes, and (i) closed IGTs (without mesh windows) in which recolonization by EM
hyphae was restricted. We then measured phosphomonoesterase, phosphodiesterase,
peroxidase, and phenoloxidase activities in EM (open I1GTs) and SAP (closed IGTs)
dominated fungal assemblages. Shifts in fungal assemblages occurred over time, but
the speed and extent of those shifts differed between the five forest sites. In three forest
sites fungal community composition shifted toward greater dominance of EM fungi in
open IGTs than in closed IGTs after a period of 18 months, but these changes were
not apparent in two other sites. Although shifts in fungal community composition were
noticeable between treatments, we found no effect on phosphomonoesterase activity.
Since phosphomonoesterase is present in both fungal guilds, this indicates functional
redundancy of fungi. Phosphodiesterase activity was slightly reduced in SAP dominated
IGTs, indicating that SAP fungi contribute to phosphodiesterase activity to a lesser extent
than do EM fungi. P cycling enzymes did not appear to have been influenced by the total
P stocks of the forest sites but may have been affected by additional abiotic factors.
Contrary to our expectation, phenoloxidase activity was unaffected by fungal community
composition, and only peroxidase activity was higher in SAP dominated IGTs, indicating
that the contribution of EM fungi to degradation of complex organic material is driven by
the need to obtain nutrients in addition to C. Overall, the results of this study contribute
to a better understanding of the roles of EM and SAP fungi in P cycling in forest soils.
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INTRODUCTION

Foliar P content in European beech (Fagus sylvatica L.) forest
ecosystems is declining, suggesting that these forests may
encounter future P deficiency (Jonard et al, 2015; Talkner
et al., 2015). Plants take up P in the form of phosphate anions
HPO,?~ and H,PO4~ (Jones and Oburger, 2011). However,
inorganic P (Pjyorg) is frequently adsorbed to minerals and the
equilibrium concentration of orthophosphates in soil solution is
low; therefore, only a minor fraction of total soil P (Py,), which is
often <1%, is plant available (Condron et al., 2005; Quiquampoix
and Mousain, 2005). In forest soils, a large fraction of Py is
bound in the organic P (Py) pool, and this can account for 35—
83% of Py in beech forests (Talkner et al., 2015; Lang et al., 2017;
Zederer et al., 2017). Poyg comprises orthophosphate monoesters
(e.g., inositol phosphates), orthophosphate diesters (e.g., nucleic
acids, phospholipids), phosphonates, and phosphate anhydrides
(Condron et al., 2005). In contrast to the geochemical P cycle, for
which exchange processes of soil P pools due to abiotic factors
are well understood (Frossard et al., 2000), little is known about
the importance of biological regulation mechanisms of the P
cycle and the contributions of microbial groups to these processes
(Tamburini et al., 2012).

Microorganisms are significantly involved in the P cycle
through solubilization, immobilization, and mineralization of
Porg and Pinorg (Richardson and Simpson, 2011), thus mediating
the transfer of P between different pools (Plante, 2007).
Ectomycorrhizal (EM) and saprotrophic (SAP) fungi are major
microbial groups in forest soils and pursue functionally different
lifestyles with respect to their carbon (C) acquisition strategies.
EM fungi form symbioses with host trees, which supply the
fungi with C through photo-assimilates such as sucrose and
in return benefit from nutrients and water supplied by EM
fungi (Smith and Read, 1997). Especially in nutrient poor
ecosystems, mycorrhizal plants accumulate more P than non-
mycorrhizal plants because the mutualistic fungi can access
a larger soil volume through their branched hyphal network
(Smith and Read, 1997; Lambers et al., 2008; Jansa et al.,
2011). This beneficial interaction results in an increase in foliar
P concentration (Wallander et al., 1997; Alvarez et al., 2009;
Danielsen and Polle, 2014).

In contrast to mycorrhizal fungi associated with roots, SAP
fungi degrade organic material to obtain C, thereby contributing
significantly to the decomposition of organic substances in forest
soils (Grinhut et al., 2007; Baldrian, 2008). Mineralization of
organic compounds by SAP fungi is directly linked with the
turnover of nutrients (Attiwill and Adams, 1993). The release of
Pinorg is a process catalyzed by extracellular phosphatase enzymes,
which are secreted into the soil by microorganisms and plants in
response to P demand (Quiquampoix and Mousain, 2005). The
extent of enzyme production and excretion is highly regulated
by the availability of Pjsorg. Low Piyorg availability stimulates
phosphatase activity and high Pjyey availability inhibits it
(Kandeler, 1990; Burns and Dick, 2002; Kavka and Polle, 2017).
In addition to their production of specific P cycle enzymes, fungi
can decompose complex organic matter due to their ability to
produce extracellular per- and phenoloxidases (Baldrian, 2009;

Burke et al., 2014; Bodeker et al., 2014). The cleavage of high
molecular weight organic carbon compounds is necessary for
fungi in order to access N and P containing compounds stored
in complex biotic structures such as above- and belowground
plant residues. The potential to decompose complex organic
matter was previously ascribed to SAP fungi, but recent studies
have demonstrated that enzymes required for organic matter
degradation are present also in the genomes of EM fungi (Burke
and Cairney, 2002; Talbot et al., 2013). Compared to other fungal
guilds (i.e., white rot and brown rot saprotrophs), however,
the abundance of genes involved in soil organic matter (SOM)
decomposition is lower in EM fungi (Martino et al., 2018),
indicating that EM fungi may not be able to modify SOM to
the same extent as free-living SAP fungi (Zak et al, 2019).
Additionally, fungi and bacteria are capable of solubilizing P from
recalcitrant inorganic sources (e.g., rock material) by secretion of
low molecular weight organic “acid” anions such as oxalates and
gluconate (Kucey et al., 1989; Gyaneshwar et al., 2002).

Here, our goal was to disentangle the contributions of EM
and SAP fungal assemblages to P mobilization in forest soils.
To address this goal we used open and closed ingrowth tubes
(IGTs) (Wallander et al., 2001; Wallander, 2006; Wallander and
Thelin, 2008). The tubes were filled with forest soil, and by a sand
barrier at the top and bottom of each tube fine root accession was
avoided, while nutrient and water supply from the surrounding
soil into the tubes was enabled. A lateral micromesh window
in the open IGTs permitted EM fungal hyphae to recolonize
the IGTs, while in closed IGTs (without micromesh windows)
recolonization by EM fungi was restricted. We expected that
the contribution of fungal guilds to P mobilization depended
on P availability in the soil. Therefore, we selected five forests
along a geosequence characterized by a gradient in soil P content
(Lang et al., 2017) to study fungal abundance and community
composition as well as enzyme activity.

We hypothesized: (I) In closed IGTs the fungal communities
are shifted toward SAP dominated assemblage because of an
EM fungal dieback resulting from a lack of available photo-
assimilates. In contrast, the symbiotic EM fungi are able to
recolonize the soil in the open IGTs. (II) The phosphomono-
and phosphodiesterase activities depend on the proportion of
SAP to EM fungi, with higher phosphatase activities in EM
dominated soil, since the ability to produce high levels of
phosphatases are attributed to symbiotic fungi. (IIT) The activities
of P-cycle enzymes depend on soil P stocks and therefore acid
phosphomono- and phosphodiesterase activities are site specific,
having lower values in forests with high P stocks and higher
values in forests with limited P stocks. (IV) If EM fungi do
contribute substantially to the oxidation of organic substrates,
the activities of peroxidases and phenoloxidases decrease with
decreasing EM abundance in the closed IGTs.

MATERIALS AND METHODS
Study Sites

The experiment was conducted in five even-aged beech (Fagus
sylvatica L.) forests located across Germany (Table 1). The soils
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TABLE 1 | Summary of soil characteristics at the five study sites in Bad Briickenau (BBR), Mitterfels (MIT), Vessertal (VES), Conventwald (CON), and Luss (LUE), modified

from Lang et al. (2017).

Study sites BBR MIT

VES CON LUE

Bavarian Forest
4564502, 5426906

Bavarian Rhén
3566195, 5679975

Location®
Gauss-Krliger coordinates?

Lower Saxon Plain
3585473, 58570567

Black Forest
3422803, 5321010

Thuringian Forest
4413076, 5608602

Altitude (m a.s.L)° 809 1023 810 840 115

Mean annual precipitation? 1031 1299 1200 1749 779

Soil type® (WRB 2015) Dystric Skeletic Hyperdystric Chromic Hyperdystric Skeletic Hyperdystric Skeletic Hyperdystric Folic
Cambisol Folic Cambisol Chromic Cambisol Folic Cambisol Cambisol

Parent material® Basalt Paragneis Trachyandesite Paragneis Sandy till

Texture® (topsoil) (WRB 2015) Silty clay loam Loam Loam Loam Loamy sand

Tree species composition® (%) Fagus sylvatica (99),

Fagus sylvatica (96),

Fagus sylvatica (100) Fagus sylvatica (69), Fagus sylvatica (91),

Acer pseudoplatanus Picea abies (2), Abies Abies alba (31) Quercus petraea (9)
1) alba (2)

Age beeches® (a) 137 131 123 132 132

pH (H20) 3.8 3.6 3.4 4 3.5

Ptot (9 M~2) in up to 1 m soil depth® 904 678 464 231 164

Porg (% of Ptot) in An1 horizon® 54 69 66 7 50

Porg (% of Piot) in Ah2 horizon® 49 75 66 - 35

Crmic iIn 0-20 cm (ug g~ )P 1223 795 810 1392 192

Npic in 0-20 cm (ug g~ ')° 87 82 64 130 12

a http.://www.ecosystem-nutrition.uni-freiburg.de/standorte (2017). © Lang et al. (2017).

were formed from different parent materials and differed in P
stocks in decreasing order as follows: Bad Briickenau (BBR), over
Mitterfels (MIT), Vessertal (VES), Conventwald (CON) to Liiss
(LUE) decreasing from 904 to 164 g Py m~2 in depth to 1 m,
with ~50-70% belonging to the Py pool in the Ahl horizon
(Table 1). According to the IUSS Working Group WRB (2014),
all investigated soils are cambisols with pH values from 3.4 to 4.
For more soil properties of each site we refer to Lang et al. (2017)
and http://www.ecosystem-nutrition.uni-freiburg.de/standorte.

Preparation, Installation, and Sampling
of Ingrowth-Tubes (IGTs)

To separate EM and SAP fungal communities, we installed in situ
“open” and “closed” ingrowth tubes (IGTs, size: height of 10 cm,
diameter of 5 cm) after descriptions of Johnson et al. (2001),
Wallander et al. (2001), and Hendricks et al. (2006). The open
IGTs were constructed with 340° micromesh windows (50 pm
mesh size, SEFAR NITEX 03-50/37, SEFAR GmbH, Edling,
Germany), surrounding the tubes, allowing EM derived hyphae,
but not plant roots, to grow into the tubes from ambient soil (see
Supplementary Figure S1). In contrast, the closed IGTs (without
surrounding micromesh) did not allow any ingrowth of hyphae.
All IGTs were filled with topsoil (0-20 cm) from the respective
forest sites; these had been collected 1 week before tube filling and
kept at 4°C. The soil was sieved (<2 mm) to minimize possible
carryover of roots. The IGTs were filled to a bulk density of
~1gcm™3, reflecting average bulk densities of the different forest
topsoils (Lang et al., 2017). Tops and bottoms of the tubes had
2 cm mesh borders (50 pwm mesh size) filled with sand to avoid
fine root accession and hyphal migration of saprotrophic fungi
which may have been promoted by starvation of their hyphae
while nutrient foraging (Lori Phillips’ and Melanie Jones’ pers.

comm. in Wallander et al., 2013). The sand barriers were made of
a 1:1 mixture of carbonate free mineral sand of two differing grain
sizes (aquarium sand 0.4-0.8 mm, aquarium sand 1.0-2.0 mmy;
SCHICKER Mineral GmbH, Bad Berneck, Germany) according
to Wallander et al. (2001). This sand barrier was successful as at
none of the harvests were plant roots found inside of our IGTs.
In spring 2014, five 30-40 year old beech trees were selected in
each of the forests and four IGT treatment sets (each consisting
of one open IGT and one closed IGT) were randomly installed
around each selected tree at a distance of 2.5 m from the tree. The
open and closed IGT of a given set were installed at a distance
of 20-30 cm from each other to expose them to comparable
microhabitat conditions. The IGTs were vertically buried in the
top 20 cm of the soil, in close contact to the surrounding soil. The
tops of the upper sand barriers were subsequently covered with
a ~3 cm thick topsoil layer and re-mulched with litter from the
surrounding forest floor. For sampling, one IGT set from each
tree was removed after 3 months in summer 2014, after 6 months
in autumn 2014, after 14 months in summer 2015, and after
18 months in autumn 2015. At the time of removal of each IGT
set, additional soil was collected from undisturbed soil in close
proximity to the IGT set. Thus, 300 samples were obtained in total
(5 forest sites x 3 treatments X 5 replicates x 4 time points). The
control samples were also sieved at 2 mm and all samples were
frozen at —20°C until further analyses. Soil water content was
determined gravimetrically by drying samples at 105°C for 24 h.

Determination of Phospholipid Fatty Acid
(PLFA) Contents

For determination of microbial biomass, phospholipid fatty acid
(PLFA) analysis was carried out according to Frostegard et al.
(1991) and Frostegard et al. (1993). Initially, 4 g fresh soil was
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mixed with 18.4 ml Bligh & Dyer reagent [chloroform, methanol,
and citrate buffer (pH 4), 1:2:0.8]. For lipid fractionation,
the extract was pipetted onto an extraction column and
subsequently diluted with chloroform, acetone, and methanol
(Frostegard et al., 1991). Fractionation occurred after alkaline
methylation according to Dowling et al. (1986) via methanolic
potassium hydroxide, hexane chloroform solution, and acetic
acid as described by Ruess et al. (2007). The resulting PLFA
methyl esters were dissolved in iso-octane and measured on
a gas chromatograph (GC, AutoSystem XL, PerkinElmer Inc.,
Norwalk, CT, United States). The GC was equipped with a
flame ionization detector, an HP-5 capillary column (cross-
linked 5% phenyl methyl silicone; 50 m x 0.2 mm, film
thickness: 0.33 wm) and helium as carrier gas. The initial column
temperature of 70°C was held for 2 min. Temperature was then
increased by 30°C min~! to 160°C, then by 3°C min~! to
280°C and held for 15 min. Injection temperature was set at
260°C. The concentration of the fatty acid methyl ester (FAME)
was calculated via an internal C24:1 FAME standard, which
was added to the samples before methylation. Fungal PLFAs
were represented by 18:2w6,9, gram-positive bacterial PLFAs
by i15:0, al5:0, i16:0, i17:0 and gram-negative bacterial PLFAs
by ¢y17:0 and ¢y19:0. The sum of gram-positive and-negative
bacterial PLFAs as well as 16:1w7 represented the sum of bacterial
PLFAs. Total microbial PFLAs were calculated as the sum of
all previously mentioned PLFAs plus PLFAs 15:0 and 16:1w5
(Frostegard and Baéth, 1996; Kandeler et al., 2006).

Molecular Analysis of Relative Fungal
Abundance and Fungal Diversity

(INlumina Sequencing)

Soil samples were homogenized in a ball mill Type MM400
(Retsch GmbH, Haan, Germany) in 25 ml containers fitted with
a stainless steel ball (20 mm) under liquid nitrogen at 30 Hz
s~! for 2 min. DNA isolations were initiated by transferring
250 mg sample material into a bead beating tube containing
glass beads (2 ml, MO BIO Laboratories Inc., Carlsbad, CA,
United States). Homogenization was conducted under liquid
nitrogen for 10 min in the ball mill (30 Hz s~1). DNA was
extracted with the PowerSoil DNA isolation kit (MO BIO
Laboratories Inc., Carlsbad, CA, United States). For DNA elution,
a total of 100 pl nuclease-free water (AppliChem, Darmstadt,
Germany) instead of buffer supplied by the kit was used for
each sample. DNA vyields were estimated with a NanoDrop
ND-1000 spectrophotometer (Peqlab Biotechnologie GmbH,
Erlangen, Germany).

To characterize fungal community composition, the internal
transcribed spacer region ITS1 was amplified by PCR using
the specific forward primer ITS1-F_KYO1 according to Toju
et al. (2012) and the reverse primer ITS2 according to White
et al. (1990). Both primers were labeled with Illumina MiSeq
specific overhang adapters (Microsynth, Balgach, Switzerland),
ie, ITSI-F_KYO1 5-TCG TCG GCA GCG TCA GAT GTG
TAT AAG AGA CAG CTH GGT CAT TTA GAG GAA STA
A-3" and ITS2 5" GTC TCG TGG GCT CGG AGA TGT GTA
TAA GAG ACA GGC TGC GTT CTT CAT CGA TGC-3'.

The polymerase chain reaction (PCR) mix was composed of 5
ul template DNA, 10 pl 5x Phusion GC buffer (New England
Biolabs, Frankfurt a. M., Germany), 0.15 pl MgCl, (50 mM, New
England Biolabs, Frankfurt a. M., Germany), 2.5 ul DMSO (5%,
New England Biolabs, Frankfurt a. M., Germany), 2.5 ul BSA
(8 mg/ml, Sigma Aldrich, St. Louis, MO, United States), 1 pl
of each primer (10 mmol/l, Microsynth, Wolfurt, Austria), 1 pl
dNTP mix (10 mM each, Thermo Fisher Scientific, Osterode am
Harz, Germany), 0.5 pl Phusion high-fidelity DNA polymerase
(2 U/pl, New England Biolabs, Frankfurt a. M., Germany) and
adjusted to a total volume of 50 pl with nuclease-free distilled
water. PCR reactions were performed in a SensoQuest Labcycler
(Gottingen, Germany). The PCR program was initiated at 98°C
(hold), followed by 98°C for 30 s, 25 cycles of 10 s at 98°C
(denaturation), 20 s at 47°C (annealing), 20 s at 72°C (extension)
and terminated at 72°C for 5 min.

PCR products were subjected to electrophoresis in 1.2%
agarose gels (Biozym LE Agarose, Biozym Scientific GmbH
Hessisch Oldendorf, Germany) using 1x running buffer (recipe
5x running buffer: 89 mM tris ultra, 89 mM boric acid, 2 mM
EDTA, pH 8.0-8.3) and 10 x loading buffer (600 pl glycerin
(99.5%), 50 pl SDS (20%), 200 wl TBE buffer (5x), 100 pl
EDTA (0.5 M, pH 8.0), 10 pl bromophenol blue, 40 pnl H,O).
Gel Red (10,000x) was used for staining (VWR International,
Darmstadt, Germany). PCR products were observed using a
Raytest Fluorescence Laser Scanner FLA-5100 and evaluated
with the Aida Image Analyzer v. 4.27 (both: Raytest GmbH,
Straubenhardt, Germany). All PCR reactions were performed in
triplicate and pooled and purified using the innuPREP PCRpure
kit (Analytik Jena, Jena, Germany). PCR products were run on an
agarose gel again and cut in the range of 300-400 bp using the
QIAquick Gel extraction kit (Qiagen GmbH, Hilden, Germany)
as recommended by the manufacturer. Each sample was eluted
in 20 pl nuclease-free water (AppliChem, Darmstadt, Germany)
and a UV table (INTAS UV System Type N8OM, Géttingen,
Germany). Quantification of purified PCR products was done
using the Quant-iT dsDNA HS assay Kit (Life Technologies
GmbH, Darmstadt, Germany) and a Qubit fluorometer (Life
Technologies GmbH, Darmstadt, Germany).

Amplicon libraries were normalized, pooled and sequenced
on the Illumina MiSeq platform with MiSeq reagent kit v.3
as recommended by the manufacturer (Illumina, San Diego,
CA, United States). Resulting paired-end ITS sequence datasets
were merged with PEAR (version 0.9.10; Zhang et al., 2014),
quality-filtered and primer clipped with split_libraries_fastq.py
from the QIIME 1.9.0 software package (Caporaso et al., 2010).
Additional primer clipping was performed with cutadapt (version
1.12) (Martin, 2011). High-quality reads were further processed
with USEARCH (version 9.2.64_i86linux64; Edgar, 2010), which
included, in the following order: size filter (sequences shorter
140 bp were discarded), dereplication, denoising (UNOISE),
reference-based (UNITE version 7.2) chimera removal, sequence
sorting by length, and OTU determination at 97% sequence
identity. Finally, the high quality reads were mapped against
the OTUs with USEARCH and an OTU table was generated
(Edgar, 2010). Taxonomic classification of OTU sequences
was inferred with parallel_assign_taxonomy_blast.py against the
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UNITE database (version 7.2) (Koljalg et al., 2013). Taxonomic
information was added to the OTU table with biom tools
(McDonald et al., 2012). Unidentified fungal OTUs were searched
with BLASTn (Altschul et al., 1990) against the nt database
(version March 2017) to remove non-fungal OTUs, and only
reads classified as fungi were kept. Finally, unclassified OTUs and
extrinsic domain OTUs (Protista, Plantae) were removed from
the table by employing filter_otu_table.py (Caporaso et al., 2010).
Sample comparisons were performed at the same surveying
effort, utilizing the lowest number of sequences by random
selection (3,650). Fungal sequences were assigned to functional
guilds using FunGuild (Nguyen et al., 2016).

The ITS1 region sequences were deposited in the
National Centre for Biotechnology Information (NCBI)
Sequence Read Archive (SRA) under bioproject accession
number PRINA592056.

Easily Soluble (Ps,/) and Microbially

Easily soluble inorganically bound P (P,,;) and microbially bound
P fractions (P,,;.) were extracted according to Hedley et al. (1982).
Py, was extracted from fresh soil equivalents to 2 g air-dried soil
with 30 ml ultrapure water in presence of a 2 x 3 cm anion
exchange membrane (551642S, VWR-International, Darmstadt,
Germany) in bicarbonate form. To extract P bound in microbial
cells, a second subsample was prepared with 1 ml hexanol
in addition to the soil, ultrapure water, and anion exchange
membrane (Ppeyanor)- A third subsample (Pcouror) included a
defined P concentration of 25 ug P g~ ! soil DM (spike) for
later calculation correction. All subsamples were shaken on a
horizontal shaker at room temperature for 18 h. Subsequently,
the membranes were washed with deionized water (H20 jpion)s
dried and transferred to a fresh vessel. To remove the P
bound onto the membranes, they were shaken in 20 ml 0.5
M HCI for 1 h. After dyeing 1 ml of each sample with 2 ml
M&R reagent (Murphy and Riley, 1962), the subsamples were
measured photometrically at 712 nm with a microplate reader
(ELx808, Absorbance Microplate Reader, BioTek Instruments
Inc., Winooski, VT, United States). Percent recovery of spiked P
was expressed as:

R= (PControl'_ Psol) % 100
Spike

Using R and the extraction factor kgp of 0.4 (Brookes et al,
1982) as the relative proportion of hexanol-extractable inorganic
P (Pyexanor) in total microbial P, P,,;c was calculated as following:

Phexanol — Psol

100
kep < g

Poic [Mg Pg soil_lDM] =
Potential Enzyme Activities
The activity of acid phosphomonoesterase (EC 3.1.3.2) was
determined in duplicate using the phenyl phosphate method
according to Hoffmann (1968), modified by Ohlinger et al.
(1996). For this, a 10 ml mixed buffer (pH 5) consisting of 1 M
glacial acetic acid and 1 M sodium acetate trihydrate (1:2), as

well as 5 ml 0.1 M disodium phenyl phosphate dihydrate (EC
3279-54-7) as substrate solution, were added to 5 g fresh soil.
In one control sub-sample, the substrate solution was replaced
by H2Ogejon- All samples were incubated with constant shaking
(100 rpm) in a water bath at 37°C for 3 h. Afterward, 35 ml
H,0 4eion Was added, and samples were shaken and filtered. Next,
0.1 ml filtrate was added to 1 ml borate buffer (12.4 g boric acid,
solubilized in 100 ml 1 M sodium hydroxide and H»O g0, pH
adjusted to 10 and brought to 1 L volume with HyOye;,,,). For
measurement, 0.2 ml of 2.6-dibromchinone-4-chlorimide (EC
202-937-2) color reagent (2 mg ml~! ethanol, 60%) was added
with 5 ml HyOgejo,. After 30 min and dilution with 13.9 ml
H,Oeion> absorbance was measured on a microplate reader
(ELx808, Absorbance Microplate Reader, BioTek Instruments
Inc., Winooski, VT, United States) at 630 nm.

The activity of phosphodiesterase (EC 3.1.4.2) was measured
according to Browman and Tabatabai (1978), modified
by Schinner et al. (2012). In duplicate, 4 ml of 0.05 M
Tris(hydroxymethyl)aminomethane  [Tris(THAM)]  buffer
(pH 8.0) and 1 ml 5 mM bis(4-nitrophenyl) phosphate
sodium salt (EC 223-739-2) as substrate solution were added
to 1 g fresh soil. One of these sub-samples was prepared
without substrate solution to serve as control. All samples
were incubated under constant shaking (100 rpm) in a water
bath at 37°C for 1 h. Subsequently, 1 ml 0.5 M calcium
chloride solution and 4 ml 0.1 M Tris (THAM) buffer
(pH 12.0) were pipetted into the samples. Additionally,
1 ml of the substrate solution was mixed into the control
sub-samples. After filtering, all samples were measured at
405 nm using a microplate reader (ELx808, Absorbance
Microplate Reader, BioTek Instruments Inc., Winooski,
VT, United States).

Measurements of peroxidase and phenoloxidase activities
were carried out photometrically using ABTS (2,2’-azino-bis(3-
ethylbenzothiazoline-6-sulphonic acid)) as substrate as described
by Floch et al. (2007). A mixture of 50 ml HyOyej,, and 0.4 g
fresh soil was ultrasonically suspended (50 J s~!). Peroxidase
activity was calculated by subtracting phenoloxidase activity
from total enzyme activity. To this end, microplates were
prepared for total enzyme activity and phenoloxidase activity
analyses separately (Bach et al., 2013). For analysis of total
enzymatic activity, 50 pl soil solution was pipetted into each
microplate well with 140 pl modified universal buffer [MUB;
2.42 g Tris(THAM) buffer, 2.32 g maleic acid, 2.80 g citric acid
monohydrate, 1.26 g boric acid> 99.8% solubilized in H>O j¢jo1>
adjusted to pH 3, brought to 1 L volume], 50 ul 2 mM ABTS
substrate solution, and 10 pl H,O;. Total volume in each well
was 250 1.

For phenoloxidase activity, 100 pl soil solution and 100 pl
MUB were mixed in each microplate well and 50 pnl 2 mM
ABTS substrate solution was added. A reference sample without
substrate was prepared for each sample. Additionally, negative
controls without soil were prepared for total enzyme and
phenoloxidase activity, respectively. Microplates with sample
solutions and substrate were pre-incubated at 30°C for at
least 5 min (Floch et al., 2007). Measurement of the resulting
stable radical cation ABTS*T was carried out with a microplate
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reader (SYNERGY HTX, BioTek Instruments Inc., Winooski,
VT, United States) at 30°C at wavelength 650 nm for
30 min every 3 min.

Statistical Analyses

Statistical analyses were performed with R version 3.5.2 (R
Core Team, 2019). A linear mixed-effects model (nlme package
version 3.1-140; Pinheiro et al., 2019) was used with treatments,
harvest dates, sites, and their interaction as fixed effects; and
trees (representing the replicates), position of IGT sets around
the trees as cardinal direction, and sample IDs as random
effects. The fit of the model was assessed based on normal
distribution and heteroscedasticity of model residuals and the
data were square-root or log-transformed to achieve normality
of distribution when necessary. Results of the fitted models
are given for the full dataset in Supplementary Table S1
and for the exposure time of 18 months in Supplementary
Table S2. Tukey’s tests for comparison of means between
open and closed IGTs at specific sampling dates, as well
as control soils between forests, were run with the package
emmeans (version 1.3.5; Lenth et al, 2019) at a significance
level of 5% (see bold values in Supplementary Tables S3,
$4, respectively).

Principal component analysis (PCA) was carried out on
enzyme activities, PLFAs, and abundant EM and SAP genera
(absolute numbers of OTUs per genus) in order to determine
how enzyme activities varied as a function of fungal community
differences. This was done using the “prcomp” function of the R
stats package (R Core Team, 2019).

RESULTS

Shifts in the Relative Abundances and
Community Structure of Ectomycorrhizal
(EM) and Saprotrophic (SAP) Fungi
At 3 and 6 months after exposure of the IGTs, no shifts in
the EM:SAP ratios of the fungal communities were detected
(Figures 1A,B). In the second year, 14 and 18 months after
exposure, the ratio of EM:SAP fungi in the open IGTs increased
in three of five forests (MIT, CON, and LUE) (Figure 1A). These
shifts resulted from dynamic changes in both EM and SAP fungi
(Table 2 and Supplementary Table S3). Highest recolonization
of open IGTs was found in CON, with an increase in the relative
abundance of EM fungi from 10 & 7% to 54 £ 14% (Table 2
and Supplementary Table S3) and a decrease in SAP fungi from
65 % 5% to 21 & 10%. Similar changes occurred in the MIT and
LUE soils (p = 0.002). In contrast to the strong changes in the
EM and SAP fungal communities in the open IGTs, the EM:SAP
fungal ratios in the closed IGTs varied only slightly over the 18
month exposure period in all the studied forests (Figure 1B).
Community composition of EM and SAP fungi varied among
the IGTs in the investigated beech forests (Figures 2A,B).
Unexpectedly, we detected an increase in the abundance of EM
fungal genera and a decrease in SAP fungi in the BBR forest, but
in the other four forests SAP fungi increased (Figure 2B) and EM

fungi decreased (Figure 2A). The decrease in relative abundance
of EM fungi in the closed IGTs at MIT, VES, CON and LUE was
mainly due to decreases in the genera Russula and Craterellus
spp. (Figure 2A). In the closed IGTs at BBR forest, the genera
Amanita, Imleria and Cenococcum spp. increased in abundance
(Figure 2A). Among SAP, Solicoccozyma and Mortierella spp.
were most affected by the treatments in all forests, increasing
dramatically during the exposure period (Figure 2B). These
results show that our experimental approach with open and
closed IGTs successfully established distinct EM and SAP fungal
assemblages, but other fungal groups with unclear EM status
(such as Entoloma, Meliniomyces, and Sistotrema spp.) were
unaffected by the treatment after 18 months of exposure
(Supplementary Table S3).

Phospholipid Fatty Acid (PLFA) Content

Total microbial PLFA content in the closed IGTs was on average
8% lower than in the open IGTs after 18 months (Supplementary
Figure S2A). Similar results were found for 18:2w6,9 (p < 0.001),
which is considered to be a fungal biomarker (Figure 3). The
difference between open and closed IGTs was also mirrored
in bacterial biomass, with the strongest decrease in VES
(13%) (Supplementary Figure S2B). The five forests differed
significantly in their fungal and bacterial PLFA contents (Figure 3
and Supplementary Figure S2): BBR and CON had the highest
and LUE the lowest fungal PLFA content (p = 0.026). The fungal-
to-bacterial ratios of PLFAs were unaffected by treatment after
18 months of IGT exposure.

Easily Soluble P Fraction (Pg,) and
Microbial Bound P (Ppic)

The content of water-extractable P (Py,) was not influenced by
the type of IGT (Figure 4A). However, Py, content was forest-
specific (p < 0.001) with much higher values in VES than in
the other forests. The microbial P (P,,;.) content did not differ
between treatments (Figure 4B), although a trend was seen, with
an increase in the P,,;. content between 14 and 18 months in
all forests (p = 0.083, Supplementary Table S3). The installation
of the IGTs had no effect on microbially bound P values, as the
Pyic values inside the cores did not change in comparison to the
ambient soil (Figure 4B and Supplementary Table S4).

Enzyme Activities

Acid phosphomonoesterase activities (Figure 5A) were ~40-fold
higher than the activities of phosphodiesterases (Figure 5B). The
acid phosphomonoesterase activity was not significantly different
between open and closed IGTs after 18 months of exposure. In
contrast, phosphodiesterase activity was reduced in the closed
compared to the open IGTs (p < 0.001), with significant
differences in all forests except BBR. Both esterase activities
were forest-specific (acid phosphomonoesterase: p = 0.038,
phosphodiesterase: p < 0.001).

Phenol- and peroxidase activities (Figures 5C,D) varied
between the forest sites (p < 0.001) after 18 months of exposure.
The treatment was only significant in CON with 44% lower
phenoloxidase activity in closed than in open IGTs but no
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FIGURE 1 | Ratio of ectomycorrhizal to saprotrophic fungi (EM:SAP) in (A) open ingrowth tubes (IGTs) and (B) closed IGTs based on absolute number of OTUs in
Bad Briickenau (BBR), Mitterfels (MIT), Vessertal (VES), Conventwald (CON), and Luss (LUE) over 18 months of exposure (n = 5).

TABLE 2 | Relative proportion of ectomycorrhizal (EM) and saprotrophic (SAP) fungi OTUs in open and closed ingrowth tubes (IGTs) based on lllumina sequencing in Bad
Briickenau (BBR), Mitterfels (MIT), Vessertal (VES), Conventwald (CON), and LUss (LUE) over 18 months of exposure (n = 5).

Parameter Exposure Time (months) EM fungi (% OTU) SAP fungi (% OTU)
Open IGT Closed IGT Open IGT Closed IGT
BBR 3 17.51 £ 6.94 13.51 +6.96 52.29 £ 7.51 5717 £7.83
6 23.05 + 10.23 12.02 + 2.68 46.47 + 4.16 60.79 £ 2.77
14 28.93 + 7.49 16.22 + 3.6 47.39 + 3.12 5413 +£6.18
18 13.32 £2.93 39.69 + 13.89 61 + 3.83 43.34 +£9.24
MIT 3 35.93 +9.08 31.46 +£ 2.26 37.84 +10.82 33.84 +2.06
6 33.87 £9.35 34.33 £+ 3.61 42.93 + 7.06 35.87 + 3.03
14 43.69 + 13.41 32.42 +£5.21 15647 + 4.22 27.53 £ 5.64
18 53.85 + 15.72 4.56 + 0.95 11.84 £+ 4.22 71.02 + 5.57
VES 3 6.17 £1.75 7.56 +1.77 51.37 £ 3.8 56.32 + 4.34
6 432 +7.75 16.33 + 3.58 34.25 £ 4.79 4729 £1.73
14 26.92 + 12.22 18.62 +£5.15 46.35 + 9.21 52.89 £+ 3.57
18 14.74 + 413 6.73 £3.92 51.99 + 2.56 45.18 + 8.67
CON 3 10.08 + 7.11 4.28 + 0.66 64.62 + 5.11 65.75 £ 2.25
6 24.67 + 8.69 10.52 + 4.49 48.18 + 6.81 5217 +£2.18
14 62.86 + 12.74 11.25 + 4.62 18.02 + 7.11 50.47 + 2.06
18 53.61 + 14.29 10.04 + 3.67 21.41 +9.82 67.36 = 11.28
LUE 3 30.783+11.9 13.56 + 6.86 55.39 + 14.16 70.32 + 12.03
6 37.01 £ 7.96 53.67 +£ 14.73 34.38 + 8.16 32.36 + 10.65
14 51.02 + 13.69 62.14 + 7.03 37.52 + 11.66 29.38 + 6.47
18 51.71 + 13.25 19.3 + 6.05 29.35 + 9.37 45.06 + 5.81

Significant differences of EM and SAP fungi between open and closed IGTs are highlighted in bold.

treatment effects in the other forests (Figure 5C). In contrast to
phenoloxidase activity, the closed IGTs were higher in peroxidase
activities than the open IGTs in all forests (p = 0.002) (Figure 5D).
The effect of treatment was higher in CON and LUE with
increases in peroxidase activity of 21 and 34%, respectively.
Principal component analysis disclosed that the first two
principal components (PCs) together accounted for 50% of the
variance in enzyme activity, fungal and bacterial PLFA content, as
well as abundant EM and SAP genera after 18 months of exposure
(Figure 6). The fungal genera appeared to separate on axis PC2,
while total fungal and bacterial PLFAs separated together with
enzyme activities on axis PC1. LUE was clearly separate from the

other forests. Additionally, in BBR and CON, closed and open
IGTs separated from each other.

DISCUSSION

Trenching Resulted in a Shift in the
Fungal Community

An experiment with two different types of ingrowth cores was
used to study the importance of fungal-fungal interactions in
forest sites differing in their inorganic and organic P availability.
We expected a shift in fungal communities in the closed IGTs
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FIGURE 2 | Fungal community composition of (A) ectomycorrhizal (EM) fungi and (B) saprotrophic (SAP) fungi in open and closed IGTs based on lllumina
Sequencing data in Bad Briickenau (BBR), Mitterfels (MIT), Vessertal (VES), Conventwald (CON), and LUss (LUE) after 18 months of exposure (n = 5).

toward SAP dominated assemblages due to the disruption in
photo-assimilate availability for EM fungi. In contrast, open IGTs
should have permitted the recolonization of EM fungi into the

cores from the surrounding soil. Our results clearly show that
shifts in fungal assemblages occurred over time, but that the
speed and extent of changes differed in the five forest sites.
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FIGURE 3 | Fungal biomass in open and closed ingrowth tubes (IGTs) based
on phospholipid fatty acid analysis in Bad Briickenau (BBR), Mitterfels (MIT),
Vessertal (VES), Conventwald (CON), and LUss (LUE) after 18 months of
exposure (n = 5). Forests sharing no letter are significantly different and
asterisks highlight significant differences between open and closed IGTs at the
respective forest site.
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In three forest sites (MIT, CON, and LUE), fungal community
composition shifted toward a higher dominance of EM fungi in
open IGTs after a period of 18 months, whereas these changes
were not apparent in two other forests (BBR and VES). It
could be that recolonization of the open IGTs occurred more
slowly in BBR and VES than in the other forest sites, but it is
unclear whether unidentified abiotic environmental factors may
have precluded rapid fungal growth. Another possibility is that
SAP fungal communities competed with EM fungi and thereby
delayed the recolonization process. Therefore, our hypothesis was
only supported by the results of three of the five studied sites,
suggesting that additional factors not included in our study may
have impacted fungal community composition and influenced
the speed and extent of the colonization process of the IGTs.

The temporal dynamics of the fungal assemblages in the IGTs
were influenced by the initial disruption of the fungal hyphal
network of both EM and SAP fungi between the soil inside the
IGTs and the surrounding soil. The exclusion of animal guilds,
which graze specifically on EM or disturb the hyphal net such
as Protura and earthworms (Yang et al, 2015; Bluhm et al,
2019) might have facilitated strong proliferation of EM compared
to other fungi, which we found in some IGTS (MIT, CON,
LUE). However, this suggestion is currently speculative since
we do not know how soil animals vary among our forest sites.
Based on low EM/SAP ratio in closed IGTs and higher EM/SAP
ratio in open IGTs we were able to discuss the differences in
fungal physiology in P-cycling. Our results are in accordance
with data from Wallander et al. (2013). They found twice as
much fungal biomass (measured as 18:2w6,9 PLFA content) in
a mesh bag in young Norway spruce (Picea abies L.) forests
after 12 months of incubation than in those buried for only
2-5 months. After 18 months of exposure, we found a higher
content of the fungal PLFA biomarker (18:2w6,9) in the open
IGTs than in the closed IGTs. Since EM fungi are the dominant
contributors to the total 18:2w6,9 PLFA in acidic forest soils
(Wallander et al., 2001; Hagerberg and Wallander, 2002), we

tentatively attribute the differences in the fungal PLFA content
to recolonization by EM fungi in the open IGTs. This suggestion
is supported by our amplicon data, which showed an increase
in the number of EM OTUs in the open IGTs in MIT, VES,
and LUE, and a stable number of EM OTUs in BBR and CON
over time. In addition, SAP abundance decreased in the forest
sites MIT, VES and LUE over time, whereas their abundance
remained stable in BBR and CON. Overall, these changes in
fungal assemblages were largely restricted to the EM and SAP
fungal communities, while other fungal groups (e.g., fungi with
unknown EM status or arbuscular mycorrhizal fungi) were
low in OTU abundance and did not change throughout the
experiment. Therefore, these groups were considered negligible
in terms of P dynamics.

The EM fungal assemblages found in the open IGTs are
typical for temperate beech forest sites (Lang et al., 2013). In
our open IGTs, Russula, Cenococcum, and Xerocomellus spp.
were the abundant groups after 18 months of exposure. These
results agree with those of Pena et al. (2013), who found great
interspecific variation in the temporal patterns of beech litter
recolonization by EM fungi. In a litter bag experiment, Pena
et al. (2013) observed an initial recolonization by EM fungi
classified as contact or short-distance exploration types such
as Russula cuprea, Cenococcum geophilum, Humaria spp., or
Sebacina spp. (Agerer, 2001). EM fungi from the long-distance
exploration types (Agerer, 2001) such as Xerocomellus pruinatus
gained access to the litter inside the bags over the course of time.
Additionally, we found Cortinarius spp., which have extensive
SOM decomposition capacity, also in boreal forest soils (Bodeker
et al., 2014). This result suggests ongoing decomposition of
SOM inside the IGTs due not only to SAP fungi, but also
to some EM fungi.

Fungi with the capacity to decompose complex organic
material may profit from the dieback of other microorganisms
by using the C and nutrients from microbial necromass in
addition to plant-derived C sources. The installation of the
IGTs affected the abundance and diversity of the EM fungi to
a greater degree than that of the SAP fungi, as EM fungi rely
on the connection with roots of their host plant. Disconnection
from their host plants led to a dieback of these organisms
(Hogberg and Hogberg, 2002; Remén et al., 2008), as seen,
e.g., for Russula spp. in the closed IGTs in CON. Furthermore,
disturbance of the soil by IGT installation may have brought
litter and dead root material into closer contact than before to
fungi and other microorganisms with saprotrophic properties.
This could have provided SAP with a spatial advantage because
new EM fungi had to grow into the open IGTs, whereas SAP
could immediately establish their hyphal networks with the
readily available resources, occupying free niches in the IGTs.
Our results thus concur with those of Lindahl et al. (2010) in a
Pinus sylvestris L. forest in Sweden. The authors concluded that
disturbance induces rapid growth of opportunistic SAP fungi
using the dying mycorrhizal mycelia. In accordance, Brabcova
etal. (2016) found a specific microbial community in the vicinity
of the dead mycelia of mostly non-basidiomycetous r-strategists
such as Mortierella, Aspergillus, and Penicillium spp. In our
study, Mortierella was the most abundant genus of SAP fungi
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FIGURE 5 | Enzyme activities of (A) acid phosphomonoesterase, (B) phosphodiesterase, (C) phenoloxidase, and (D) peroxidase activity in open and closed IGTs in
Bad Briickenau (BBR), Mitterfels (MIT), Vessertal (VES), Conventwald (CON), and Luss (LUE) after 18 months of exposure (n = 5). Forests sharing no letter are
significantly different and asterisks highlight significant differences between open and closed IGTs at the respective forest site.
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and more abundant in the closed than in the open IGTs. In
particular, in MIT 42% of the SAP OTUs belonged to this
genus, in comparison to only 4% in the corresponding open
IGTs. Similar to the data of Buée et al. (2009), who identified
Solicoccozyma as a highly abundant genus in different forest
soils in France, this genus was also abundant in our forest

soils. Solicoccozyma specializes in using C from cellulose in
spruce forests and thus is known to be heavily involved in the
decomposition of dead plant litter (Stursové et al., 2012). We
assume that the dead organic material of dying EM hyphae served
as a C source in addition to the available plant litter material.
This source may explain the observed increase in abundance of
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Solicoccozyma in the closed IGTs in three (MIT, CON, and LUE)
out of five forests.

SAP and EM Fungal Assemblages

Affected Enzyme Activities

We hypothesized that phosphomono-and phosphodiesterase
activities depend on the proportion of SAP to EM fungi, with
higher P cycling enzyme activities in soils dominated by EM
fungi. All of our forest sites are characterized by low pH values
(3.4-4) where fungi are the dominant microbial group and
compete successfully with bacteria. As we cannot completely
exclude the bacterial and animal contribution to the production
of phosphatases, we focused on fungi community composition
and related differences in P-cycling enzyme activity mainly
to changes in fungal production of these enzymes and not
to plants, bacteria and archaea (Nannipieri et al., 2011). Our
results demonstrated that fungal community composition had
no effect on phosphomonoesterase activity, while the exclusion
of EM led to a decrease in phosphodiesterase activity of up
to 38%. Although the shifts in fungal community composition
were noteworthy between treatments, phosphomonoesterase

activity was steady, suggesting some functional redundancy
in fungal-derived P cycling enzymes (Figure 6). Therefore,
the capacity to produce acid phosphomonoesterases is present
in both fungal guilds to a similar extent. Our results are
supported by findings of Colpaert and Laere (1996) who found,
in a pot experiment with mycorrhizal and non-mycorrhizal
seedlings of Pinus sylvestris L., considerable evidence that
EM fungi produce extracellular phosphatases. Also, Dighton
(1983, 1991) measured equal or even higher phosphatase
activity production by EM fungi than by SAP basidiomycetes.
Cell wall-bound and extracellular acid phosphomonoesterase
activities have, indeed, been demonstrated for a wide taxonomic
range of EM fungi (Pritsch and Garbaye, 2011), including
genera which are abundant in our study, e.g., Clavulina,
Russula, Cenococcum, Tomentella, Lactarius, and Amanita
(Ho and Zak, 1979; Alvarez et al., 2005, 2006; Nygren
and Rosling, 2009; Walker et al., 2014; Ning et al., 2018;
Ruess et al., 2019).

In our experiment, phosphodiesterase activity was generally
lower than phosphomonoesterase activity, which is in line with
findings from Turner and Haygarth (2005). We found lower
phosphodiesterase activities in four of our sites (exception
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BBR) in SAP-dominated IGTs, indicating that SAP fungi were
not as involved as EM fungi in the production and secretion
of phosphodiesterases. Phosphodiesterase activity has scarcely
been investigated in situ (Ruess et al, 2019), and to our
knowledge measurements are lacking for individual EM fungal
genera. The formerly held opinion that SAP fungi are the
only degraders of complex organic substances that release
directly plant-available P is now being revised (Lindahl and
Tunlid, 2015). EM fungi have a greater capacity to produce
enzymes involved in the degradation of complex organic material
than was previously thought. Genomic and field studies have
demonstrated that fungi have retained many degrading enzymes
and that SAP and EM fungi are more functionally similar
than previously considered (Baldrian, 2009; Burke et al., 2014;
Bodeker et al., 2016).

Whereas phosphomono- and phosphodiesterase directly
release plant-available P, phenoloxidase and peroxidase
activities may indirectly contribute to P mineralization by
liberating organic P-compounds from complex organic
substrates, preparing them for further cleavage. Contrary to
our initial hypothesis, the phenoloxidase activity remained
unchanged, whereas the peroxidase activity was higher
only in SAP-dominated IGTs. This indicates that EM
fungi produce phenoloxidases much as SAP fungi do
under similar environmental conditions. The capacity to
produce substrate-specific laccases, probably the largest
class of phenoloxidases in soils, is known only for some
ectomycorrhizal species, e.g., Russula delica (Matsubara
and Iwasaki, 1972). Russula was one of the most abundant
genera in our experiment. Luis et al. (2004, 2005) investigated
the diversity of basidiomycete laccase genes in beech-oak
forests in Germany and they linked 108 gene sequences to
specific fungal taxa. Two-thirds belonged to EM fungi and
the remaining to SAP fungi. In a follow-up experiment,
Kellner et al. (2009) showed that the temporal variation in
EM laccase diversity peaked with autumn litterfall, while
overall phenoloxidase activity in the litter layer was similar
over the seasons. This indicates the importance of EM
fungi as decomposers of more complex material to gain
access to organic forms of P (Talbot et al, 2013), although
the presence of a gene sequence in the DNA that likely
codes for phenoloxidase enzymes is not adequate proof
of a particular species’ capacity to produce these enzymes
in situ.

We assume from our results that peroxidase activity, at least
to some extent, was derived from EM fungi. For example,
Cortinarius spp. encode lignolytic class-II peroxidases in their
genome, and their gene transcription correlates highly with
peroxidase activity in a boreal pine forest soil (Bodeker
et al., 2014). In agreement with these results, we found high
peroxidase activities in BBR and MIT where Cortinarius spp.
were abundant (Figure 2), but this genus was not found in
VES, CON, and LUE, where peroxidase activity was lower.
Additionally, Bodeker et al. (2014) found that Mn-peroxidase
production is not a general feature of all Cortinarius spp. in
soils. High peroxidase activity was also detected when these
fungi were not abundant, indicating that the Mn-peroxidase

production is not restricted to Cortinarius. Distinct peroxidase
activity is also known for Lactarius spp. (Nicolds et al,
2019) and Russula spp. (Bodeker et al., 2009). All mentioned
genera were present in our investigated forests. Although
these genera are ecologically important, little is known about
their specific functions as they comprise many members
which have not been well studied. Therefore, the question
remains as to what extent the EM fungal community is
involved in the decomposition process to obtain nutrients
other than C. Collectively, our results suggest that EM
fungi are not only involved in the production of P cycle
enzymes but also in per- and phenoloxidase production to
decompose complex SOM to meet their own P needs. Therefore,
we reject our third hypothesis that the exclusion of EM
fungi in the closed IGTs led to a pronounced reduction in
oxidase activity.

Forest Conditions Affected P Cycle
Enzyme Activities With Implications for

Pmic and P,

P availability is acknowledged as a key driver of the production
of P cycle enzymes (Quiquampoix and Mousain, 2005),
so we expected that the activity of these enzymes is
dependent on soil P stock, with lower values in forests
with high P stocks and higher values in forests with
limited P stocks. The investigated forests were selected
based on a geosequence derived from total P stock values
(BBR > MIT > VES > CON > LUE, see Table 1) according
to Lang et al. (2017). Specific phosphomonoesterase activities
(enzyme activity per microbial biomass measured as PLFAs)
showed an opposite gradient from the total P stock gradient,
with highest enzyme activity per biomass in LUE and
lowest in BBR. For specific phosphodiesterase activity, we
recorded highest values in CON, intermediate values in BBR,
MIT, VES, and lowest in LUE. Therefore, we can partly
confirm our hypothesis.

Some evidence indicated that in addition to P availability,
soil texture may influence biotic soil components and their
functions. The adsorption of enzymes to clay particles can
reduce enzyme activities in situ (Leprince and Quiquampoix,
1996) and this likely depends on the soil type (Louche et al.,
2010). The specific phosphodiesterase activity was lowest in
LUE, although Lang et al. (2017) identified different P,
fractions by NMR spectroscopy, and found a high proportion
of phosphodiesters of ~20% of total P,y in the upper
20 cm depth. They assumed that this contrast in high P
substrate availability and low phosphodiesterase activity was
due to either low enzyme stability at low pH values of
3.5 and/or low microbial enzyme production, resulting in
a higher proportion of phosphodiesters in comparison to
phosphomonoesters in LUE.

The BBR soil was not P limited for plants, as P-fertilization
did not enhance photosynthesis in contrast to LUE soil (Zavisic
et al,, 2018). Similarly, Heuck and Spohn (2016) concluded
that the soils in BBR and MIT may not be P depleted and/or
that P is not the only limiting nutrient in the soil. Apart

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

May 2020 | Volume 3 | Article 47


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

Muller et al.

Fungal Interactions in Beech Forests

from microbial P, N, and C supplies (Kieliszewska-Rokicka,
1992; Taniguchi et al, 2008), other abiotic factors such as
moisture (Courty et al., 2007), temperature, and pH (Tibbett
et al., 1998), may influence microbial activities and functions
to some extent. In VES, we found much higher Py, values
than in the other four forests (see Figure 4A). Surprisingly, the
higher Py,; values did not influence the specific enzyme activities
of phosphomono- and phosphodiesterases, underscoring the
possibility that microbially mediated P mobilization is also
influenced by site-specific conditions.

CONCLUSION

Understanding the importance of fungal-fungal interactions in
forest ecosystems is necessary to better disentangle the relative
contributions of EM and SAP fungi in P cycling. This study
investigated phosphatase and oxidase activities in EM and SAP
dominated fungal assemblages in beech forest ecosystems with
differing P availabilities. Taken together, our results indicate that
phosphatase and oxidase activity in EM and SAP dominated
assemblages was more similar than expected, with only minor
differences in phosphodiesterase and peroxidase activities. They
also provide new insights into biological regulation mechanisms
of the P cycle and highlight the role of EM fungi in meeting
P demand for the fungi themselves and for their host plant,
especially in nutrient poor ecosystems.
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Forests sharing no letter are significantly different and asterisks highlight significant
differences between open and closed IGTs at the respective forest site.
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Mitterfels (MIT), Vessertal (VES), Conventwald (CON), and LUss (LUE), including all
sampling dates (n = 5). Level of significance: **p < 0.001, *p < 0.01, *p < 0.05,
and tp <0.1.

TABLE S2 | Results of the nime-Model for the IGTs in Bad Briickenau (BBR),
Mitterfels (MIT), Vessertal (VES), Conventwald (CON), and LUss (LUE), including
only the last sampling date after 18 months of exposure (n = 5). Level of
significance: ***p < 0.001, **p < 0.01, *p < 0.05, and *p < 0.1.

TABLE S3 | Results of open and closed IGTs in Bad Briickenau (BBR), Mitterfels
(MIT), Vessertal (VES), Conventwald (CON), and Liss (LUE) during the experiment
(n = 5). Bold values represent statistically significant differences (Tukey test)
between open and closed IGTs at the respective forest and sampling date.

TABLE S4 | Results of control soil in Bad Brickenau (BBR), Mitterfels (MIT),
Vessertal (VES), Conventwald (CON), and Luss (LUE) after 18 months of exposure
(n = 5). Superscript letters indicate results of the Tukey test, highlighting
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Phosphorus (P) availability shows large differences among different soil types, affecting
P nutrition of forest trees. Chemical binding of P to soil moieties affects partitioning of
P between soil particles and solution, influencing soluble P concentrations upon which
plants, their associated mycorrhizal symbionts, and microbes feed. The goal of this
study was to characterize root P uptake by mycorrhizal and non-mycorrhizal root tips
in competition with microbes in situ in the organic and mineral layer of a P-rich and
a P-poor forest. We used intact soil cores (0.2 m depth) from beech (Fagus sylvatica)
forests to tracing the fate of 33P in soil, plant and microbial fractions. We used the dilution
of 33P in the rhizosphere of each soil layer to estimate the enrichment with new P in
mycorrhizal and non-mycorrhizal root tips and root P uptake. In soil cores from P-rich
conditions, 25 and 75% of root P uptake occurred in the organic and mineral layer,
respectively, whereas in the P-poor forest, 60% occurred in the organic and 40% in the
mineral layer. Mycorrhizal P efficiency, determined as enrichment of new P in mycorrhizal
root tips, differed between soil layers. Root P uptake was correlated with mycorrhizal P
efficiency and root tip abundance but not with root tip abundance as a single factor. This
finding underpins the importance of the regulation of mycorrhizal P acquisition for root
P supply. The composition of mycorrhizal assemblages differed between forests but not
between soil layers. Therefore, differences in P efficiencies resulted from physiological
adjustments of the symbionts. Non-mycorrhizal root tips were rare and exhibited lower
enrichment with new P than mycorrhizal root tips. Their contribution to root P supply
was negligible. Microbes were strong competitors for P in P-poor but not in P-rich sail.
Understory roots were present in the P-rich soil but did not compete for P. Our results
uncover regulation of mycorrhizal P efficiencies and highlight the complexity of biotic
and abiotic factors that govern P supply to trees in forest ecosystems.

Keywords: ectomycorrhiza, rhizosphere, organic soil, mineral soil, phosphorus, radioactive labeling

INTRODUCTION

Plants take up phosphorus (P) as inorganic phosphate (P;, HPOi_, or POi_) from the soil solution
(Plassard and Dell, 2010). However, this P source is scarce because P; has low diffusion rates in soil
(Shen et al., 2011), is sequestered by soil minerals such as Fe and Al hydroxides (Lambers et al.,
2015b; Prietzel et al., 2016) or is bound to organic matter (Ilg et al., 2008; Lambers et al., 2008).
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Besides, P input into soil by P deposition is extremely
low (Penuelas et al, 2013). Consequently, weathering and P
utilization lead to a shift in P availability for plants (Walker
and Syers, 1976; Callaway and Nadkarni, 1991; Vitousek et al,,
2010; Vincent et al., 2013) and drive P reductions during soil
geological aging (Turner and Condron, 2013). As a result,
different soils vary drastically in P availability (Chadwick et al.,
1999; Lang et al., 2016).

Since P is an essential element for plant nutrition, plants have
to adjust their acquisition strategies to cope with different P
availabilities (Vance et al., 2003; Lambers et al., 2008, 2015a,b).
This requirement is especially important for tree species such
as beech (Fagus sylvatica L.), which occur on a broad range of
different soil types (Leuschner et al., 2006). It has been shown that
beech ecosystems along a geosequence of different P availabilities
adjust their nutritional strategies from P acquisition under high
P availability to P recycling when P is scarce (Lang et al., 2017).
Due to differences in soil structure and nutrient availability,
beech trees in P-poor soil modify their root systems to explore
the organic soil layer more intensely than trees in P-rich soil
(Lang et al., 2017). They further exhibit extended seasonal P
acquisition (Spohn et al., 2018), stronger recycling of P resources
from internal storage tissues (Netzer et al., 2017; Zavisi¢ and
Polle, 2018), and reductions in growth and photosynthesis (Yang
etal., 2016), which are released upon P-fertilization (Zavisi¢ et al.,
2018). In acidic, P-poor soils, forests build up a thick organic
layer from which P can be re-mobilized by decomposition (Heuck
and Spohn, 2016; George et al., 2018; Zederer and Talkner,
2018). In mesocosms with reconstructed soil layers composed
of homogenized organic and mineral soil, the organic layer was
important for the P supply to young beech saplings (Hauenstein
et al., 2018). Under field conditions, understory vegetation is
present and more abundant in P-rich than P-poor beech forests
(Rieger et al., 2019). To assess beech P nutrition, the potential
competition of understory for nutritional resources needs to be
taken into account (Nambiar and Sands, 1993). Furthermore,
soil microbes are important competitors for mineral nutrients
(Kuzyakov and Xu, 2013; Zhu et al., 2017).

It is well-known that ectomycorrhizal fungi play a critical role
for nutrition of forest trees in temperate ecosystems (Cairney,
2011; Becquer et al., 2014; Johri et al., 2015; Nehls and Plassard,
2018). Ectomycorrhizas produce hyphal networks that overcome
zones of P depletion by hyphal tunneling (Jongmans et al.,
1997; Hoffland et al., 2003; Jansa et al., 2011). Mycorrhizal fungi
further contribute to bioweathering by secretion of organic acids
(Wallander, 2000; Balogh-Brunstad et al., 2008; Jansa et al., 2011)
and to the recycling of organic-bound P by production of acidic
phosphatases (Hinsinger et al., 2015; Smith et al., 2015). Already
early tracer studies with radioactive P; showed that mycorrhizal
roots of pine and beech accumulate more P than non-mycorrhizal
roots (Kramer and Wilbur, 1949; Harley et al., 1954). In beech
forests, the fraction of non-mycorrhizal root tips is generally
small (Pena et al., 2010; Lang et al., 2017) but whether they play a
role for P acquisition in natural forest soils, for example, in deeper
soil layers, has not yet been studied. P acquisition strategies of
distinct mycorrhizal communities in natural soils have mainly
been studied empirically and not directly by tracing P uptake. It is

therefore unknown if mycorrhizal fungal assemblages at different
soil depth show physiological differences that adjust P acquisition
to P availability in soil. It is further unclear whether differences in
fungal assemblages and soil structures affect competition for P
of beech with roots of understory plants and soil microbes. The
present study was undertaken to investigate these open points.

The aims of this study were to quantify the contributions
of mycorrhizal and non-mycorrhizal root tips to P; acquisition
in the organic layer and mineral top soil of a P-poor and a
P-rich beech forest and to elucidate the competition between
beech roots, microbes and other plants roots for P uptake. To
address these goals, we excised intact soil cores from two well-
characterized beech forests, which constitute the high-P (HP) and
low-P (LP) ends of a geosequence in Central Europe (Germany),
previously characterized by Lang et al. (2017). We irrigated
the soil cores with 33P, traced the distribution of the label and
measured the P contents in the soluble and insoluble fractions
of bulk soil, rhizosphere, beech roots, mycorrhizal and non-
mycorrhizal root tips, other roots, and microbes in the organic
layer and mineral topsoil. As a methodological innovation, we
determined the bioavailability of P; not only in bulk but also in
rhizosphere soil. We tested the following hypotheses: (i) the main
P source for beech P supply is the mineral topsoil under P-rich
and the organic layer under P-poor conditions. (ii) Mycorrhizal
root tips exhibit different P efficiencies, thereby counteracting
low P availability by relatively higher P uptake than under high
P availability; the contribution of non-mycorrhizal root tips to
P uptake is low. (iii) Under high P availability, beech roots do
not compete with understory or microbes for P;, whereas the
competition is strong under low P availability.

MATERIALS AND METHODS

Site Characteristics

Two beech (F. sylvatica L.) forests, which differ strongly in soil
properties and P stocks (Supplementary Table S1) were selected
for this study: Liiss, a low-P (LP) and Bad Briickenau, a high-P
(HP) site (Zavisi¢ et al., 2016; Lang et al., 2017). Briefly, the LP
forest is located in the district Celle in Lower Saxony (R: 3585473
E, H: 5857057 N; 115 m above sea level) and stocked with about
132-year-old beech trees (Haufimann and Lux, 1997). The soil
type is sandy-loam from silicate substrate, containing 164 g P
m~2 to a depth of 1 m (Lang et al.,, 2017). The mean annual
temperature was 8.0°C and the mean annual sum of precipitation
730 mm. The HP forest is situated in the biosphere reservation
‘Bayerische Rhon’ (R: 3566195 E, H: 5579975 N; 801 to 850 m
above sea level). The mean long-term sum of annual precipitation
was 1000 mm and the mean annual temperature 5.8°C. The soil
type is basalt of volcanic origin, containing 904 g P m~2 to a depth
of 1 m (Lang et al., 2017). The average age of the beech stand is
137 years (HaufBmann and Lux, 1997). Additional information on
the research sites has been compiled in Supplementary Table S1.

Collection of Soil Cores
We collected intact soil cores in the HP (27.6.2017) and the
LP (19.6.2017) forest, respectively, using PVC pipes of 120 mm
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diameter and a length of 200 mm. Each pipe was hammered
completely into the soil at a distance of about 0.2 m to a beech
tree and was pulled up containing the soil and forest floor. The
soil cores remained in the PVC pipes. They were immediately
transported to laboratory, kept at room temperature, weighed,
watered with 100 ml of tap water, and used the next day for
labeling (n = 5 per forest). Soil cores of the same dimensions
(n = 5 per forest) for mycorrhizal inspection were harvested on
the same plots about 2-3 weeks later in the same manner.

Radioactive Labeling and Harvest

We used the soil cores for uptake studies of 33P into roots.
Pretests with soil cores collected in the same manner in 2015
showed that the roots were still active exhibiting similar uptake
of the label as roots of intact plants (Spohn et al., 2018). We
labeled five soil cores per forest by addition of 1850 kBq of
H3**PO, (Hartmann Analytic GmbH, Brunswick, Germany) in
40 ml of tap water to each soil core. The added 33P corresponded
to 1.66 ng P per soil core. Each soil core was subsequently
watered with 40 ml tap water to distribute the radioactive marker
throughout the soil core. To avoid loss of label by through-
flow a plastic saucer was placed underneath each soil core.
Any through-flow was returned to the soil core. After 24 h
incubation in the laboratory at 20°C, the soil cores were pushed
out of the pipe and were immediately separated in organic and
mineral topsoil. Each sample was further fractionated in bulk
soil, rhizosphere soil, beech roots (fine roots: < 2 mm, coarse
roots: > 2 mm), other roots (distinguished by color and surface
structure, Holscher et al., 2002), and residual materials (litter,
fruits, twigs, and stones).

We defined rhizosphere soil as the soil adhering to roots. Our
rhizosphere effectively represents the mycorrhizosphere since
fungal hyphae also contribute to soil adherence (York et al., 2016)
but for consistency, the term rhizosphere was used throughout
this study. The rhizosphere soil was collected by streaking the
adhering soil from the roots with a paintbrush. Afterward, fresh
fine roots were cut into pieces of similar lengths and yielded one
mixed sample per soil layer and soil core, which was immediately
weighed. All other fractions were also immediately weighed.
Well-mixed aliquots of soil and plant fractions were dried at 40°C
for 1 week, weighed, and used for analyses of the dry mass per soil
layer and plant fraction.

Analyses of Root Tips and Mycorrhizal
Species

Approximately half of the fresh beech fine roots, extracted from
each soil core, were used to determine the number of root
tips and mycorrhizal colonization. The sample was weighed and
the number of root tips in this sample was counted under a
stereomicroscope (Leica M205 FA, Wetzlar, Germany). The total
number of root tips per soil layer was calculated as:

Equation 1

Total numberyoot tips

Aliquot, . ¢
= — root tps x total biomass of FR (g) (1)
AhquOt fine root biomass (g)

Root tips were categorized according to their visual
appearance as vital ectomycorrhizal, vital non-mycorrhizal
or dry (Winkler et al.,, 2010). Mycorrhizal root tips and non-
mycorrhizal root tips were collected separately from each
sample. The mean weight of mycorrhizal and non-mycorrhizal
root tips was determined by collecting 100 and 200 root tips,
respectively, and weighing the sample after drying (40°C for 1
week, followed by freeze-drying for 4 days and equilibration
at room temperature in a desiccator with silica gel). For the
analyses of P and *P, mycorrhizal root tips were collected
for each soil layer and forest type separately. The mycorrhizal
samples represented a mixture of morphotypes. Mycorrhizal
colonization and root vitality were calculated as:

Mycorrhizal colonization (%)

number of mycorrhizal root tips
- : : x 100 )
number of vital root tips

Nonmycorrhizal root tips (%)

number of nonmycorrhizal root tips
- . : x 100 3)
number of vital root tips

number of vital root tips

Root vitality (%) = x 100 (4)

number of all counted root tips

The abundance of different morphotypes was determined
under the stereomicroscope (Leica MF205) using a simplified
identification key (after Agerer, 1987-2012) as described by
Pena et al. (2010). For mycorrhizal species identification,
morphotypes of all species were collected, which comprised at
least three root tips per sample. Mycorrhizal species identities
were determined after DNA extraction and I'TS sequencing using
the protocol of Pena et al. (2017).

Determination of Total and Soluble

Phosphorus in Roots and Soil

Dry soil and coarse and fine root samples were milled in a ball
mill (Retsch MN 400, Haan, Germany) to a fine powder. For
determination of total P (Pyot), about 50 mg of the powder was
weighed and extracted in 25 ml of 65% HNOj3 at 160°C for 12 h
according to Heinrichs et al. (1986). For Py determination of
root tips, dry root tips, either mycorrhizal or non-mycorrhizal,
with weights ranging from 0.2 to 30 mg were weighed and
extracted in 2 ml of 65% HNO3 at 160°C for 12 h according
to Heinrichs et al. (1986). For determination of soluble P (Py,;)
about 100 mg of plant or soil powder was extracted in 150 ml
of Bray-1 solution (0.03 N NH4F, 0.025 N HCI) for 60 min on
a shaker at 180 rpm (Bray and Kurtz, 1945). Microbial P was
determined using the chloroform fumigation extraction method
according to Brookes et al. (1985). About 5 g organic layer or
10 g mineral topsoil were fumigated for 24 h with chloroform
(CHCl3). The fumigated samples were extracted for 60 min
on a shaker at 180 rpm in 150 ml Bray-1 solution. After P
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measurement (described below), P, was calculated according
to Brookes et al. (1982):

(5)

All extracts were filtered through phosphate free filter paper (MN
280 1/4, Macherey-Nagel, Diiren, Germany). The Py, and Bray-1
extracts were used for elemental analysis by inductively coupled
plasma-optical emission spectroscopy (ICP-OES) (iCAP 7000
Series ICP-OES, Thermo Fisher Scientific, Dreieich, Germany).
P was measured at the wavelength of 185942 nm (axial)
and calibrated with a series of dilutions (0.1 to 20 mg )
using the element standard for P (Einzelstandards, Bernd Kraft,
Duisburg, Germany).

Pmic (mg gil) = 2.5 X (Pchioroform ectract — Psol)

Determination of 33P by Scintillation
Counting

The Pyo and Bray-1 extracts of all soil, plant and root tip samples
were used to measure 3*P. For this purpose, 3 ml of plant
or soil extract or 1.5 ml of root tip extracts were mixed with
10 ml of scintillation cocktail (Rotiszint eco plus, Roth, Karlsruhe,
Germany). The mixture was used for detection of 3P signals
(DPM, disintegrations per minute) in a PerkinElmer scintillation
counter (Tri-Carb TR/SL 3180, Waltham, MA, United States).
The signal was corrected for the **P half-life of 25.34 days using
QuantSmart (version 4.00, PerkinElmer) to take the decay time
between harvest and measurements into account. A background
correction value was subtracted from all samples, which was
obtained by measuring only scintillation cocktail and extraction
solution. 33P concentrations in different fractions were expressed
as 3P (Bq g~ ! dry mass):

33 1 DPM
P (Bqg™') = —
60 x dilution x dry mass of the sample (g)

(6)

To determine the whole amount of 3P in a distinct soil or

plant compartment (whole amount = WA), we multiplied the 3*P

concentration (Eq. 6) with the total mass of that compartment,

for example for fine roots (FR):

WA *°P (Bq) = 3p (Bq g! FR) x total biomass of FR (g)

(7)
The WA of 2P in coarse roots (CR), other roots, rhizosphere soil
(Rhizo) in the organic layer (OL), rhizosphere soil in the mineral
layer (ML), in bulk soil (Bulk) in the organic layer and in bulk soil
in the mineral layer were determined correspondingly.

Calculation of P Uptake

Irrigation with 3p solution (¥Py; = total 33P) leads to
distribution of >*P between soil solution (soluble 3*P = 33P_;) and
absorption to soil particles (bound 3*P = 33Py.4). Furthermore,
only a fraction of 33P will percolate through the organic layer
into the mineral top soil, where it can be expected to result in
another distribution factor between soil solution and soil particles
than in the organic layer. As the consequence, 3Py, will vary

depending on soil layer and forest type. Similarly, we expect that
soluble P (Py,;) present in our soil cores will also vary between
soil layers and forest type. Therefore, the dilution of *3P in
the P concentration of the soil will vary among different soil
layer and forest types, resulting in different specific activities. We
determined the specific activity of >*P,,; (spec >*Py,;) for each soil
compartment separately using the P and 3*P concentrations of
the Bray-1 solution (Supplementary Table S2):

#Pyo (Bq g~ soil)
Psol (mg g_l SOil)

spec PPyl (Bqmg™'P,) = (8)
We used the specific activities to determine P uptake and
enrichment in plant roots, microbes and mycorrhizal and non-
mycorrhizal tips after 1 day using the whole amounts of these
fractions in different soil layers (cv. Eq. 7) and the corresponding
specific activities (cv. Eq. 8). The specific activity of >*P,,; in the
bulk soil was used to calculate P uptake of microbes separately for
the organic and the mineral layer:

33
WAmnicrobes™ P

—_— 9
spec 33 P (bulk) ©)

p uptakemicrobes (mg) =
We used the specific activity of the rhizosphere to calculate P
uptake of beech roots because roots absorb nutrients mainly from
the rhizosphere (York et al., 2016):

(WAFR33 P+ WACR33P

10
spec 3Py (rhizo) (10)

P uptakey ., (mg) =

We calculated P uptakepeep, separately for the mineral (ML) and
organic layer (OL). With P uptakepeee, in OL and in ML, we
calculated the relative contribution of each soil layer to P uptake
of beech roots:

Relative P uptake in OL

P uptake, ., in OL

= 11
(P uptakey,., in OL + P uptakey.., in ML) (11)

The relative P uptake in the mineral layer was determined
correspondingly.

Mycorrhizal (EM) and non-mycorrhizal (NM) root tips take
up nutrients for their own metabolism and translocation to the
host. The 33P label in the tips should therefore not be termed
“uptake” but represents enrichment of new P (ENP) as the result
of P metabolism in the mycorrhiza and host allocation at a
distinct time point, as exemplified previously for nitrogen (Pena
and Polle, 2014; Leberecht et al., 2016). To calculate ENP in EM
root tips, we used the 33P concentration in root tips (Eq. 6), the
specific activity of *P,; in the rhizosphere (Eq. 8) and the mass
of an individual EM root tip:

3P, of EM x mass of 1 root tip

=1y
ENPgm (mg root tip™ ) = spec 3P, (thizo)

(12)
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ENP of non-mycorrhizal root tips was calculated accordingly. We
determined and used the following masses for roots tips: 1 EM
root tip in HP = 18.35 g, in LP = 15.68 pg, and 1 NM root
tip = 8.84 Lg in both HP and LP.

To determine the whole amount of new P (WA ENP) in all
mycorrhizal root tips of a distinct layer, we used EMP (Eq. 12)
and the total number of root tips in that layer (Eq. 1):

WA ENPgy in OL (mg)

= ENPgym X number of all EM root tips in OL (13)

WA ENP for EM in the mineral layer and for the
non-mycorrhizal root tips in those layers were calculated
correspondingly. With these values we calculated WA ENP in all
root tips of the whole soil core:

WA ENPgyii core (mg) = WA ENPgy in OL + WA ENPgy; in ML

+WA ENPNM in OL + WA ENPNM in ML
(14)

Using the enrichment of new P of a distinct fraction of root
tips (according to Eq. 12) and the total enrichment of new P in
all root tips of the soil core (Eq. 13), we determined the relative
enrichment of new P in distinct soil layer and types of root tips:

WA ENPgym in OL

Relative ENPgy; in OL =
WA ENPgoii core

(15)

The relative enrichments of new P in EM of the ML and in NM
root tips per soil layer were determined correspondingly.

Calculations of Relative Competition

Intensities (RCI)

According to Grace (1995) the dynamics of mixtures can be
accurately determined by the relative competition intensity. We
adapted the concept originally used to compare the performance
of plants in different ecological settings (Grace, 1995) to calculate
the competition intensities for P between beech roots and
microbes, or beech roots and other roots in our soil cores or
beech roots and all competitors (= microbes + other roots). In
line with Grace (1995), we reasoned that new P could end in any
of these fractions and the relative amount of new P in beech roots
compared to other fractions indicates their competitive strengths:

P uptake ..., — P uptake

icrob
RClpeech vs microbes = ) uptake s (16)
beech

RClpeech versus otherroots 304 RClyeech versusall competitors ~ WEIe€
calculated accordingly. Negative values of RCI indicate

competition; positive values or values that do not deviate
from zero indicate no competition. To test whether the values
deviated from zero, we used a non-parametric signed rank test.
We considered p-values < 0.05 to indicate significant effects.

Statistical Analyses

Data are shown as means (n = 5 to 8 per soil layer and forest
type £ SE), if not indicated otherwise. Statistical analyses were
conducted with R version 3.6.0 (R Core Development Team,
2012). Normal distribution and homogeneity of variances were
tested by analyzing residuals of the models and performing a
Shapiro-Wilk test. Data were logarithmically transformed to
meet the criteria of normal distribution and homogeneity of
variances, where necessary. General linear models were used
to test the factor “Forest type” with the two layers (OL and
ML) as random factors; otherwise analysis of variance (ANOVA)
was used. Differences between means were tested by a post hoc
test Tukey HSD (package: ‘multcomp’). Means between the two
forest types were compared with Students t-test. Means were
considered to be significantly different from each other when
p < 0.05. For relative values, a generalized linear model using
Poisson distribution was used and data were considered to be
significantly different from each other when p < 0.05. To detect
linear relationships between variables, Pearson’s correlation
coefficient was determined.

For the analyses of diversity data (count data for mycorrhizal
species), we used PAST version 3.22 (Hammer et al., 2001) to
determine mean species abundance and to test differences in
the fungal assemblages by a two-way PERMANOVA for the
factors: forest type and soil layer. Bray—Curtis was used as the
similarity measure.

RESULTS

Biomass, Total P and 33P Distribution in
Soil, Roots, and Microbes Differ Between
Soil Layers of P-Rich and P-Poor Soils

One day after irrigation of intact soil cores from a HP and
an LP forest with 3P, we determined the masses of soil and
root fractions (Figures 1A,B), the amounts of bound and
soluble P (Figures 1C,D), and the amounts of **P present
in the different fractions (Figures 1E,F, complete statistical
information: Supplementary Tables S2, S3). Bulk soil was always
the largest mass fraction, followed by residual materials (leaf litter
and twigs in the organic layer and a large stone fraction in the HP
mineral soil), and rhizosphere soil (Figures 1A,B). LP contained
more rhizosphere soil in the organic layer than HP (p = 0.028),
probably because the biomass of beech fine roots, from which
the adhering soil was collected, was higher in the organic layer
at LP than at HP (p < 0.001) (Figures 1A,B and Supplementary
Table S2). Beside beech roots, the soil cores also contained roots
from other plant species in both layers (Figures 1A,B). Other
roots were more abundant than beech roots in the organic layer at
HP (p = 0.014), while they constituted a smaller fraction to that of
beech roots in the organic layer at LP (p < 0.001) (Figures 1A,B).
In the mineral layer, beech roots strongly dominated over other
roots at HP (p = 0.002) and were mostly absent at LP (p < 0.001)
(Figures 1A,B).

As expected (Lang et al,, 2017), the vast majority of total P
was sequestered in bulk soil and the amounts of P present in
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FIGURE 1 | Distribution of biomass, P content and 33p gctivity in intact soil cores 24 h after label application. Soil cores were obtained from P-rich (A,C,E) and
P-poor (B,D,F) forests. Soils from the organic layer (OL) and the mineral topsoil (ML) were analyzed separately. Data indicate means (n = 5). Standard errors and
statistical information is shown in Supplementary Tables S2, S3. Colors of bars refer to bulk soil (black) with potential plant available Pg, (white hatched), residual
materials (gray), rhizosphere soil (light yellow) with potential plant available Pgy, (dotted), microbes (purple), fine roots (green), coarse roots (blue), and other roots

33 p (kBq soil core™ )

most of the analyzed fractions were higher at HP than at LP
(Figures 1C,D and Supplementary Table S3). Still, we noted
some exceptions: the total amounts of P bound by beech fine
roots (p = 0.231), beech coarse roots (p = 0.522), and microbes
(p = 0.114) in the organic layer of LP were similar to those at
HP. In the mineral layer of LP, the amount of P in microbes
was even higher than that of HP (p = 0.003). The Py, content
of the rhizosphere, which we considered as the potentially plant-
available P pool, was higher at HP than at LP in both soil

layers (organic layer: p < 0.001, mineral layer: p < 0.001)
(Figures 1C,D).

To investigate the fate of newly added Pj, we studied the
distribution of 3P 1 day after labeling. The majority of the label
was sequestered in bulk soil and was not soluble in mild acid
at HP (p < 0.001) and LP (p < 0.012), suggesting that it was
immediately removed from the easily available bioactive pool
(Figures 1E,F). Furthermore, the distribution of the added 3p
showed interesting differences between the organic layer and
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TABLE 1 | Specific activity 3P in rhizosphere and bulk soil of beech forests.

Site HP LP Forest oL ML

Layer oL ML oL ML F p t P t p
Bulk soil 0.86 4+ 0.15 0.27 + 0.04 26.69 =+ 3.60 0.30 £ 0.17 13.012 0.002 7.160 <0.001 0.638 0.541
Rhizosphere 6.39 + 0.97 1.44 +£0.37 46.17 £8.70 0.08 + 0.04 8.593 0.009 4.542 0.002 3.638 0.007

Soils were collected in a P-rich (HP) and P-poor (LP) forest and separated into organic layer (OL) and the mineral topsoil (ML) for analyses. Data indicate means
(n =5 + SE). To compare means we used general linear models for the overall comparisons between HP and LP (OL and ML as random factor), otherwise Student’s

t-test. Bold letters indicate significant differences at p < 0.05.

the mineral top soil at HP and LP (Figures 1E,F). At LP, only
a relatively small fraction of the added **P percolated into the
mineral soil (Figure 1F, p < 0.001), while at HP, the organic layer
including microbes and rhizosphere retained less 3*P, resulting in
a higher through flux of 3*P into the mineral layer (Figure 1E).
These distribution patterns also influenced the specific activities
of **P,,; in the rhizosphere (Table 1), resulting in the highest
specific activity in the organic layer and the lowest in mineral
soil at LP, while HP assumed intermediate specific 3*P activities
(Table 1). Overall, the recovery of applied >*P was at 84.7% =+ 5.1
at HP and 99.2% =+ 0.4 at LP (calculated with the data in
Supplementary Table S3). It is likely that the lower recovery at
HP was caused by the stone fraction in the mineral layer, which
could not be measured, but probably also absorbed a portion of
the added *3P.

P Uptake and P Distribution in Beech
Roots Differ Between Soil Layers in
P-Rich and P-Poor Forests

The specific activities of 3P,,; in rhizosphere per forest type and
soil layer (Table 1) were used to estimate P uptake of beech roots
in each layer separately. To compare the importance of soil layers
for P supply at HP and LP, we normalized the data relative to
P uptake of beech roots (Eq. 11 under materials and methods).
We found that beech roots in our soil cores acquired about 75%
of P from the mineral soil and 25% from the organic layer at
HP, whereas beech roots at LP took up about 60% P from the
organic and 40% from the mineral soil (Figure 2). These figures
corresponded well to the distribution of total P in beech roots
between the organic layer and mineral soil at HP (25% and 75%,
respectively) and at LP (69% and 30%, respectively, calculated
with the data in Supplementary Table S3).

Mycorrhizal P Efficiencies Differ
Between Soil Layers in P-Rich and

P-Poor Soil

Regardless of forest type and soil layer, 96% of the vital root tips
were colonized by ectomycorrhizal fungi (Table 2). In soil cores
from HP about 50% of the root tips were present in the organic
layer and the other 50% in the mineral soil, whereas at LP 75%
of the root tips were present in the organic layer and 25% in
the mineral soil (Table 2). In HP soil, the P concentrations of
mycorrhizal root tips were similar to those of non-mycorrhizal
root tips in HP soil and did not differ between soil layers
(Figure 3A). In LP soil, the P concentrations of mycorrhizal root
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FIGURE 2 | Relative P enrichment in beech roots in the organic layer and
mineral layer topsoil of beech (Fagus sylvatica L.) forests. Intact soil cores
were collected in a P-rich (HP: blue) and a P-poor (LP: red) forest, irrigated
with 33P artificial soil solution and roots from the organic layer (light blue, light
red) and the mineral topsoil (dark blue, dark red) were analyzed separately
after 24 h of labeling. To determine P root uptake, the rhizospheric 3P
dilutions per forest and layer were used as described under materials and
methods. Data indicate means (n = 5 + SE). Differences among means per
forest and layer were tested by GLM using Poisson distribution. Different
letters indicate significant differences at p < 0.05.

tips were higher than those in HP soil (p = 0.002), whereas those
of non-mycorrhizal root tips were by far lower than those of
non-mycorrhizal root tips in HP soil (p = 0.015, Figure 3A).

To test whether these differences were caused by differences
in the abilities for P acquisition in different soil layers, we
determined the 3*P enrichment of mycorrhizal and non-
mycorrhizal root tips. We calculated the relative enrichment of
new Proorip with the specific activities of 3P in the rhizosphere
of each soil layer and forest type (Table 1) as described under
materials and methods (Eq. 12). The relative enrichment of new
P per root tip indicates a mean value for the ability of the
mycorrhizal root tips in that soil layer to acquire P (Eq. 15). We
define this ability as mycorrhizal P efficiency. P accumulation
in non-mycorrhizal root tips was treated correspondingly. The
relative accumulation of new P per non-mycorrhizal root tip
was low and did not differ between HP and LP (Figure 3B). In
the mineral soil of LP, where only very little of the total added
33P was present (Figure 1F), non-mycorrhizal root tips showed
no measurable *P enrichment (Figure 3B). In contrast to non-
mycorrhizal root tips, the relative enrichment per mycorrhizal
root tip showed significant differences between soil layers and
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TABLE 2 | Vitality, ectomycorrhizal (EM) colonization and number of beech root tips (soil core™) in the organic layer (OL) and mineral topsoil (ML) from a P-rich (HP) and

P-poor beech (Fagus sylvatica) forest.

Site HP LP Forest oL ML

Layer OL ML oL ML F P t p t p
Vital root tips (%) 91.08 + 1.44 84.72 + 1.76 89.95 + 1.37 84.76 + 1.81 0.106 0.748 0.899 0.395 0.032 0.98
EM root tips (%) 96.39 + 1.31 9519 + 1.77 97.89 + 1.25 96.43 + 1.32 2.271 0.149 1.308 0.227 0.887  0.401
EM (number) 2701.1 + 1095.2  3287.1 + 562.5 53249 + 1150.0 1783.0 + 393.1 0.33 0.575  1.651 0.137 2.388 0.044
Dry (number) 301.8 + 136.8 6152 £ 102.5 635.3 £ 164.5 3171 £ 52.1 0.16 0.899 1559 0.158 2593  0.032
Non-EM (number) 11.3 £ 68.0 160.7 + 39.7 119.2 + 55.2 56.6 + 12.3 1.28 0.272  0.533 0.609 2.501 0.037

Data indicate means (n = 5 + SE). To compare means we used general linear models (GLM) for the overall comparisons between HP and LP (OL and ML as random factor),
otherwise Student’s t-test. Relative data were tested by a GLM using the Poisson distribution. Bold letters indicate significant differences at p < 0.05. Number = number
of root tips per layer and soil core with the following dimensions, height: 0.2 m and diameter: 0.12 m.

forest types (Figure 3B). In the organic layer, mycorrhizal P
efficiency (per root tip) was higher at LP than at HP (Figure 3B).
In the mineral layer, mycorrhizal P efficiency (per root tip) was
lower at LP than at HP (Figure 3B). These differences were even
more pronounced when the P enrichment in root tips was up-
scaled to the whole soil core (Figure 3C). At HP, mycorrhizal
root tips of the whole root system in the mineral layer exhibited
70% of P enrichment, followed by mycorrhizal root tips of the
organic layer (26%), whereas non-mycorrhizal root tips of the
mineral layer accumulated only about 4% and of the organic layer
less than 0.1% (p < 0.001) of the total new P in root tips. At LP,
mycorrhizal root tips of the whole root system in the organic layer
contributed most to relative P accumulation in root tips (78%),
followed by mycorrhizal root tips in the mineral layer (22%),
whereas non-mycorrhizal root tips contributed less than 0.1% to
P accumulation in root tips in the organic layer and nothing in
the mineral layer (p = 0.003, Figure 3C).

If the enrichment of mycorrhizal root tips with new P was
an indicator for root P supply, we expected that beech root P
uptake is correlated with the abundance of mycorrhizal root tips
and their specific enrichment with new P. In accordance with
this suggestion, we found a strong relationship between the total
amount of new P accumulated in all root tips of a soil layer
and the estimated amount of new P taken up by beech roots in
that layer (Figure 4). We did not find a correlation between the
number of root tips and P uptake (R = 0.332, p = 0.164) indicating
that the P efficiencies of mycorrhizal root tips are decisive for
beech P acquisition.

Mycorrhizal Community Structures Differ
Between the HP and LP Forests but Not

Between the Soil Layers

We investigated whether the observed differences in P
acquisition were accompanied by differences in the mycorrhizal
communities. Roots in HP and LP forests were colonized by
different fungal assemblages (PERMANOVA, p(foresty = 0.012).
Ascomycota (Hyaloscyphacae, Cenococcum geophilum) were
more abundant in LP soil, whereas Basidiomycota of the orders
of Russulales and Boletales (several Lactarius sp., Xerocomellus
sp.) were more abundant in the HP soils (Figure 5). However,
there were some exceptions, Lactarius blennius and Lactarius

tabidus occurred only in the LP forests, whereas Genea hispidula
was only found the HP forest (Figure 5).

We further analyzed mycorrhizal community strutures
in different soil layers. Clavulina cristata and Rhizodermea
veluwensis occurred only in LP mineral (Figure 5) but these
species were rare. Overall, no significant differences between the
fungal assemblages in the organic layer and mineral top soil were
detected (PERMANOVA, p(goitiayer) = 0.747).

Competition of Beech Roots, Understory
Roots, and Microbes for P Resources in
Different Layers in P-Rich and P-Poor

Forests

We expected that low P availability would result in strong
competition of microbes and other roots with beech roots (i.e.,
negative values for RCI) and that high P availability would
prevent competition. In line with this assumption, we found that
the RCI for the competition of beech with microbes together
with other roots at HP were not smaller than zero and higher
than those at LP (Figure 6). Other roots, despite their relatively
high abundance in the organic layer at HP (Figure 1A), did
not significantly affect the competition of beech roots for P;
(vertical lines in the bars for HP in Figure 6). At LP, other roots
were too rare to affect the competition between beech roots and
microbes. At LP, microbes outcompeted beech roots in both soil
layers (Figure 6).

DISCUSSION

Soil Structure and P; Availability Impact
Beech Root P Uptake

In recent years, the concept of ecosystem nutrition has gained
support, which proposes a gradual shift in nutritional strategies
from P acquisition to P recycling when P soil stocks are
decreasing from P-rich to P-poor forest sites (Lang et al., 2016).
According to this model, we expected that bio-available P varied
among soil layers of P-rich and P-poor forests, resulting in
differences for root P supply. Using undisturbed soil horizons for
P tracing, our results support our first hypothesis and comply
with previous experiments in mesocosms with young beech
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FIGURE 3 | P concentration (A), relative net enrichment of new P in single
root tips of beech trees (Fagus sylvatica L.) (B) and the relative net enrichment
of new P in the sum of mycorrhizal and non-mycorrhizal root tips per forest
type and soil layer (C). Intact soil cores were collected in a P-rich (HP: blue)
and a P-poor (LP: red) forest, irrigated with 33p artificial soil solution and
mycorrhizal (EMF) and non-mycorrhizal (NM) root tips from the organic layer
(light blue, light red) and the mineral topsoil (dark blue, dark red) were
analyzed separately after 24 h of labeling. To determine P enrichment, the
rhizospheric 33P dilutions per forest and layer were used as described under
materials and methods. Data indicate means (n = 5 & SE). Differences among
means per forest and layer were tested by three-way-ANOVA and Tukey HSD
post hoc test (A) or by GLM using Poisson distribution (B,C). Different letters
indicate significant differences at p < 0.05.
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FIGURE 4 | Relationship between the P enrichment in mycorrhizal (EM) root
tips and P uptake of beech roots. Symbols indicate individual measurements
in soil cores (diameter 0.12 m, height: 0.2 m) from a P-rich (HP) and a P-poor
forest (LP) in the organic layer (OL) and in mineral top soil (ML). P uptake was
determined 1 day (d) after application of 3P in artificial soil solution using the
specific activities for 33Pg,;/Pse in the rhizosphere (Table 1) as described
under materials and methods. Regression analysis was done determining
Pearson correlation coefficient.

plants (Brandtberg et al., 2004; Jonard et al., 2009; Hauenstein
et al, 2018; Spohn et al., 2018; Zavi$i¢ and Polle, 2018). It
should be noted that our approach might have some limitations
because (i) the roots were severed at the edge of the soil
cylinders and (ii) only the upper portion of the whole-rooted soil
profile was included. Firstly, excised fresh roots are still highly
active in P uptake and translocation (Noggle and Fried, 1960;
Franklin, 1969; Mejstrik and Benecke, 1969; Rubio et al., 1997).
Furthermore, P root uptake in the present study corresponded
well to aboveground P translocation in young intact beech trees
(Yang et al., 2016; Hauenstein et al., 2018; Zavisi¢ and Polle,
2018). Therefore, we have no evidence for confounding effects
of root damage in our experimental set-up. Secondly, based on
our experimental unit “soil core,” we estimated a contribution of
25-t0-75% of the organic layer-to-mineral layer to P root supply
in the P-rich forest. Since a larger root fraction is present below
the forest floor and the A horizon in HP (about 80%) than in
LP soil (30%, Lang et al.,, 2017), the ratios for the contribution
of soil layers to beech P supply may further diverge in favor
of the mineral layer at HP. Our results, thus, underpin an at
least twice higher contribution of the organic layer to root P
acquisition (60-to-40%) under P-poor conditions. This result
strongly supports that the organic layer is critical for P nutrition
under P-poor conditions (Lang et al., 2017; Hauenstein et al,,
2018) and underpins that our comparison of two sites concurs
with field studies along a larger P gradient (Lang et al., 2017).

We demonstrated that the function of the organic layer for
root P supply occurred already at a short time scale of 1 day. One
reason for this finding is probably that the sorption capacity for
different P species is lower in the organic layer in P-poor than in
P-rich soil (Lang et al., 2017), thus, resulting in relatively higher P;
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FIGURE 5 | Ectomycorhizal species colonizing beech (Fagus sylvatica) roots in P-rich (HP: blue) and P-poor (LP: red) forest soil. Species were analyzed by
morphotyping and ITS sequencing of the fungal morphotypes. Supplementary Table S4 shows additional information on species identification. Roots from the
organic layer (OL, light blue, light red) and the mineral topsoil (ML: dark blue, dark red) were analyzed separately.

) the consequence of high plant and microbial activities (this study;
c Bergkemper et al., 2016; Hofmann et al.,, 2016) the P retention
" ns * ok * of the organic layer was high, despite its lower sorption capacity
i:'lzl (Lang et al., 2017)
g 2ol Our estimation of the relative P partitioning in roots in
I be different layers and soil types was based on the premise that
i o4l P uptake into roots occurs from the rhizosphere and therefore,
g we used the rhizospheric dilution of the P tracer for the
i 6t estimation of root P uptake. This is a novel approach since
_2 previous studies considered either the dilution of added P
g -8f ab in pooled soil samples (Jonard et al., 2015) or used more
l specifically tracer dilution in the organic layer and the mineral
-10 - a soil, respectively (Di et al., 2000; Hauenstein et al., 2018;
oL ML oL ML Spohn et al, 2018; Zavisic and Polle, 2018). Our results
HP LP indicate strong differences for soluble P and consequently
for the specific dilution of the tracer (**P/mg Py,) between
FIGURE 6 | Relative competition indices (RCls) for P uptake of beech (Fagus rhizosphere and bulk soil from the organic and mineral layers,
sylvatica) roots and their competitors (microbes + other roots) in P-rich (HP: . . . .
. , respectively. The differences between bulk soil and rhizosphere
blue) and P-poor (LP: red) forest soil. Analyses were conducted separately for K i
the organic layer (OL, light blue, light red) and the mineral topsoil (ML: dark might have been expected because plant roots and their
blue, dark red). Data show means (n = 5 4= SE per soil layer and forest type). associated mycorrhizal fungal symbionts exude organic acids,
Vertical line in bars show RCI for beech and other roots without microbes. metal-chelatjng compounds and acid phosphatases that enhance
Before ANOVA, data were normalized as follows: [log10((x—1)*—1)]. Significant solubilization of P (Leyval and Berthelin, 1993; Wallander,
deviation from zero are shown by different Ietters‘. TQ ;est for each variable, the 2000; Casarin et al, 2004; Liu et al., 2007)' These biotic
non-parametric signed rank test was used and significant differences at L . . . .
p < 0.05and p < 0.01 are indicated by * and **, respectively. ns = not activities result in an altered rhizosphere chemistry, in turn
significant. eading to higher availabili or mycorrhizal and roo
leading to higher P lability fa ycorrhizal and t

uptake (Wallander, 2000; Casarin et al., 2004; Liu et al,
2007). Consequently, we recommend that future studies should
bioavailability. Our results show that microbes benefited strongly ~ consider rhizospheric P availability when estimating root P
but roots also obtained a higher share of P than one would uptake. Overall, our short-term tracer experiment with forest-
expected on the basis of the low P stock in the P-poor forest. As  grown roots in naturally stratified soil horizons highlight the
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prominent role of the organic layer for beech P nutrition under
P poor conditions und uncovered heterogeneity for bioavailable
P between rhizosphere and bulk soil in different soil layers
and forest types.

Mycorrhizal P Efficiencies Regulate
Beech P Uptake in Different Soil Layers
but Do Not Prevent Competition With

Microbes in P-Poor Soil

Roots of beech trees in temperate forests are usually almost
completely colonized by a diverse spectrum of different
mycorrhizal fungi (Courty et al, 2010; Pena et al, 2010,
2017). The taxonomic composition of ectomycorrhizal fungi
differs between P-rich and P-poor beech forests (this study;
Zavisi¢ et al, 2016). Notably, the dominant ectomycorrhizal
species present in both forest types were characterized by
short hyphae of a few micrometers (short-distance exploration
types) or by the absence of hyphae (contact types) (Weigt
et al, 2012). Among the fungi in our study, only the
Boletales, which were not very abundant (approximately 8%
of the mycorrhizal root tips), produce long distance hyphae
(Agerer, 1987) and may explore regions beyond the rhizosphere.
Therefore, mycorrhizal P mobilization in P-rich and P-poor
forests was mainly confined to the vicinity of roots. These
considerations further underpin that for the assessment of P
uptake by mycorrhizal root tips and plant roots, the specific
activities of rhizospheric rather than those of bulk soil should be
taken into account.

In our study forests, non-mycorrhizal root tips were rarely
found and therefore were unimportant for gross host P
provision. However, they provided insights into the benefits
of P handling by mycorrhizal root tips in naturally composed
fungal community. Drastically lower P concentrations in non-
mycorrhizal root tips under low than under high P in soil
highlight the superiority of mycorrhizas for P acquisition
under P limitation. Although the beneficial influence of
mycorrhiza for P provision is well-established (Nehls and
Plassard, 2018), studies demonstrating mycorrhizal P facilitation
in natural soils are scarce. An enhanced P enrichment of
mycorrhizal root tips can be regarded as a measure for P
efficiency. A relatively stronger enrichment with new P in
mycorrhizal compared to non-mycorrhizal root tips, regardless
of P availability in the soil, also indicated the predominance
for P acquisition of mycorrhizal root tips. Despite lower
P efficiency of non-mycorrhizal root tips in P-rich soil,
their P concentrations, which are the result of more long-
term processes, were similar to mycorrhizal root tips. This
suggest that in contrast to P-limited conditions, mycorrhizal
and non-mycorrhizal root tips do not compete for P under
P-rich conditions.

An obvious question is whether differences in fungal
community structures or differences in the regulation of
P-uptake in the P-rich and P-poor forest were responsible
for differences in plant supply. An ultimate answer to that
question is not possible but our finding that similar fungal
community structures in organic and mineral soil layers

exhibited different P efficiencies suggests a strong impact of
regulatory processes on P uptake. P-limitation leads to an
increase in high-affinity P transporters to ensure P uptake,
whereas under high P, low affinity transporters maintain P
uptake (Wu et al., 2003; Desai et al., 2014; Kavka and
Polle, 2016, 2017). Therefore, our initial hypothesis was that
low P availability is counteracted by relatively higher P
uptake efficiencies than under high P availability. However,
in contrast to that assumption relatively higher P efficiencies
of mycorrhizal root tips occurred in those soil layers that
contributed most to P provision to roots and not in those
with lower P availability. The most likely explanation for
these findings is that both adaptedness of fungal assemblages
to certain habitat conditions together with regulation of P
supply in response to plant demand (Zavi$i¢ and Polle, 2018)
were responsible for the observed root P supply. Since the
abundance of root tips alone cannot predict root P uptake, it
is obvious that the properties of the symbionts are essential
for P acquisition. Here, any contribution of distinct taxa to
P provision to the roots remained enigmatic because we used
pooled samples. Previous studies have shown large differences
among different fungal species for P translocation (Cumming,
1996; Brandes et al, 1998; Colpaert et al., 1999; Jentschke
et al, 2001). Field studies in beech forests demonstrated
high phosphatase activities in Lactarius sp., Russula sp., and
Cenococcum sp. (Courty et al., 2005). These genera were also
abundant in our investigation, suggesting a high potential
to release P; from organic material. In conclusion, the
significant relationship between root P uptake and mycorrhizal
P enrichment corroborates that mycorrhizal P efficiency governs
P provision to the host.

Plant P supply is not only affected by the complex
interactions of mycorrhizal properties and geochemical soil
properties but usually also by competition with other biota
(Curt et al., 2005; Zhu et al.,, 2016). When nutrients such as
P are inadequately available in the soil of natural ecosystems
to suffice plant and microorganism requirements, plants are
thought to be inferior in the competition (Woodmansee et al.,
1981) but some studies have found that plants compete
successfully with soil microorganisms (Schimel and Bennett,
2004) or are even superior under specific circumstances (Wang
and Lars, 1997). Our study did neither reveal competition
between beech roots and microbes nor with other understory
roots in P-rich soil, even though the biomass of other
roots was considerable and the biomass of microbes about
10-fold higher in the P-rich than in the P-poor forest
(Bergkemper et al, 2016; Lang et al, 2017). The absence
of P competition in P rich soil underpins P sufficiency for
biological processes. By contrast, the competition between
beech roots and microbes was strong in P-poor soil and
might have precluded the establishment of further understory
species. An unexpected result was that the competition strength
did not differ between organic and mineral soil layers.
This observation was surprising since we anticipated lower
competition in the organic layer with higher P availability
than in the mineral soil where P availability was lower.
Possibly, the regulation of P uptake into roots by different
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mycorrhizal efficiencies balances nutrient competition across
different soil layers. This idea should be followed up
in future studies.

CONCLUSION

This study reveals that P uptake by plant roots is not only based
on soil P stocks but differs between different layers, underlies
regulation by mycorrhizal efficiencies, and faces competition
with soil microbes under P-limiting conditions. Revisiting our
hypotheses, we confirmed that (i) the main P source for beech
P supply is the mineral topsoil under P-rich and the organic
layer under P-poor conditions. Our results pinpoint different
mycorrhizal efficiencies as drivers for root P uptake. As expected
non-mycorrhizal root tips did not contribute markedly to root
P supply in natural forest soils. However, the simplistic idea
(hypothesis ii) that the mycorrhizal P enrichment is relatively
higher to compensate for lower P bioavailability can be refuted
because the relative mycorrhizal P enrichments were highest in
those layers that contributed most to root P uptake. In agreement
with our hypothesis (iii) no competition for P was detected in soil
of the P-rich forest, whereas microbes were strong competitors
under P-poor conditions.

In accordance with previous studies (Lang et al, 2017;
Hauenstein et al., 2018), we conclude that an intact forest floor
is of tremendous importance under nutrient-poor conditions for
uptake and recycling of P. Our study provides insights into the
mechanisms that contribute to the adaptation of ecosystems to
low P availability. Obviously, forests that rely on P recycling with
the majority of roots in the upper layer are at risk under climate
change. When the duration and intensity of summer droughts
increase, the top layer roots and microbes will be the first to
be negatively affected by water shortage. Further depletion of P
is expected due to lower P mineralization rates (Schimel et al.,
2007) and lower P mobility in drier soil (Schachtman et al., 1998;
Kreuzwieser and Gessler, 2010). This study envisages decreasing
P retention as the result of declining microbial biomass and
declining mycorrhizal activities in future climate scenarios.
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Chair of Soil Science, Center of Life and Food Sciences Weihenstephan, Technical University Mdnchen, Freising, Germany

Phosphorus (P) nutrition of forest trees depends on soil P supply, which is poor on
sites with sandy, quartz-rich soils and shallow calcareous soils. Soil P is distributed
heterogeneously at different spatial scales. | tested the hypothesis that in P-limited
forest ecosystems soil P enrichment in hotspots results in improved tree P nutrition
and growth compared to soils where the same P amount is distributed evenly. In
two field P fertilization experiments, Norway spruce (Picea abies) and European beech
(Fagus sylvatica) seedlings were grown in soils with experimental homogeneous or
heterogeneous P enrichment. The soils were amended with P to equal amounts of total
P, but different patterns of P enrichment and/or as different P forms (orthophosphate
[0PO4]; inositol hexaphosphate [IHP]). One experiment (Achenpass) was conducted
with P-poor calcareous soil material of a Rendzic Leptosol (low-P soil), the other
(Mitterfels) with Bw horizon material of a Cambisol that had formed on silicate bedrock
and was characterized by moderate P concentrations (moderate-P soil). Half of the
spruce seedlings additionally received experimentally elevated N deposition. At the low-P
calcareous site, shoot and foliage biomass as well as foliar P, N, and S amounts
of Norway spruce seedlings were considerably (+70-80%) and significantly larger on
soils with spatially heterogeneous compared to homogeneous P distribution. Elevated
N deposition reduced soil P heterogeneity effects on spruce by improving seedling
growth on soils with homogeneous P distribution. No soil P form diversity effects were
observed for spruce seedlings on calcareous soil. At the silicate site with moderate
P supply, all seedlings showed excellent P nutrition. Here, only marginal, insignificant
positive effects of heterogeneous soil P distribution were observed for the growth of
spruce and beech seedlings without elevated N deposition, but foliar P concentrations of
spruce seedlings increased significantly. Elevated N deposition resulted in a positive effect
of heterogeneous vs. homogeneous soil P distribution on spruce growth (+39%; eta
squared: 0.163; p = 0.135) and P nutrition. Our results showed that soil P concentration
heterogeneity is beneficial for spruce growth and P nutrition at sites with P-poor
calcareous soils, and at silicate sites with ongoing N eutrophication.

Keywords: soil P heterogeneity, soil P forms, field experiment, elevated N deposition, orthophosphate, apatite,
inositol hexaphosphate
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INTRODUCTION

For most forest ecosystems, the majority of its total phosphorus
(P) stock is bound in the soil. Soil P is present as different
inorganic (phosphate bound to Al, Fe, or Ca minerals; Prietzel
et al., 2016) and organic P species (mostly mono- and diesters;
Condron et al., 2005). Soils are the central P cycling hub of forest
ecosystems, sustaining plant P supply (Walker and Syers, 1976;
Wardle et al., 2004), and P acquisition traits of plants and soil
microorganisms in forest ecosystems are largely determined by
ecosystem P availability (Lang et al., 2016, 2017). Phosphorus
nutrition of all major tree species in forests of Central Europe
such as Norway spruce (Picea abies) and European beech (Fagus
sylvatica) strongly depends on soil P supply which is particularly
poor on sites with sandy, quartz-rich soils (Ilg et al., 2009; Achat
etal,, 2016; Langetal., 2016, 2017; Augusto et al., 2017) or shallow
initial calcareous soils (Prietzel et al., 2015, 2016). Insufficient P
nutrition is a critical factor for growth and vitality of the key tree
species in these forests. During recent decades, tree P nutrition
in many European forest ecosystems has deteriorated markedly,
which often has been attributed to effects of elevated atmospheric
N deposition (Mohren et al., 1986; Prietzel and Stetter, 2010;
Jonard et al., 2015).

Due to its low diffusivity, P in forest soils often is distributed
in a heterogeneous pattern at different spatial scales (Werner
et al., 2017a,b). In soil micro-regions with increased P loading
mean P binding strength to soil minerals is decreased, and soil
solution P concentration is increased. It can be assumed that P in
hotspots can be acquired more easily by tree roots and associated
mycorrhizal fungal communities than P in soil regions with lower
P concentration, because plant roots and mycorrhizal fungi can
acquire more soil P with little carbon investment due to localized
root proliferation and increased P uptake kinetics (Caldwell et al.,
1992). Enrichment of P in distinct soil hotspots thus should
result in improved tree P nutrition and growth compared to
soils where the same total P stock is distributed evenly. This
has been shown for other plants than forest trees before. Facelli
and Facelli (2002) in a mesocosm experiment showed increased
growth and biomass of clover (Trifolium subterraneum), when P
was distributed heterogeneously rather than homogeneously in
the soil. However, experimental evidence for beneficial effects of
heterogeneous soil P distribution on plant P nutrition still are
scarce, and soil P heterogeneity effects on plant growth differ
among soils and plant species with different P acquisition traits
(Casper and Cahill, 1996, 1998). At present, no information is
available concerning effects of soil P heterogeneity on forest tree
growth and vitality.

To decrease this knowledge deficit, I conducted two field
experiments using model soil ecosystems with defined spatial
heterogeneity patterns of chemical soil properties, particularly
P concentration and/or P speciation. I wanted to investigate
whether two key European forest tree species (Norway spruce—
Picea abies L. [Karst.]; European beech—Fagus sylvatica)
seedlings grow faster and show better P nutrition on soils with
heterogeneous compared to homogeneous P distribution. The
experiment was conducted at two forest sites. One site has
P-poor dolostone bedrock, the other site has silicate bedrock

with moderate P content. In different experimental variants, the
investigated P heterogeneity effects included P concentration
heterogeneity as well as P species diversity.

The basic hypothesis was that in P-limited forest ecosystems
soil P enrichment in hotspots results in improved tree P nutrition
and growth compared to soils where the same P amount is
distributed evenly.

Specifically, I tested the following hypotheses:

(1) Soil P heterogeneity is beneficial for P nutrition and growth
of P. abies and F. sylvatica.

(2) Inorganic soil P (orthophosphate) supports P nutrition
and growth of P. abies and F. sylvatica better than organic soil P
(in our experiment added as inositol hexaphosphate [IHP], which
is a predominant organic P form in forest soils; Turner et al.,
2002, 2007).

(3) Combination of increased spatial P heterogeneity with
increased P species diversity supports P nutrition and growth
of P. abies and F. sylvatica better than mere presence of
spatial heterogeneity.

(4) Elevated nitrogen deposition changes growth
and nutrition responses of P. abies to different soil P
heterogeneity patterns.

MATERIALS AND METHODS
Study Sites

The field experiments were conducted at the sites Achenpass
(low-P calcareous site) and Mitterfels (moderate-P silicate site).
The Achenpass experiment was established on a small (20m
x 20m) plateau 47°35'43”N; 11°37'54”E) at 1,130 m elevation
on the southern flank of the Guggenauer Kopfl (Mangfall
Mts., Germany). The site has been described in detail earlier
(Biermayer and Rehfuess, 1985; Prietzel and Ammer, 2008). The
climate is cool and humid (MAT 5.5°C; MAP 2110 mm), with a
precipitation maximum in July and August. The natural forest
community is mixed mountain forest, consisting of Norway
spruce, European beech, and silver fir (Abies alba), with some
admixed Sycamore maple (Acer pseudoplatanus) and whitebeam
(Sorbus aria). Parent material is P-poor (0.15 mg P g_l) Triassic
dolostone of the Hauptdolomit formation. Dominating soils are
shallow Rendzic Leptosols with low P contents (Prietzel et al.,
2016), in the following termed “low-P soil.”

The Mitterfels experiment (location 48°58'35”N; 12°52/49"E)
was established in 1,020 m elevation in a mature European beech
stand in close vicinity to the Forest Climate Station Mitterfels of
the Bavarian State Institute of Forestry (Bayerische Landesanstalt
fiir Wald und Forstwirtschaft; LWF). The site and the soil both
have been described repeatedly (Lang et al., 2016, 2017; Werner
etal,, 2017b). Similar to Achenpass, the climate at Mitterfels is cool
and humid (MAT 4.9°C; MAP 1229 mm), with a precipitation
maximum in July and August. Natural forest type is a mixed
mountain forest, consisting of Norway spruce, European beech,
and silver fir. The current forest is a mature pure European
beech forest. Parent material is Paleozoic gneiss with moderate P
content (1.38 mg P g’l). Dominating soils are Dystric Cambisols
with silt-loam texture, in the following text termed “moderate-P
soil.” The P speciation and important properties of a soil profile
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close to the experimental plot were presented in detail in Prietzel
et al. (2016) and in Werner et al. (2017b).

Experiment Construction and Execution
Low-P Calcareous Site Achenpass

The Achenpass experiment was constructed in autumn 2015. At
the plateau described above, we removed the entire soil down
to the solid bedrock on a 25 m?* square plot. The removed soil
material was separated by horizon (Ah horizon: pHc,cpp 6.6 /
83mg OC g~!/ 9mg carbonate-C g~!/ 0.57mg P g~!; BwC
horizon: pHcacpp 7.9 / 18 mg OC g~1/103mg g~ ! carbonate-
C g !/<0.1mg P g!). We leveled out the ground surface by
application of dolomite grit (mean grain diameter 0.5-0.8 cm;
0.1mg P g~!). On the grit cover (thickness 5-15 cm, depending
on original bedrock surface topography), we set up a square
timber framework construction (height 40 cm), forming four 2 m
X 2m squares separated by walking stages. The four squares
formed the four replicated blocks of our experiment (blocks
1-4; Figure 1A). Adding additional timber boards, we divided
each square into four 1m X 1m square sections, forming
the four different experimental variants A-D described below.
The experimental variants A-D were arranged randomly in
the different blocks (Figure 1A). In each 1m x 1m square, a
PVC framework (height of PVC plates 20 cm; length 1 m) was
inserted, resulting in division of each square into 36 square or
rectangular compartments (Figures 1B,C). Then we filled each
compartment with a homogenized 1:1 mixture of dolomite grit
with Bw material (“BwC mixture”), which for the experimental
variants A-D had been enriched with IHP and/or apatite in
different ratios (Table 1; Figures 2A-D). Details concerning this
procedure and other experimental design details are presented in
the Supporting Information.

After all compartments had been filled with the respective
BwC mixtures to the top (Figure 1C), we divided each 1 m x 1 m
square section representing an experimental variant in each block
into 4 squares (size 0.5m x 0.5m; area 0.25 m”) by inserting a
cross made of two wooden boards in each 1 m” square. Then each
square was covered with 5cm original BwC mixture without P
addition. On top we homogeneously applied a 5 cm topsoil cover
of original Ah horizon material to improve water and nutrient
(N, S, K) supply to the seedlings and to warrant seedling infection
and colonization with appropriate, site-typical mycorrhizal fungi
and soil fauna which is important for soil P cycling (Irshad et al.,
2012). The construction was completed in October 2015. In May
2016, 128 seedlings of Norway spruce (Picea abies; height 10—
15 cm) were excavated in the surrounding forest. Four seedlings
each were planted in the upper left and lower right 0.25 m?
squares of all 16 1m? squares representing the variants A-D in
each experimental block. The squares are indicated by lower case
“s” (spruce) and “s+N” (spruce with experimental N deposition)
letters in Figure 1A. During planting, we paid utmost attention
(i) to use only the uppermost Ah horizon cover as rooting
medium, and (ii) to place the plants exactly on the position
designated by the green circles in Figure 1B. This assured an
equal probability of the developing tree roots to penetrate any of
the four different BwC horizon compartments below each plant.
In the same way, we planted four Fagus sylvatica seedlings (age:

1 yr) in the upper right 0.5 m x 0.5m squares of the 16 1m?
squares representing the variants A-D in each block, indicated
by lower case “b” (beech) letters in Figure 1A. Planting positions
are marked by yellow circles in Figure 1B. The lower left 0.25 m?
square of each 1 m? square, indicated by a lower case “c” letter in
Figure 1A, remained unplanted and served as control variant.

Growth and vitality of all trees were monitored by visual
inspection and measurement of shoot heights and shoot basal
diameters at the beginning and the end of each growing season,
starting in May 2016. Whereas, beech seedlings showed few
mortalities, initial losses were considerable (25% of planted
seedlings) for spruce. Losses were replaced once in September
2016. At each growth inventory date, the spruce seedlings of
subvariants “s-+N” received a treatment with dilute NH4NO3 to
simulate elevated atmospheric N deposition. At each date, 1.43 g
NH4NO3 were dissolved in 100 mL H,O, and the solution was
distributed homogenously by spraying on the soil surface (0.25
m?) of each “s+N” plot, resulting in an extra input of 40kg N
ha=!yr~! in addition to the ambient atmospheric deposition of
about 10kg N ha~!yr~!. Five NH;NO; applications resulted in
a total additional N input of 100 kg ha~! until termination of the
Achenpass experiment in July 2018.

Moderate-P Silicate Site Mitterfels

The Mitterfels experiment (Table 1; Figures 2B, 3C,D) had a
similar design as Achenpass (Figures 3A,B) and was constructed
in summer 2014. Here, we removed the uppermost 50 cm soil—
without reaching the massive bedrock—on a 25 m” square plot.
The removed soil material was separated by horizon (moder-
type O layer: pHcacpp 3.7/400g OC g=!; Ah horizon: pHe,cp
3.8/50g OC g~!/2.0g P kg~!; Bw horizon: pHc,cpp 4.4/25mg
OC g !/1.4mg P g~1). After leveling the bottom, we set up a
timber framework construction identical to that at Achenpass. As
in the Achenpass experiment, the square sections were assigned
randomly to four different experimental variants A-D, which
are described below. Each compartment in the 1 m® squares
was filled with Bw material, which for the experimental variants
A-D had been enriched with triple superphosphate (TSP;
monocalcium phosphate [Ca(H,PO4);H,0]) and/or inositol
hexaphosphate (IHP) in different ratios (Table 1; Figure 2B).
Due to its high solubility in water, amended TSP dissolves rapidly,
liberating orthophosphate anions, which—similar to dissolved
IHP—are instantaneously adsorbed to the abundant Al and Fe
oxyhydroxides and clay minerals in the Cambisol Mitterfels
(Werner et al.,, 2017b). Orthophosphate and/or IHP have been
selected as P amendments because dominating P forms in the
original Cambisol at Mitterfels are orthophosphate and IHP
bound to Al/Fe oxyhydroxides and clay minerals (Prietzel et al.,
2016).

The mean P concentration of 3mg g~! after experimental P
amendment at Mitterfels is at the upper level of forest soil P
concentrations in Europe (Prietzel and Stetter, 2010; Lang et al.,
2016, 2017; Prietzel et al., 2016), reaching or even exceeding P
concentrations in P-rich, basalt-derived soils.

After all compartments had been filled with the respective
enriched Bw materials to the top (Figure 1C), each Im x 1m
square section representing an experimental variant in each block
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FIGURE 1 | Schematic view showing the layout of the P heterogeneity experiments at sites Achenpass and Mitterfels. (A) Distribution of the four treatment variants
(A-D; capital letters; each covering four replicated 1 m* squares); the four replicated blocks of each treatment variant (1-4), and the four 1 m?> subvariants (tree
species: s, spruce; b, beech; +N: experimentally elevated N deposition; C: control) in each treatment variant. (B) Spatial arrangement of artificial soil heterogeneity in
each 1 m? treatment variant. Circles indicate planting positions of spruce (green) and beech (yellow) seedling. “+” and “~” compartments are filled with identical
artificial soil material for the “homogeneous” experimental variants, and with different soil materials for the “heterogeneous” variants, separated by PVC walls.

(C) Photograph of one 1 m? tree species variant plot of the Achenpass experiment before being homogeneously covered with Ah horizon material.

TABLE 1 | Soil P enrichment patterns of “+” and “~” Compartments in different variants of the P heterogeneity experiments Achenpass and Mitterfels.

Soil P enrichment (P form, concentration)
[Natural background P concentration (mg g~')]

Final P concentration [mg g1

Pattern of added P Form of added P “+” Compartment “~” Compartment
Low-P calcareous site Achenpass
Variant A Homogeneous Organic IHP: 1 IHP: 1
P concentration (<0.1) (<0.1)
One P form 1
Variant B Heterogeneous Organic IHP: 2 IHP: O
P concentration (<0.1) (<0.1)
One P form 2 (<0.1)
Variant C Homogeneous Organic + Inorganic IHP: 0.5/Apatite: 0.5 IHP: 0.5/Apatite: 0.5
P concentration (<0.1) (<0.1)
Two P forms 1 1
thoroughly mixed
Variant D Homogeneous Organic + Inorganic IHP: 1 Apatite: 1
P concentration (<0.1) (<0.1)
Two P forms 1 1
spatially separated
Moderate-P silicate site Mitterfels
Variant A Homogeneous Inorganic TSP: 2 TSP: 2
P concentration (1) (1)
One P form 3 3
Variant B Heterogeneous Inorganic TSP: 4 TSP: 0
P concentration (1) (1)
One P form 5 1
Variant C Homogeneous Organic + Inorganic TSP: 1/IHP: 1 TSP: 1/IHP: 1
P concentration (1) (1)
Two P forms 3 3
thoroughly mixed
Variant D Heterogeneous Organic + Inorganic TSP: 2/IHP 2 TSP: 0/IHP: O
P concentration (1) (1)
Two P forms 5 1
thoroughly mixed

IHPR, Inositol hexaphosphate; TSF, Triple super phosphate.
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FIGURE 2 | Spatial P concentration heterogeneity patterns and added P forms (vertical profile of 1 m? soil squares) in different experimental variants of the
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FIGURE 3 | Experiments Achenpass (A,B) and Mitterfels (C,D). (A,C) Construction stage. (B,D) Experiment conduction stage.

was divided into 4 squares as described before for Achenpass.
Then each square was covered with 5cm original Bw material
without P addition. On top, we homogeneously applied a 5cm
topsoil of original Ah horizon material and a 2cm cover of
original O layer material for the same reasons as mentioned for
Achenpass. The construction was completed in August 2014.

In June 2015, 128 Norway spruce seedlings (height 5-10 cm),
which had been excavated in the Dragonerfilz forest close to
Peiting, Germany, and 64 European beech seedlings (age: 1 year;
collected in the nearby forest) were planted in the different square
compartments in the same arrangement as described above for
the low-P site Achenpass.
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As for Achenpass, seedling growth and vitality was recorded
at the beginning and at the end of each growing season, starting
in June 2015. Whereas, spruce seedlings showed few mortalities,
initial losses were tremendous (75% of planted seedlings)
for beech seedlings. Losses were replaced twice in June and
September 2016. As described for the low-P site Achenpass above,
at each growth inventory date, the spruce seedlings of subvariants
“s+N” were treated with dilute NH4NO3, resulting in an extra
input of 40 kg N ha~!yr~! in addition to atmospheric deposition
of about 20 kg N ha~!yr~!. Seven NH4NOj applications resulted
in an additional N input of 140 kg ha~! until termination of the
Mitterfels experiment in August 2019.

Post-experiment Seedling Processing
Seedling Sampling

After termination of the experiments, we harvested the three
largest of the four seedlings in each of the 48 0.25 m?
squares characterized by a given combination of tree species
(spruce, beech, spruce with elevated N deposition), fertilizer
type (inorganic P, organic P, inorganic + organic P), and spatial
pattern of fertilizer application (homogeneous, heterogeneous).
This was performed by cutting the seedling shoots at the soil
surface and separating foliage from non-foliage parts of each
shoot. After 14-d drying at 30°C, we determined foliage and shoot
dry masses of each seedling. Then we pooled the respective shoot
and root material of the three trees on each 0.25 m* square,
forming a three-seedling-composite sample for each 0.25 m?
square. From each three-seedling-composite sample, we finely
ground a subsample for foliar nutrient concentration analysis.

Root Sampling

At Achenpass, we additionally sampled root material from each
seedling. This was done by removing the cover topsoil above the
compartment hatching and then sampling soil cores at the four
positions close to the PVC hatch cross underneath each seedling
indicated by large circles in the Figure 1B. The cores were
sampled with a small auger (chamber length: 20 cm, diameter:
5cm). The P-enriched BwC material of the two cores taken from
the “4+”compartments close to each seedling was pooled; the
same was done for the BwC material in the two cores taken
from the “-” compartments. After drying the soil samples for
14 d at 30°C, they were sieved. All visible roots were collected
with a tweezer and weighed. As for shoot biomass, we pooled the
root biomass of the three seedlings in a given 0.25 m? square to
a three-seedling-collective.

Foliar Nutrient Analysis

Concentrations of important elements (N, P, K, Ca, Mg) in fine-
ground foliage were analyzed using a CN analyzer (N; HekaTech
EA, HekaTech Comp., Wegberg, Germany) or by ICP-OES
(other elements; SpectroGenesis) after pressure-digestion with
hot concentrated HNO3. Foliar nutrient amounts for each three-
seedling-composite sample were calculated by multiplying the
foliage mass of each three-seedling-composite sample with the
nutrient concentration of its respective foliage sample. The values
were divided by 3 to obtain the mean foliar nutrient element
amounts of one seedling in each 0.25 m” square.

Data Processing and Statistics

Based on the 48 foliar nutrient concentration as well as foliage,
shoot, and root mass data obtained in each experiment, four
replicate samples for each tree species/fertilizer type/spatial
fertilizer pattern combination (one for each block 1-4) were
available for statistical analysis. All variables were tested for
normal distribution, applying a Kolmogorov-Smirnov test. Then
we performed ANOVA on shoot mass, foliage mass, foliar
nutrient concentrations, and foliar nutrient amounts of each
separate tree species variant (spruce, spruce with N deposition,
beech). Data were tested separately for each site and tree species,
because not only site properties but also ages, provenience, and
initial biomasses of the planted seedling varied between sites.
Therefore, two one-way ANOVA tests were performed. We tested
effects of fertilization regime (homogeneous vs. heterogeneous
soil P enrichment) and fertilizer type (single P form vs. mixed
P forms) on treatment mean values for statistical significance (p
< 0.05). Because the exclusive use of statistical significance for
testing experimental treatment effects recently has been criticized
(Amrhein et al., 2019), we identified and rated treatment effects
by combining p and size effect (eta squared) values. Treatment
effects were termed strong and significant, if they met the
following criteria: Eta squared > 0.14 and p < 0.05, and moderate
for eta squared > 0.06.

RESULTS

Low-P Calcareous Site Achenpass

At the experimental plots of the low-P calcareous site, European
beech generally developed better and showed fewer mortalities
than Norway spruce. At the end of the experiment, 63 of 64
initial beech seedlings were alive (98% survival); the height of
seedlings without browsing damage on average has increased by
50% between September 2016 and August 2018. For Norway
spruce, survival rates were 88%, and Norway spruce with
elevated N deposition showed a survival rate of 86%. Relative
height increases during the experiment on average were +39%
for Norway spruce, and +45% for spruce with experimental
N amendment.

Norway Spruce

Both shoot and foliage biomass of Norway spruce seedlings
grown on soil with heterogeneous P amendment was
considerably (shoot biomass: +72%; foliage biomass: +84%;
Figure 4) and significantly (Table 2; Supplementary Table 1)
larger than for spruces grown on soil with homogeneous P
application. In contrast, root biomass was markedly smaller,
and shoot/root ratios of spruce seedlings were increased by 50%
on plots with heterogeneous compared to homogeneous soil P
distribution. However, due to large root mass variance within
experimental variants, the effects were statistically weak and
insignificant. The form of applied P (IHP vs. IHP + apatite) had
no effect on shoot or foliage biomass. However, due to markedly
smaller root masses of spruce seedlings grown on soil with
combined IHP + apatite amendment compared to exclusive
IHP application, shoot/root ratios of spruce seedlings at plots
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FIGURE 4 | Shoot (A), foliage (B), stem+branch (C), and root (D) biomass, foliar concentrations of N (E), P (F), S (G), and K (H), and nutrient (P, N, S, K) amounts in
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vs. heterogeneous P application calculated by one-way ANOVA.

fertilized with IHP + apatite were three times as large as those
on plots fertilized with IHP only (Table 2).

Generally, Norway spruce seedlings at calcareous low-P
site were characterized by insufficient N, S, and K nutrition
according to the threshold values of Gottlein (2015), whereas
tree seedling supply with Ca and Mg nutrition was good. The
P nutritional status was latently insufficient (foliar P < 1.3 mg
g~ 1; Gottlein, 2015) for spruces on soils with THP amendment,
and sufficient for those with combined amendment of IHP

and apatite. Foliar concentrations of P, N, S, and K were
smaller for spruces on soils with heterogeneous compared to
homogeneous P amendment, and (except K) for spruces grown
on soils with THP amendment compared to combined THP +
apatite application (Figure 4; Table 2; Supplementary Table 1).
P nutrition was sufficient according to Gottlein (2015) for
spruces with THP + apatite treatment, but insufficient for those
with exclusive IHP treatment. However, due to larger foliage
masses of spruces on soil with heterogeneous compared to
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homogeneous P amendment, total foliar P amounts (as well as
N, S and K amounts) were markedly and significantly larger
for spruces with heterogeneous soil P distribution (Table 2;
Supplementary Table 1; Figure 4). Additionally, foliar P, N,
and K amounts by trend were larger for spruces grown with
combined IHP + apatite compared to pure IHP amendment.
However, P fertilizer type effects generally were small. For all
experimental variants, foliar N/P ratios of 8.4-8.7 indicated
balanced N/P nutrition.

Norway Spruce Subject to Experimentally Elevated N
Deposition

For the spruce seedlings at the calcareous low-P site subject to
artificially elevated N deposition, similar to the spruces grown
under ambient N deposition shoot and foliage biomasses of
seedlings with heterogeneous soil P amendment were larger than
for seedlings grown on soil with homogeneous P application
(Figure 5; Table 2; Supplementary Table 2). However, effects
generally were smaller than those observed for spruces without
experimental N amendment. No effects of P fertilization regime
on root biomass were observed for spruce seedlings subject to
experimental N deposition, most likely due to the large variation
among seedlings representing a fertilization regime.

Experimentally elevated N deposition did not increase foliar
N concentrations of Norway spruce seedlings at the low-P
calcareous site (Table 2; Supplementary Table 2), which as the
spruces without experimental N deposition were characterized
by insufficient N, S, and K nutrition, but good Ca and
Mg nutrition according to Gottlein (2015). The P nutrition
status was also insufficient for all spruce seedlings, irrespective
of the experimental variant. However, under conditions of
elevated N deposition, seedlings on soils with heterogeneous
P amendment showed markedly larger foliar P concentrations
than seedlings on soils with homogeneous P distribution,
whereas N concentrations remained unaffected (Figure 5;
Table 2; Supplementary Table 2). Foliar N/P ratios of 8.7-9.3
in the different variants were slightly larger than for the spruce
seedlings without experimental N addition, but N/P nutrition
was also balanced.

Larger foliage masses of spruce seedlings on soils with
heterogeneous compared to homogeneous P amendment
together with increased foliar P concentrations resulted in
considerably (435%) and consistently (p: 0.151; eta squared:
0.141; Supplementary Table 2) increased amounts of P, N, S,
and K in foliage of spruces with heterogeneous compared to
homogeneous soil P amendment (Table 2; Figure 5). The form
of applied P (IHP vs. IHP + apatite) had no consistent effect
on foliar P, N, and K concentrations. In contrast to the spruce
seedlings without experimental N deposition, no consistent
effect of the applied P form on foliar P, N, and K amounts as well
as on spruce root mass was detected.

European Beech

Beech seedlings by trend showed larger shoot, foliage, and
root biomasses for variants where P had been applied
homogeneously rather than heterogeneously to the soil
(Figure 6). However, these effects were modest and inconsistent

(Table 2; Supplementary Table 3). Fertilizer P form also had no
consistent effect on shoot or foliage biomass, but root biomass
was consistently larger for the pure IHP compared to IHP
+ apatite variants. Moreover, beech root mass was larger for
variants with homogeneous compared to heterogeneous soil
P distribution.

The beech seedlings at the low-P calcareous site in contrast
to spruce seedlings showed good, well-balanced (foliar N/P ratio:
11.1-12.0) P and N nutrition, but latent S and K deficiency.
In accordance with the good P nutritional status of the beech
seedlings, neither consistent spatial soil distribution nor P form
effects on foliar P and N concentrations or foliar P amounts were
observed (Table 2; Supplementary Table 3; Figure 6). Foliar K
concentrations in beech seedlings were larger for heterogeneous
compared to homogeneous soil P application, and larger when
the same P amount was added to the soil as IHP + apatite
compared to pure IHP.

Moderate-P Silicate Site Mitterfels

At the moderate-P silicate site Mitterfels, Norway spruce
seedlings showed lower mortality rates than beech seedlings
during the experiment (13% vs. 22% for beech). This was
mainly caused by the fact that the beech seedlings have been
strongly browsed by snails and other animals. Additionally,
spruce seedlings also developed markedly better than beech
seedlings: Relative height increases of seedlings without browsing
damage between September 2016 and August 2019 were +206,
4200, and +115% for spruce, spruce with elevated N deposition,
and beech, respectively. All seedlings at the moderate-P silicate
site, irrespective of tree species and absence or presence of
experimental N amendment showed acute N and S deficiency,
as well as latent Mg deficiency (spruce only), whereas the P
nutritional status was sufficient for all experimental variants.
Foliar N/P ratios in all variants were consistently <7.5 for
beech and <5.2 for spruce, and thus indicated imbalanced N/P
nutrition with marked N limitation.

Norway Spruce

Differences of shoot or foliage biomasses of Norway spruce
seedlings with heterogeneous compared to homogeneous
soil P amendment as well as TSP compared to TSP+IHP
amendment were marginal and negligible compared to the
biomass variation within a P amendment type (Figure 7;
Table 2; Supplementary Table 4). However, P concentrations
and amounts in Norway spruce seedling foliage were
consistently larger for variants with heterogeneous compared to
homogeneous P amendment. Foliar N, S, and Mg concentrations
behaved the opposite way; i.e., they were decreased in variants
with heterogeneous compared to homogeneous soil P
amendment. Foliar N and S amounts were not consistently
affected by the applied P form.

Norway Spruce Subject to Experimentally Elevated N
Deposition

Artificially elevated N deposition on average resulted in modest
foliar N concentration increase of Norway spruce seedlings
(Table 3; Supplementary Table 5), but the N deficiency was
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TABLE 2 | Effects of spatial P enrichment pattern and P fertilizer type on growth and nutrition of Picea abies and Fagus sylvatica seedlings in the field experiment at the low-P calcareous site Achenpass (Calcaric

Leptosol).
ACHENPASS Aboveground Foliage mass Foliar P Foliar N Foliar S Foliar P Foliar N Foliar S Shoot/root
biomass concentration concentration concentration amount amount amount ratio
Calcareous, low-P [a] [mg/g] [mg] [9/d]
n MV SD MV SD MV SD MV SD Mv SD MV SD MV SD MV SD MV SD
Picea abies
p =0.048 p = 0.035 p = 0.046 p = 0.049 p = 0.038
Enrichmenthomogeneous 7 7.9 3.7 3.7 1.9 1.33  0.11 1.6 07 0.82 0.06 4.8 22 427 2141 3.0 1.5 318 515
pattern heterogeneous 8 13.6 59 6.8 3.1 1.29 018 10.9 1.4 0.79 0.09 8.7 4.2 729 3141 5.3 2.2 209 121
P fertilizer IHP 7 11.2 5.9 5.2 3.0 126 0.1 10.7 0.9 0.79 0.07 6.5 3.7 549 299 4.0 2.1 128 85
IHP + Apatite 8 10.7 5.8 5.5 3.1 135 0.17 11.7 1.3 0.82 0.09 7.3 4.2 622 323 4.4 2.3 376 458
Picea abies + N
Enrichmenthomogeneous 8 12.5 6.6 6.2 3.4 117  0.19 10.9 11 0.80 0.07 71 3.8 67.2 36.3 4.9 2.9 166 89
pattern  heterogeneous 8 13.9 3.9 7.6 2.0 1.28 024 11.1 0.8 0.79 0.12 9.6 26 844 212 6.1 1.5 275 239
P fertilizer IHP 8 13.4 7.0 6.9 3.6 124 0.20 11.0 1.2 0.81 0.09 8.3 40 754 39 5.5 29 236 129
IHP + Apatite 8 13.0 5.3 7.0 2.0 121 0.25 11.0 08 0.78 0.10 8.5 30 763 206 55 1.6 195 231
Fagus sylvatica
Enrichmenthomogeneous 8 24.9 8.1 7.5 2 1.76 0.18 20.2 2.4 1.44 0.16 13.3 4.1 154 53 11.0 3.6 17.0 10
pattern heterogeneous 8 21.8 5.6 6.7 21 1.78 018 20.8 1.4 1.48 0.18 11.8 3.5 139 41 9.8 3.0 328 27.6
P fertilizer IHP 8 22.6 6.1 6.9 1.8 1.80 0.21 20.0 2.3 1.42 0.20 12.4 4.0 138 41 9.8 2.9 18.0 16.2
IHP + Apatite 8 24.0 8.0 7.4 2.3 1.75 014 21.0 1.5 1.49 0.1 12.8 3.8 1565 52 11.0 3.7 319 251

x Strong, significant effect (eta squared > 0.14; p < 0.05).
x Moderate effect (eta squared > 0.06; p > 0.05).
MV, Arithmetic mean value; SD, standard deviation. p-values above lines characterize the significance of differences between mean values of homogeneous vs. heterogeneous P enrichment.
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far from being removed. In contrast to spruce seedlings
without experimental N deposition, spruce seedlings subject
to experimental N deposition showed a marked effect of
the spatial soil P enrichment pattern on shoot, foliage, and
stem + branch biomasses (Table 3; Supplementary Table 5),
which were increased by 37, 41, and 14%, respectively, for
heterogeneous compared to homogeneous soil P enrichment
(Figure 8). Additionally, foliage biomass and by trend shoot

biomass were consistently larger if the P was applied as mixture
of TSP and IHP instead of pure TSP.

Foliar P concentrations of Norway spruce seedlings subject
to experimentally elevated N deposition were not affected
consistently by the spatial soil P enrichment pattern. However,
foliar P concentrations were consistently larger and foliar S and
Mg concentrations were consistently smaller when P was applied
as mixture of TSP and IHP instead of pure IHP. Total P, N, S,
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FIGURE 6 | Shoot (A), foliage (B), stem-+branch (C), and root (D) biomass, foliar concentrations of N (E), P (F), S (G) and K (H), and nutrient (P, N, S, K) amounts in
foliage (I-L) of Fagus sylvatica at the low-P calcareous site. Numbers in the upper left panel corner show p < 0.1 for differences between mean values of
homogeneous vs. heterogeneous P application calculated by one-way ANOVA.

and Mg amounts in foliage biomass were largest when the P had
been applied to the soil in spatial heterogeneous pattern and in
two different forms, and smallest when the P had been applied
homogeneously as one single P form (TSP).

European Beech
Beech seedlings at the moderate-P silicate site by trend
showed larger shoot, foliage, and stem + branch biomasses

for variants with heterogeneous compared to homogeneous soil
P amendment (Figure9). However, the effects were modest
and inconsistent (Table 3; Supplementary Table 6). Fertilizer
P form also had no consistent effect on shoot or foliage
biomass. Foliar P concentrations of beech seedlings were
smaller for heterogeneous compared to homogenous soil P
amendment, whereas the opposite was the case for foliar N,
S, and Mg concentrations. Spatial or species P heterogeneity
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FIGURE 7 | Shoot (A), foliage (B), and stem+-branch (C) biomass, foliar concentrations of N (D), P (E), and K (F), and nutrient (P, N, K) amounts in foliage (G-1) of
Picea abies at the moderate-P silicate site. Numbers in the upper left panel corner show p < 0.1 for differences between mean values of homogeneous vs.
heterogeneous P application calculated by one-way ANOVA.

patterns did neither consistently affect the amounts of P
nor those of N, S, or Mg in beech foliage at the silicate
moderate-P site.

DISCUSSION

Spatial Soil P Concentration Heterogeneity
Improves P Nutrition and Growth of
Norway Spruce in Shallow Initial

Calcareous Soils

Our study showed no consistent effects of soil P concentration
heterogeneity or P species diversity on beech seedling growth.
In contrast, study results clearly indicated that accumulation of
a given P amount in distinct spatial soil domains (heterogeneous
P soil distribution; presence of P hotspots) improves P nutrition
and accelerates shoot growth of Norway spruce seedlings in
initial calcareous soils with poor P supply. At the same time,

smaller spruce root biomass in variants with heterogeneous
compared to homogeneous soil P concentrations suggest that
less photosynthesis carbon was invested for root development.
Facelli and Facelli (2002) reported positive soil P concentration
heterogeneity effects on the growth of the legume species
Trifolium subterraneum in a mesocosm experiment, but the
effect so far has not been shown for forest trees. Soil P
concentration patchiness exists at different scales, ranging from
the microscale (Hinsinger et al., 2005; Werner et al.,, 2017a)
over the profile scale (Werner et al., 2017b) up to the stand
or landscape scale (Litaor et al., 2005; Liptzin et al, 2013).
It can be assumed that similar to grasses and herbs (e.g.,
Facelli and Facelli, 2002), also trees of different age as well
as different tree species may respond differently regarding
their P nutrition status and growth to soil P concentration
patchiness at different scales, depending on their respective
rooted soil volume. Small-scale topsoil patchiness likely is most
important for seedlings with small root systems, whereas with
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TABLE 3 | Effects of spatial P enrichment pattern and P fertilizer type on growth and nutrition of Picea abies and Fagus sylvatica seedlings in the field experiment at the moderate-P silicate site Mitterfels (Dystric

Cambisol).
MITTERFELS Aboveground biomass Foliage mass Foliar P concentration Foliar N concentration Foliar S concentration Foliar P amount Foliar N amount Foliar S amount
Silicate, moderate-P [a] [mg/g] [mg]
n MV SD MV SD MV SD MV SD Mv SD MV SD MV SD MV SD
Picea abies
p = 0.030 p=0.075

Enrichmenthomogeneous 8  21.1 121 1.7 6.3 156 007 7.0 0.8 0.81 0.07 5.4 2.7 27 14 3.1 1.6
pattern heterogeneous 8  23.7 8.5 12.9 5.0 1.70 0.13 6.3 11 0.77 0.12 7.9 1.9 26 9 3.3 1.2
P fertilizer TSP 8 236 10.9 12.9 5.8 1.61 0.07 6.3 0.8 0.77 0.07 6.8 2.3 27 13 3.3 1.5

TSP+IHP 8 21.2 10.1 11.8 5.7 1.65 0.16 7.0 1.1 0.82 0.1 6.4 2.9 26 11 3.1 1.3
Picea abies + N

p = 0.099

Enrichmenthomogeneous 8  19.4 7.0 104 3.4 1.44 0.15 71 0.7 0.69 0.06 5.4 1.9 26 10 24 0.8
pattern heterogeneous 7 26.9  10.9 14.7 5.8 1.41 0.09 74 1.0 0.68 0.05 7.0 3.4 34 13 3.3 1.3
P fertilizer TSP 8 212 9.4 1.1 4.8 135 0.07 6.9 0.9 0.70 0.06 4.2 1.5 25 10 2.6 1.1

TSP+IHP 7 249 9.9 13.8 5.2 150 0.13 7.3 0.5 0.66 0.05 7.9 2 36 12 3.1 1.3

p =0.057 p =0.011 p =0.097
Fagus sylvatica
p = 0.056

Enrichmenthomogeneous 8 4.8 2.6 1.5 0.8 1.56 0.10 10.0 1.1 1.05 0.08 0.78  0.41 5.4 2.9 0583 0.26
pattern heterogeneous 7 5.4 2.1 1.7 0.6 1.47 0.18 11.0 11 1.13 0.07 0.82 0.31 6.2 2.3 0.64 0.24
P fertilizer TSP 8 52 21 1.5 0.5 150 0.19 10.1 1.4 1.10 0.08 079 0.22 55 1.9 059 0.18

TSP+IHP 7 49 2.7 1.6 0.9 152 012 11.0 0.7 1.09 0.10 0.82 0.4 6.2 3.2 059 032

x Strong, significant effect (eta squared > 0.14; p < 0.05).
x Moderate effect (eta squared > 0.06; p > 0.05).
MV, Arithmetic mean value; SD, standard deviation. p-values above lines characterize the significance of differences between mean values of homogeneous vs. heterogeneous P enrichment; p-values below lines characterize the
significance of differences between mean values of different fertilizer P forms.

92

lez1oud

ymoln) Bujpees pue AleusboleieH d-110S


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

Prietzel

Soil-P Heterogeneity and Seedling Growth

A Shoot mass D Foliar P concentration G Foliage P amount
20 2.0 g
— <
g 15 4 %D
£ =
= 2
10 B ©
1%
4 £
1 a
S 5 . g
o 8
0 il S E <
TSP homo TSP hetero  TSP+IHP TSP+IHP TSP homo TSP hetero  TSP+IHP TSP+IHP TSP homo TSP hetero  TSP+IHP TSP+IHP
homo hetero homo hetero homo hetero
B Foliage mass E Foliar N concentration H Foliage N amount
10 10 960
_ " |p=0.099 2
g 8 - 9 4 Eo
2
< o £ 120 4
o8 6 En 8 A ﬁ
) BRI
g 4 - = 7] E s
£ z Z 20 1 R
2 2 6 - g RIS
@ © o
o 950 %%%
X5 = 4
0 g a%%%% X 8 0 i o
TSP homo TSP hetero  TSP+IHP TSP+IHP TSP homo TSP hetero  TSP+IHP TSP+IHP TSP homo TSP hetero  TSP+IHP TSP+IHP
homo hetero homo hetero homo hetero
Cc Stem+branch mass F Foliar S concentration 1 Foliage S amount
8 0.80 § 6
— -
%} S~
96 0.75 A g
= £4 4
20 n
4 A ] J a
2 RRZ w70 S
o R €
£ e » 2]
S 27 ot 0.65 1 P
0599%:%% |
@ RS E
5 RS £
0.60 - — o0
TSP homo TSP hetero  TSP+IHP TSP+IHP TSP homo TSP hetero TSP+IHP  TSP+IHP b TSP homo TSP hetero  TSP+IHP TSP+IHP
homo hetero homo hetero homo hetero
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homogeneous vs. heterogeneous P application calculated by one-way ANOVA.

increasing tree age and rooted soil volume, larger-scaled soil P
heterogeneity patterns (1-10 m) might become more relevant.
Possible processes involved in the positive P hotspot effect on
tree P nutrition and growth may include (i) easier mobilization of
hotspot P by desorption, complexation, dissolution, (ii) enhanced
enzymatic P mobilization from a larger substrate pool of organic
P (Hinsinger, 2001; Hinsinger et al., 2005), (iii) increased root
P uptake kinetics (Caldwell et al., 1992), and (iv) improved
competitiveness of plants compared to soil microorganisms for
P (Ehlers et al.,, 2010; Richardson and Simpson, 2011). In the
artificial shallow calcareous soil in our study as well as in real-
world initial calcareous soils (Celi et al., 2000; Prietzel et al,,
2016), P is mostly present as Ca-bound IHP in addition to
apatite-P, because IHP rapidly forms sparingly-soluble Ca-IHP
precipitates at pH values >6 (Crea et al., 2006). P mobilization
from Ca-IHP and apatite is achieved through cleavage of the
Ca-PO4 bond; in the case of IHP additionally by enzymatic
cleavage of the inositol-PO4 bond. In calcareous soils, Ca-POy

bond cleavage is predominantly performed through combined
attack of protons and chelators from/of (poly)carboxylic acids
(Hinsinger, 2001; Hinsinger et al., 2005) which are produced by
plant roots, mycorrhizal fungi, and free soil microorganisms. In
the case of apatite dissolution, mobilized orthophosphate can
directly be taken up by plant roots. In contrast, according to
current knowledge plant uptake of P derived from IHP requires
prior THP cycling through bacteria and nematodes, associated
with its conversion into orthophosphate, because plants have
a poor capacity to use IHP as P source (Irshad et al.,, 2012).
In P-rich soil hotspots all processes mentioned above liberate
more P from a given soil volume at a given organism expense
of P-mobilizing organic acids. Moreover, soil microorganisms
are particularly competitive in acquisition of nutrients as N or
P at low soil concentrations (Ehlers et al., 2010; Richardson
and Simpson, 2011), resulting in relatively increased microbial
P immobilization (“microbial nutrient trapping”; Kuzyakov and
Xu, 2013) and decreased P availability to trees. Tree root
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accumulation in P-rich soil compartments, as proven for roots
of herbs, grasses, and crops in earlier studies (cf. references in
Felderer et al., 2013) could not be proven in our study due to the
large variation of soil volume-related root biomass.

In contrast to spruce, heterogeneous soil P distribution in
our study showed only small and inconsistent effects on beech
seedling growth and P nutrition. This is likely due to the
fact that in contrast to spruce, the P nutritional status of our
beech seedlings without exception was good at the moderate-P
silicate site Mitterfels and excellent at the low-P site Achenpass
according to the threshold values of Gottlein (2015), making
a selective exploitation of P hotspots unnecessary (Noy-Meir,
1981; Facelli and Facelli, 2002). The excellent P supply of beech
strongly contrasts with the poor P supply (also according to
Gottlein, 2015) of spruce seedlings growing under identical
soil and site conditions. Large-scale tree inventories revealed P
deficiency not only for Norway spruce (Prietzel et al., 2015),
but also for European beech growing on shallow calcareous

soils in the Alps (Ewald, 2000). The excellent P nutrition status
of our beech seedlings in contrast to the spruce seedlings at
the low-P site can be explained by the fact that the spruce
seedlings had been taken from the nearby forest and showed
poor P nutrition at the beginning of the experiment, whereas
the beech seedlings were purchased as one-year-old plants
from a nursery. In contrast to the spruce seedlings, the beech
seedlings at the low-P site Achenpass thus had a good initial P
nutritional status and had probably accumulated a substantial
P amount during their nursery time, which was sufficient to
maintain an excellent P seedling nutrition status during the
entire experiment.

No consistent soil P form diversity effects on seedling growth
were present, and site- or tree species-specific effects of soil P
form diversity also were absent. Yet, combined soil amendment
with two different P forms in five of six experimental variants by
trend resulted in larger foliage P amounts compared to variants
where the same total P amount had been applied as one single
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P form. This indicates that in addition to spatial P heterogeneity
also P form diversity in soils may be beneficial for the P nutrition
of forest trees.

Phosphorus Concentration Heterogeneity
and P Form Diversity in Acidic Soils
Subject to Elevated N Deposition Improves

P Nutrition and Growth of Norway Spruce

The Norway spruce variant without additional N input in our
experiment at the moderate-P silicate site Mitterfels represents
temperate conifer forest ecosystems with acidic soils formed from
silicate parent material with good P supply, but N limitation.
Such ecosystems are widespread in Scandinavia (Tamm, 1991),
and also had been widespread in Central Europe before the
onset of large-scale forest ecosystem N eutrophication by long-
term elevated atmospheric N deposition (Mohren et al., 1986;
Prietzel et al., 2006; Prietzel and Stetter, 2010). At such sites,
according to the results of our study, soil P heterogeneity is
not relevant for forest tree growth and P nutrition. According
to several studies, removal of the initial N limitation in these
forest ecosystems by elevated N deposition often has resulted
in deterioration of the P nutritional status of conifer and
broadleaf forests (Mohren et al., 1986; Ilg et al., 2009; Prietzel
and Stetter, 2010; Jonard et al., 2012, 2015). Our experimental
variant “Norway spruce subject to elevated atmospheric N
deposition” at the moderate-P silicate site Mitterfels represents
these forest ecosystems. In that variant we showed that spatial soil
P concentration heterogeneity and P form diversity improved P
nutrition and growth of Norway spruce seedlings even at sites
with large mean soil P concentrations (in our study 3 mg P g 1).
It can be assumed that this is also the case for older, larger
spruce trees, and also for other tree species in Central European
forests subject to elevated N deposition—yet, as explained in
section Spatial Soil P Concentration Heterogeneity Improves
P Nutrition and growth of Norway Spruce in Shallow Initial
Calcareous Soils, at larger spatial scales of soil P heterogeneity,
which are related to the age- and species-dependent rooted
soil volume. Obviously, soil P concentration heterogeneity
and P form diversity plays an important, at the moment
underestimated role for tree P acquisition and P cycling in
forest ecosystems, and particularly in P-limited forest ecosystems
with high structural and/or tree species diversity. Future
experiments with defined soil P heterogeneity, including those
investigating larger scales of P heterogeneity and/or different P
enrichment patch sizes in three dimensions (Liu et al., 2017) will
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The fate of phosphorus (P) in the eco-system is strongly affected by the interaction
of phosphates with soil components and especially reactive soil mineral surfaces.
As a consequence, P immobilization occurs which eventually leads to P inefficiency
and thus unavailability to plants with strong implications on the global food system.
A molecular level understanding of the mechanisms of the P binding to soil mineral
surfaces could be a key for the development of novel strategies for more efficient
P application. Much experimental work has been done to understand P binding to
several reactive and abundant minerals especially goethite («-FeOOH). Complementary,
atomistic modeling of the P-mineral molecular systems using molecular dynamics (MD)
simulations is emerging as a new tool in environmental science, which provides more
detailed information regarding the mechanisms, nature, and strength of these binding
processes. The present study characterizes the binding of the most abundant organic
phosphates in forest soils, inositol hexaphosphate (IHP), and glycerolphosphate (GP),
to the 100 diaspore (@-AIOOH) surface plane. Here, different molecular models have
been introduced to simulate typical situations for the P-binding at the diaspore/water
interface. For all models, quantum mechanics/molecular mechanics (QM/MM) based MD
simulations have been performed to explore the diaspore-IHP/GP—-water interactions.
The results provide evidence for the formation of monodentate (M) and bidentate (B)
motifs for GP and M and as well as two monodentate (2M) motifs for IHP with the surface.
The calculated interaction energies suggest that GP and IHP prefer to form the B and 2M
motif, respectively. Moreover, IHP exhibited stronger binding than GP with diaspore and
water. Further, the role of water in controlling binding strengths via promoting of specific
binding motifs, formation of H-bonds, adsorption and dissociation at the surface, as well
as proton transfer processes is demonstrated. Finally, the P-binding at the 100 diaspore
surface plane is weaker than that at the 010 plane, studied previously (Ganta et al., 2019),
highlighting the influential role of the coordination number of Al atoms at the top surface
of diaspore.

Keywords: P-efficiency, P-adsorption, inositolhexaphosphate (IHP), glycerolphosphate (GP), diaspore (AIOOH),
QM/MM simulations
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1. INTRODUCTION

Phosphorus (P) is essential for plant growth and plays an
important role in photosynthesis, energy storage, cell growth, and
many other plant processes. It has been pointed out that P scarcity
could arise in near future (Cordell and Neset, 2014) and to cope
with this situation there is a need to understand the P cycle
in forest and agro-ecosystems (Bol et al., 2016, 2018; Missong
et al,, 2018). In general, phosphates bind to soil components
like soil organic matter (Gros et al., 2017, 2019; Ahmed et al,,
2018a) and to soil minerals like Fe/Al(oxyhydr)oxides (Hens
and Merckx, 2001; Jiang et al., 2015; Kruse et al., 2015; Ahmed
et al., 2019) and amorphous Fe/Al hydroxide mixtures (Gypser
et al, 2018). The P bound to soil minerals forms colloidal
P complexes and consequently becomes unavailable to plants
causing P inefficiency (Holzmann et al., 2015; Bol et al., 2016).
These colloidal P complexes disperse during heavy rains and
accumulate in specific regions resulting in P leaching which
further reduces P availability to plants (Boy et al, 2008).
Molecular level understanding of P adsorption onto these soil
minerals could support efforts to improve P availability to
plants (Bol et al., 2016).

Goethite (a-FeOOH)
and abundant soil minerals that interacts strongly with
phosphates (Parfitt and Atkinson, 1976; Torrent et al., 1992;
Chitrakar et al., 2006; Kubicki et al., 2012; Ahmed et al., 2019). It
is a highly reactive soil mineral containing ferric ions (Fe™2) with
common surface planes as 010, 100, 110, 021 (according to Pnma
space group) (Cornell and Schwertmann, 2003). The surface
iron atoms are coordinated by 3, 4, 5, or more atoms depending
on the surface plane as well as the pH of the environment.
Consequently, goethite exhibits different levels of saturation
according to the interaction with its environment. The same
holds true for most minerals, i.e., minerals exhibit a net positive
or negative surface charge based on surface (un)saturation and
pH (Cornell and Schwertmann, 2003). Hence, the type of surface
plane, its termination and saturation are important factors that
influence the adsorption of phosphates onto soil minerals. For
instance, Ahmed et al. (2018b) studied glyphosate adsorption at
goethite surface with three different degrees of (un)saturation (Fe
surface atoms coordinated by 3, 4, and 5 0~2/OH ™ groups) and
showed the effect of the surface’s (un)saturation on phosphate
binding stability.

In addition to surface saturation and pH, the Fe and Al ratio
in amorphous Fe/Al hydroxides is also vital for understanding
the phosphates’ interaction with soil minerals. Gypser et al.
(2018) showed the influence of the Fe:Al ratio in amorphous
Fe/Al hydroxide mixtures on phosphate adsorption/desorption
rates. The omnipresent Al in weathering environment results
in most of Fe oxides in soils being substituted by Al and
goethite is no exception (Cornell and Schwertmann, 2003).
Diaspore (a-AIOOH) is isomorphous with goethite with Al
oxidation state exhibiting a higher surface energy compared
to goethite (Guo and Barnard, 2011). Since amorphous Fe/Al
hydroxide mixtures exist in soils, analyzing phosphate binding to
diaspore provides additional insight into the P interaction with
these amorphous mixtures.

is one of the most common

Orthophosphates (Newman and Tate, 1980),
inositolhexaphosphate (IHP) (Turner et al, 2002; Doolette
et al., 2009; Gerke, 2015), and glycerolphosphate (GP) (Pant
et al,, 1999; Vincent et al.,, 2013; Missong et al., 2016) are the
most abundant phosphates in soils. Orthophosphate interaction
with goethite has been studied extensively (Parfitt and Atkinson,
1976; Torrent et al., 1992; Chitrakar et al., 2006; Ahmed et al,,
2019). Yan et al. (2014) studied sorption of different phosphates
involving GP and IHP on aluminum (oxyhydr)oxides. They
found that the maximum adsorbed phosphate normalized to
the mass of adsorbent increases with decreasing crystallinity
of the minerals: «—Al,O3 < boehmite < amorphous Al(OH)s.
Moreover, they concluded that the phosphate adsorption,
interfacial reactions, and phosphate fate in the environment are
strongly affected by molecular structure and size of phosphates,
and degree of crystallinity and crystal structure of mineral
surfaces. Li et al. (2017) suggested that GP adsorbs onto the
goethite surface through its phosphate group forming inner-
sphere complexes. IHP has six phosphate groups, and in general
it exhibits strong binding with P-fixing minerals compared to
other phosphates with fewer phosphate groups. Anderson and
Arlidge (1962) suggested that the total number of phosphate
groups in a compound determines the stability of its interaction
with minerals. Ognalaga et al. (1994) showed that IHP forms
inner-sphere complexes with goethite through its phosphate
groups and suggested that up to four phosphate groups could be
involved in binding with the mineral surface; the remaining non-
interacting phosphate groups could alter the electrochemical
properties of the surroundings. However, Guan et al. (2006)
revealed that only three phosphate groups were bound to
aluminum hydroxide while the other three groups remained free.
This was based on adsorption experiments of IHP on amorphous
aluminum hydroxide, FTIR characterization, and quantum
chemical calculations.

Quantum chemical calculations become increasingly
important when it comes to develop a mechanistic understanding
of chemical processes in general. Although not yet widely used,
computational chemistry approaches to environmentally
relevant questions are recognized as tools to complement
experimental investigations. Interestingly, as early as 1973 Tossell
et al. (1973) studied electronic structure and bonding in iron
oxide minerals with molecular simulations and validated
this approach with experimental studies. Kwon and Kubicki
(2004) used molecular simulations to resolve controversies in
experimental studies related to phosphate surface complexes
on iron hydroxides. In another study, Kubicki et al. (2012)
demonstrated that phosphate interaction with goethite involves
a variety of surface complexes in multiple configurations, which
explained the difficulties one faces when interpreting, e.g., IR
spectra. Moreover, Ahmed et al. (2018b) explored the possible
binding mechanisms for glyphosate (GLP) with three goethite
surface planes (010, 001, and 100) in the presence of water via
ab initio molecular dynamics simulations. The results showed
the prominence of water in controlling the GLP-goethite-
water interactions. Further (Ahmed et al., 2019) investigated
the molecular level mechanism of phosphate binding at the
goethite—water interface referring to the possible phosphate
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binding motifs formed at the modeled goethite surface planes.
Moreover, the theoretical assignment of IR spectra in the latter
study introduced a benchmark for characterizing experimental
IR data for a distribution of adsorbed phosphate species.
This incomplete list already indicates the huge potential of
computational chemistry as an emerging powerful tool for
detailed investigations of complex geochemical reactions and
especially reaction mechanisms of P-species in soil (for a more
complete overview, see also Kubicki, 2016).

Which computational methods are available today? Thinking
of it in terms of a hierarchy (Kubicki, 2016; Ozboyaci et al., 2016),
quantum mechanics (QM) methods are at the top because they
provide, at least in principle, an unbiased ab initio description in
terms of the molecular Schrodinger equation. In practice, such
a treatment is not feasible except for the simplest cases. Density
Functional Theory (DFT) has emerged as a low-cost alternative,
which despite of the involved approximations often provides
reliable results even for systems with hundreds of atoms (Kubicki,
2016). At the bottom of the hierarchy there are molecular
mechanics (MM) methods, which are based on parameterized
empirical functions (force fields) describing bonded and non-
bonded interactions. This allows to treat millions of atoms, but
unless special purpose force fields are used chemical reactions,
i.e., bond making and breaking, cannot be simulated (Gonzalez,
M.A., 2011). Here, the hybrid QM/MM approach comes into
play, combining the accuracy of QM methods with the efficiency
of MM methods. In this approach, the reactive region of the
molecular system is treated at the QM level while the remaining
part of the system enters at the MM level (Senn and Thiel,
2009). By this, the bond changes, proton transfer events and
hydrogen bonds (HBs), e.g., at water-mineral interfaces can be
properly described. Besides providing energies in dependence
on nuclear positions, forces on the nuclei can be calculated as
well. This is prerequisite for molecular dynamics simulations
which gives statistical information including thermally accessible
configurations (Marx and Hutter, 2009).

In an earlier hybrid QM/MM study of IHP and GP binding
to the 010 diaspore surface plane we have demonstrated a
strong interaction of IHP/GP with the diaspore surface (Ganta
et al., 2019). Here, IHP forms multiple intramolecular HBs with
three of its phosphate groups bound to the surface, while GP
is bound through its single phosphate group only. Overall, it
has been found that proton transfers from phosphate to water
or surface have a stabilizing effect, most likely due to the
interaction of the HBs dipole with surface charges. Moreover,
in case of IHP intramolecular HBs can be formed, which lead
to a steric constraint that could weaken the binding to the
surface. Since the interaction of IHP and GP with diaspore
is not yet fully explored, in the present work we extend our
previous study in two directions, i.e., we consider a chemically
different surface plane and incorporate the effect of saturation of
the diaspore surface on phosphates adsorption. In our previous
work (Ganta et al., 2019), IHP/GP and water showed strong and
spontaneous interactions with an unsaturated diaspore surface
(010 in pnma) where the surface Al atoms are coordinated by four
oxygens (O~2/OH™ groups). Here, a more saturated diaspore
surface (100 in pnma) is selected where the surface Al atoms

are coordinated by five oxygens i, O72/OH™ groups. The
main objective of current work is to characterize the binding
mechanism of IHP and GP at this diaspore-water interface and
also to understand the effect of (un)saturation of the diaspore
surface on this binding mechanism.

2. MOLECULAR MODELING APPROACH

In general, the surface charge of a certain mineral can be
determined as a function of pH via its point of zero charge
(PZC) (Tan, 2011). For pH > PZC, the mineral surface is saturated
with negative surface charges which attract cations. In contrast,
for pH < PZC, the mineral surface is unsaturated with positive
surface charges which attract anions. The phosphates in general
exhibit overall negative charge and hence can be adsorbed at
the partially unsaturated 100 diaspore surface (according to
the Pnma space group) (Tan, 2011). The diaspore unit cell
has four AIO(OH) units i.e., total of 16 atoms with lattice
constants a = 9.4253, b = 2.8452, ¢ = 4.4007 A (see Figure 1C).
The 100 surface plane model is generated by repetition of
the diaspore unit cell as la x 8b x 5c along x, y, z axes,
respectively (see Figure 1D). In total, the used diaspore slab
consists of 640 atoms (160 Al, 160 H, and 320 O atoms).
Observe that the surface Al atoms are coordinated by five
oxygen atoms (see Figure S3B). The phosphates IHP and GP
(see Figures 1A,B) are modeled to have their phosphate group(s)
interacting via inner-sphere complexes with surface Al atoms
of diaspore (see Figures 1F-H, Figures S2A-C). The diaspore-
IHP/GP complexes are then solvated using the solvate plugin
from the VMD package (Humphrey et al., 1996) with a water
layer of about 18 A perpendicular to the surface along the x axis
and with a density of &~ 1gem™ ( see Figure 1E). Since we are
interested in IHP/GP interaction at diaspore-water interface, the
QM part of the system (see dashed box in Figure 1E) includes the
top layer of diaspore (160 atoms), IHP (54 atoms)/GP (19 atoms),
and a few water molecules (& 53 molecules depending on the
setup) surrounding IHP/GP within layer of & 10 A perpendicular
to the diaspore surface. The enclosing QM box has a size of
22 x 8b x 5¢ A ie., 22 x 22.7616 x 22.0035 A, where b, ¢ are
diaspore lattice constants (see Figure 1E). The remaining part of
the system is treated at the MM level.

The initial motifs of diaspore-GP complexes include the
monodentate motif M (1Al + 10) (see Figure 1F) and bidentate
motif B (2Al + 20, here both oxygens are from same phosphate
group) (see Figure 1G). Note that in contrast to this setup,
in the 010 case the two oxygens bind to the same Al atom.
In addition to these two, the diaspore-IHP complexes include
the four monodentate motif 4M (4Al + 40) as experimental
studies suggest that IHP forms multiple bonds with the
goethite surface (Ognalaga et al., 1994; Guan et al., 2006) (see
Figure 1H, Figure S2C). Note that in principle even more initial
conditions/motifs could be sampled. But considering the size
of the modeled systems here and the used computationally
expensive QM/MM level of theory the initial configurations
for the MD simulations are limited to the most common and
experimentally observed binding motifs. More technical details

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

99

June 2020 | Volume 3 | Article 71


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

Ganta et al.

Binding of Organic Phosphates to Diaspore

1
D

. VT VIR WY e
AR VA VAVA VA

FIGURE 1 | Phosphates GP (A) and IHP (B). The oxygen and phosphorus atoms are labeled here to ease the discussion of diaspore-IHP/GP-water interactions.
Diaspore unit cell (C), side view of the modeled diaspore surface (D), diaspore-GP-water complex and the blue box including atoms described at quantum
mechanical level of theory (QM part) and remaining atoms at molecular mechanics level (MM part) (E), M motif (F), B motif (G), 4M motif (H). Pink, red, yellow, white,
lime, and cyan colors correspond to Al, bridging oxygen, hydroxyl oxygen, hydrogen, phosphorus, and carbon, respectively.

about QM and MM methods and their mutual interaction
adopted here is given in Supplementary Material. The QM/MM
based MD simulations are performed for 25 ps with 0.5 fs time
step and with an average temperature of 300 K maintained using
canonical sampling through the velocity rescaling thermostat
(CSVR) (Bussi et al., 2007). Here, for each molecular model the
first 10 ps of the MD trajectory is assigned for equilibration.
The last 15 ps of the trajectory is considered as the production
trajectory which is used for analysis of interactions at diaspore-
water interface with THP/GP.

To analyze the interaction energies of the complexes,
snapshots are taken at every 100 fs of the production
trajectory and interaction energies between diaspore and IHP/GP
(Egiaspore—1Hp/Gp)> IHP/GP and water (Ergp/Gp—water), and
diaspore and water (Egiaspore—water) are calculated. For example,
the interaction energy Eint between diaspore and GP for a certain
diaspore-GP-water snapshot is calculated as follows:

Eint = Ediaspore—GP - (Ediaspore + Egp) (1)

where Egiaspore—Gp> EGP, and Egiaspore denote electronic energies
of the diaspore-GP complex, GP and diaspore surface,
respectively. Likewise, the interaction energies for each pair
of diaspore, IHP/GP and water are calculated at every 100 fs
during the corresponding production trajectory. The interaction
energies with water are divided by the total number of water
molecules involved in the simulation box for better comparison.
More details regarding the calculation of interaction energies are
given in Ganta et al. (2019).

The HBs strength between IHP/GP and water as well as for
the intramolecular HBs of one IHP motif are analyzed using
geometrical correlations of distances between atoms in HB as

FIGURE 2 | Definition of coordinates g; and g, in a HB between water’s
oxygen (Oa) and IHP’s oxygen (Op) from a phosphate group (A) (Limbach
et al., 2009), intramolecular HB in IHP (B).

discussed in Strassner (2006), Limbach et al. (2009), Yan and
Kithn (2010), and Zentel and Kithn (2017). The quantities g;
and g, in Figures 4, 6 below are defined as the deviation of the
hydrogen from HB center assuming a linear HB (q;) and the
total HB length (g2) (see Figure 2A). Geometrically q; and ¢,
are defined as q; = 1(ry — ) Aand g2 = (r| + r,) A where
r1, 2 denote the distance between donor oxygen and hydrogen
(Op—H) and distance between hydrogen and acceptor oxygen
(H- - - O4), respectively (see Figure 2A). The same holds true for
intramolecular HBs between phosphate groups for the IHP case
(see Figure 2B).

A HB will be called strong if g; &~ 0 and g is in the range
2.2-2.5 A. Similarly, moderate and weak HBs have ¢, distances
ranging from 2.5 to 3.2 and 3.2 to 4 A, respectively. Also if g; < 0
the hydrogen atom stays with the donor oxygen and if g; > 0
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FIGURE 3 | Diaspore-GP-water snapshots displaying proton transfer events and GP dynamics along trajectories. Proton transfers observed during production
trajectory of M motif from O3 to water (A) from O5 to water (B), and from O2 to water (C), GP M motif at 25 ps (D). Proton transfer events in B (2AI+20) motif from
08 to water (E), from O2 to water and momentary dissociation of Al1-O1 bond (F), momentary dissociation of Al2-O3 bond (G), GP B motif at 25 ps (H).

the hydrogen atom (proton) transferred to the acceptor oxygen.
In the following a HB analysis is performed for the QM part of
the system only as the emphasis of this study is on the interface
region where the binding/adsorption process takes place.

3. RESULTS AND DISCUSSION

3.1. Diaspore-GP-Water Interactions
3.1.1. GP M Motif
For the GP-M initial condition a stable monodentate (1Al+10)
motif is observed between GP and the diaspore surface over the
course of the production trajectory with the Al-O1 average bond
length of 2.3 A (see Figures 3A-D). The average geometry of the
PO4 moiety here has root mean square deviation (RMSD) value
of 0.17 A with respect to free tetrahedral POZ_ (see Figure S2D).
Proton transfer events from GP to the diaspore surface are not
observed, instead three proton transfer events are found from
03, 05, and O2 oxygens of GP to water (see Figures 3A-C),
respectively. On average, eight HBs are observed between GP and
water in the production trajectory. Here, the GPs oxygen atoms
act as HB donors (Oxp) as well as acceptors (Oxa). Exemplary
analysis of six of the above eight HBs shows that four (024, O34,
054, O5p) are strong to moderately strong HBs and two (O1a,
06,4 ) moderately strong to weak HBs (see Figures 4A-C).
Regarding the diaspore-water interaction, an average of 17
water molecules (out of 40 surface Al atoms) formed M binding
motifs (Al-On,0) with the diaspore surface and have average
bond length of 1.9-2.3 A. Also moderately strong HBs are

observed between water and diaspore (see Figure S1A). This
scheme of diaspore-water interactions is also observed for the
other diaspore-IHP/GP-water models studied below. For the
average diaspore-water interaction energy per water molecule
one obtains about —3 kcal/mol for all considered models.

The time averaged interaction energy per surface bond
between diaspore and GP is around —23 kcal/mol (see Table 1).
The average GP-water interaction energy per water molecule is
—2.6 k cal/mol.

3.1.2. GP B Motif

The B motif (2Al+20 i.e., All-O1 and Al2-O3) is observed
over the course of the production trajectory with Al1-O1 and
Al2-O3 covalent bond length ranging from 2-2.7 and 1.9-2.7
A with an average value of 2.4 and 2.3 A, respectively (see
Figures 3E-H). Most notably the AI2-O3 and Al1-O1 bonds are
elongated and compressed in an alternating see-saw fashion as
seen in Figures 3F,G. The B motif’s average geometry of the POy
moiety has a RMSD value of 0.17 A with respect to the free
tetrahedral PO?;.

Proton transfer events are observed from O3 and O2 oxygens
to water (see Figures 3E,F), respectively. The B motif features on
average a total of seven HBs between GP and water. According to
Figures 4D-F, four (O1,, 024, O2p, O5p) strong to moderately
strong HBs and two (O1,, O6p) moderately strong to weak HBs
are formed between GP and water.

The average interaction energy per surface bond between
diaspore and GP for the B motif is around —15 kcal/mol. The
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FIGURE 4 | HB correlation g» vs. g4 of HBs formed between GP and water in GP’s M motif (A-C) and B motif (D-F), respectively. The average g1 and g» coordinate
pairs are shown as points in white square boxes. A strong to moderately strong HB is denoted as * while a moderately strong HB and a moderately strong to weak
HB are denoted as e and ¥, respectively.

TABLE 1 | The per bond time averaged interaction energies (calculated with
Equation 1) of diaspore-IHP/GP complexes and some selected bond lengths and
distances.

100 diaspore surface

P, Motif Eint/bond Al-Op (A) AI-P (&)  RMSD(POS") (A)
(kcal/mo)
GP M —-23 2.3 3.4 0.17
B -15 2.3and 2.4 3.3 0.17
HP M(1) -33 2.4 3.5 0.16
M(2) -18 2.7 3.6 0.19
M -109 2.1 and 2.2 3.3and3.4 0.18and 0.17
010 diaspore surface (Ganta et al., 2019)
GP B —148 2.03 and 2.05 2.65 0.1
HP  3M —145 1.90and 1.88 3.25and 3.17 0.07 and 0.08
and 1.86 and 3.18 and 0.1

The RMSD difference between average phosphate geometry and isolated tetrahedral
POﬁ’ (see Figure S2D) is also provided. Here, P, denotes phosphate and motif
denotes average motif observed during production trajectory. Further, Al-Op denotes
bond distance between covalent bonded Al and Op oxygen of IHP/GP.

per surface bond interaction energy here is smaller than for the
M motif due to GP’s see-saw type of motion over the surface.
Nevertheless, the total interaction energy observed here is larger
than for the M motif and hence the B motif is more likely to form.

Note that due to the formation of a strong to moderately
strong HB with water, the O3 oxygen in M cannot easily

transform into the B motif, i.e., the barrier is too high to be
sampled in the present trajectory (see Figure 4B). The average
GP-water interaction energy per water molecule is around —2.3
kcal/mol. The smaller value as compared with M could be due to
the additional proton transfer event observed in that case.

3.2. Diaspore-IHP-Water Interactions

3.2.1. IHP M Motifs

Here, two initial configurations (M, B motifs) of the diaspore—
IHP-water model resulted in two different M final motifs. In the
first case, M(1), the initial configuration was an M motif, wherein
O11 oxygen is aligned to form a M motif with a surface Al atom
(see Figure S2A). A stable M motif is observed throughout the
production trajectory with average Al-O11 bond length of 2.4
A (see Figures 5A-D). The series of events that are observed
during the formation of the M(1) motif are: a proton transfer
from O12 to water (see Figure 5A), followed by intramolecular
proton transfer from 062 to O12 and formation of O13-H-061
intramolecular HB (see Figure 5B). After a few femtoseconds,
the O12-H-O62 HB is formed and a proton transfer is observed
from O32 to water (see Figure 5C) to reach the final M motif in
Figure 5D. The events in Figures 5A-C occurred within 2 ps of
the simulation trajectory. Overall, a total of three protons transfer
events are observed from IHP to water from O12, O53, and 032
(see Figures 5A-C), respectively. On average IHP has formed
19 HBs with water over the course of the production trajectory.
Analyzing for illustration 12 out of these 19 HBs, IHP has formed
nine (0124, 0214, 0224, 0234, 0314, 0434, 0514, O534,
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2M motif at 25 ps (L).

FIGURE 5 | Diaspore—IHP—water snapshots displaying proton transfer events and IHP dynamics along trajectories. The phosphate groups are color-coded and the
oxygen atom label color denotes to the phosphate group it belongs. In M(1) motif, proton transfer from O12 to water (A), proton transfer from O53 to water and
intramolecular proton transfer from 062 to 012 (B), moderately strong O12-H-O62 HB and proton sharing between O12 to O62 oxygens and proton transfer from
032 to water (C), M(1) motif at 25 ps (D). In M(2) motif, dissociation of Al2-O13 covalent bond due to O13-H-O61 HB and proton transfers from 023 and O33 to
water (E), proton transfer from O53 to water and formation of O53-H-0O63 HB (F), dissociation of Al1-O11 bond due to formation of O11-H-021 HB (G), M(2) motif at
25ps (H). In 2M motif, dissociation of Al4-O51 bond and proton transfer from O13 to water (l), proton transfer from 043 to diaspore and from O32 to water, also
proton sharing and HB between 022 and 032 (J), and between O33 and 042 followed by dissociation of AI3-O41 bond (K), proton transfer from O42 to water and

063p) strong to moderately strong HBs, two (O33p, O41,)
moderately strong HBs and one (O314) moderately strong to
weak HB with water (see Figures 6A-E). Interestingly, IHP also
forms multiple intramolecular HBs, for instance, O13-H-061,
041-H-052, and O12-H-062 (see Figures 5A-C). Analyzing
the strength of the intramolecular HBs between P1 and P6
phosphate groups, one finds two (O13-H-O61, O12-H-062)
moderately strong HBs (see Figure 6F). The average geometry of
PO, moiety has a RMSD value of 0.16 A with respect to the free
tetrahedral POZ_.

The time averaged interaction energy per surface bond
between diaspore and IHP is around —33 kcal/mol (see Table 1)
and between IHP and water is around —5.5 kcal/mol per water
molecule. Notice that IHP exhibits a larger interaction energy
with water as well with the diaspore surface compared to GP.

For the M(2) motif, the initial configuration had the O11 and
013 oxygens aligned such as to form a B motif with adjacent
surface Al atoms (see Figure S2B). The Al2-O13 covalent bond is
dissociated during the trajectory and the B motif is transformed
into the M(2) motif (see Figures 5E,F). Over the course of the
production trajectory the Al1-O11 bond length ranges from 2.4
to 3.2 A with an average of 2.7 A. In more detail, the series

of events that unfold in this case are as follows: From the 023
and O33 oxygens, two protons are transferred to water and the
Al2-O13 covalent bond is dissociated (see Figure 5E). After a
few femtoseconds, a proton transfer is observed from O53 to
water followed by formation of an intramolecular HB between
053 and 063 oxygens (see Figure 5F). Also formation of the
intramolecular O13-H-O61 HB is observed. With progressing
simulation time an intramolecular proton transfer event is
observed from O12 to 021, followed by formation of O11-H-
021 HB. Afterwards, the Al1-O11 covalent bond weakens at
around 6 ps and its bond length ranges from 2.4 to 3.2 A further
on (see Figure 5G, Figure S1B). In addition, a proton transfer
is observed from O62 to water (see Figure 5G). The snapshot
at 25 ps shows that multiple inter- and intramolecular HBs
are observed for IHP (see Figure 5H). Their characterization
in terms of HB geometries leads to a similar distribution of
HB strengths as for M(1). Overall the average geometry of POy
moiety has RMSD value of 0.19 A with respect to the free
tetrahedral POi_.

The average interaction energy per surface bond between the
diaspore surface and IHP in this case is around —18 kcal/mol.
The interaction energy observed here is smaller than for the M(1)
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FIGURE 6 | HB correlation g» vs. g1 of HBs formed between IHP and water (A-E) and between P1 and P6 phosphate groups (F) along trajectory of IHP’s M(1) motif.
The average g1 and g» coordinate pairs are shown as points in white square boxes. A strong to moderately strong HB is denoted as * while a moderately strong HB
and a moderately strong to weak HB are denoted as e and V¥, respectively.

case as the Al1-O11 bond length is longer due to formation of
013-H-061 and O12-H-021 intramolecular HBs. The observed
interaction energy between IHP and water here is —5.7 kcal/mol
per water molecule which is slightly higher than for the M(1)
case, probably due to additional proton transfer from IHP
to water.

3.2.2. IHP 2M Motif

Here, IHP is initially aligned parallel to surface with the non-
protonated oxygens of the four phosphate groups forming a
4M motif, i.e., Al1-O11, Al2-O21, Al3-O41, Al4-O51 covalent
bonds with the surface (see Figure S2C). However, only a stable
2M motif is observed along the production trajectory with
average bond lengths of Al1-O11, AI2-O21 as 2.13 and 2.22
A, respectively. The events observed during simulation that led
to the formation of 2M motif are as follows: within a few
picoseconds, the Al-O51 bond is dissociated transforming 4M
into a 3M motif. A proton transfer is observed from O13 oxygen
to water and from O43 oxygen to diaspore (see Figures 5L]).
Further, an intramolecular HB is observed between 022 and
032 oxygens and two proton transfer events from O32 and
052 to water (see Figure 5J). The Al3-O41 covalent bond is
disassociated due to intramolecular HB formed between O33 and
042 oxygens (see Figure 5K), followed by a proton transfer event
from O42 to water (see Figure 5L). Totally four proton transfer
events are observed from IHP to water and an average of 19
HBs are formed between IHP and water. The inter- and intra-
molecular HBs have a similar distribution of strengths as for M(1)
and M(2). The average geometry of the PO4 moieties deviate

from that of free tetrahedral POi_ with RMSD values of 0.18 and
0.17 A.

The interaction energy between IHP and diaspore in the 2M
motif is —109 kcal/mol per bond (see Table 1). The interaction
energy is larger here compared to M(1) and M(2) motifs due
to the additional covalent bond and a proton transfer from IHP
to the diaspore surface. Hence, the 2M motif is more likely to
form compared to both the M(1) and M(2) motifs. The average
interaction energy per water molecule with IHP is —5.9 kcal/mol
which is slightly larger than the IHP-water interaction energy
observed in M(1) motif case due to additional proton transfer
from IHP to water here.

3.3. Effect of Surface Saturation

In the following we will compare the present results with those of
our previous work for the 010 surface plane (Ganta et al., 2019).
The 010 diaspore surface plane is relatively unsaturated, i.e. the
surface Al atoms are coordinated by only four oxygen atoms
(see Figure S3A). In contrast, for the present more saturated
100 plane, surface Al atoms are coordinated by five oxygens
(see Figure S3B). Also the 010 diaspore surface plane exhibits
higher electrostatic potential compared to the 100 surface plane
as shown in Figure S6.

For the 010 plane the largest total interaction energy was
observed for the B and 3M motif in case of GP and IHP,
respectively (see Table 1). In case of 100 plane, the B and 2M
motifs dominate the total interaction energies. Comparing the
two B motifs for GP one finds that the binding to 010 being
10 times stronger than to 100 surface plane. The reason for the
weaker interaction energy in case of 100 is due to see-saw type
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of motion of GP yielding a weakening/strengthening of Al1-O1
and Al2-O3 bonds which is not observed for the 010 plane. This
can be attributed to the fact that in case of 010 plane the two
oxygens are coordinated to the same Al, whereas for 100 plane the
coordination is with two neighboring Al atoms, whose distances
is such as to require unfavorably large Op-P-Op angles for strong
binding. Further stabilization of the GPs B motif in the 010 plane
case comes from two additional proton transfers observed from
GP to the diaspore surface.

Regarding the total interaction energies, the dominant
binding motifs for the diaspore-IHP complexes are also different
for 010 (3M) and 100 (2M). In case of 100 the total interaction
energy is about two times smaller than for 010. Comparing the
two motifs we note in particular that the interaction with the
two surfaces is different. This is nicely illustrated by the fact that
no stable 4M motif could be observed for the 100 case. One
reason for the transformation of the 4M motif to 2M motif is
that the Al-Op bonds (regions R1 and R2, see Figures S5A-C)
at the 100 diaspore surface are inclined due to Op and surface
hydroxyl oxygen repulsion. Hence the movement of oxygens
in the Al-Op bonds (regions R1 and R2) is restricted to the
space between consecutive surface hydroxyl oxygens or to move
away from surface (see Figures S5A-C). Consequently, upon
equilibration the oxygens in the Al-Op bonds could dissociate
from diaspore as they are confined between consecutive surface
hydroxyl oxygens (see Figures S5A-C). In contrast for the 010
diaspore-IHP case, the oxygens in the Al-Op bonds (regions R3
and R4, Figures S5E-G) are not restricted and they are free to
move. Hence a stable 3M motif is observed over the course of
production trajectory (see Figures S5E-G). Looking at it from
a geometric point of view, Al-Al distances on the 010 surface
are about 4.4-5.4 A which is much larger than the 2.4 A for
the 100 surface where the 2M motif forms (see Figures S5D,H).
Given the typical distances between the phosphate groups in THP,
bonding to the 100 surface plane yields a higher strain and thus it
becomes weaker as compared with the 010 surface plane.

In case of the 100 surface the diaspore-water interaction
energy is 3.4 times smaller compared to the 010 case. In fact
less than half of surface Al atoms formed M motifs with
water compared to the 010 diaspore surface. Also the radial
distribution function of diaspore surface oxygens with water
hydrogens in Figure S4 shows higher water accumulation near
the 010 diaspore surface compared to the 100 diaspore surface
which suggests stronger interaction for the 010 diaspore surface
with water.

4. SUMMARY AND CONCLUSIONS

In our previous study (Ganta et al, 2019), a strong and
spontaneous binding of IHP and GP with the 010 diaspore
surface has been described, which provided the motivation for
studying the effect of surface saturation on these interactions.
Therefore, the more saturated 100 diaspore surface has been
investigated here using periodic boundary QM/MM based MD
simulations. The analysis of the MD trajectories showed the
importance of inter- and intramolecular HBs in the formation

of final motifs and also shed light on effects that lead to
disassociation and association of P-O-Al bonds in the diaspore-
IHP/GP-water complexes.

In case of the diaspore-GP-water complexes, the B motif’s
interaction energy per bond is 1.5 times smaller than the M motif.
But considering the total average interaction energy, GP is more
likely to form a B motif with the 100 diaspore surface.

Regarding the diaspore-THP-water complexes, the interaction
energy per bond follows the order 2M > M(1) > M(2). Here, the
M(2) motif’s interaction energy is 1.8 times smaller than the M(1)
motif due to longer Al-Op bond length, i.e., due to movement of
IHP away from the diaspore surface. Thus the 2M motif will be
also dominating considering the total interaction energy. This is
due to the additional covalent bond and a proton transfer to the
diaspore surface. Hence IHP is likely to form a 2M motif with the
100 diaspore surface.

Regarding the water interaction with 100 diaspore and
IHP/GP, it can be concluded that the average IHP-water
interaction energy is about 2.3 times larger than the GP-water
one due to IHP’s higher water accessible surface area. Both IHP
and GP show proton transfer events to water and formation of
strong to moderately strong HBs with water. The diaspore-water
interaction energy is only 1.1 times that of the GP-water case, but
2.8 times smaller than IHP-water one. Thus, water has a stronger
interaction with IHP than with the 100 diaspore surface.

Of course, studying a particular perfect surface plane can
at best give qualitative trends if compared to real surfaces of
mineral particles in soil. Studying two abundant surface planes,
however, it is possible to pinpoint important factors which
influence the behavior of P-compounds at the mineral/water
interface. The present investigation focused on the effects of
surface saturation and thus electrostatic potential on IHP/GP
adsorption. The soil minerals exhibit a positive charge with an
unsaturated surface and active sites for pH < PZC. For a pH far
below PZC a higher positive charge, i.e, more unsaturated surface
is observed (Cornell and Schwertmann, 2003; Tan, 2011). The
IHP and GP adsorption onto goethite (with PZC around 9-10)
is decreased with increasing pH and reached near zero values for
pHaround 10 (Celietal., 1999; Liet al., 2017). This shows that the
mineral surface saturation varies with pH and thus the ability of
a mineral to adsorb phosphates. Higher surface saturation leads
to more negative charges on the 100 surface as compared to the
010 case. Phosphates in water are partially deprotonated and thus
have an effective negative charge. Thus the phosphate groups
will be attracted stronger to the 010 diaspore surface plane. The
denser distribution of water around the 010 surface compared
to the 100 surface and transformation of IHP’s M and B motifs
to 2M motif highlight the stronger electrostatic potential of 010
surface than 100.

Comparing our previous study (Ganta et al., 2019) with the
present one, it can be concluded that the diaspore surfaces
with different degrees of saturation exhibit different interaction
energies with phosphates. Moreover, both surface planes form
multiple bonds with THP while the B binding motif dominates
for GP. The overall interaction energies show that IHP is bound
to diaspore stronger than GP and this confirms the prevailing
view that the number of phosphate groups is a decisive parameter
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determining the adsorption strength (Anderson and Arlidge,
1962). This could also explain why higher percentages of IHP is
found in the forest soil colloid samples than GP as revealed by
liquid-state NMR measurements (Missong et al., 2016). However,
not all available phosphate groups will contribute to the binding,
with details depending on the surface saturation. The present
study also stresses the importance of inter- and intra-molecular
HBs and the observation that IHP is less protonated than solution
counterparts when pH < PZC as shown by Johnson et al.
(2012). For both modeled diaspore surfaces, there is no observed
dissociation for the bonds involved in C-O, C-H, and C-O-P as
suggested by Celi et al. (1999) and Li et al. (2017). In the present
case of IHP we cannot confirm the suggestion of a 4M motif made
by Ognalaga et al. (1994).
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Ecosystem responses of carbon and nitrogen (N) biogeochemistry to N deposition have
a high variation across sites. Phosphorus (P), which can interact strongly with N, can
be the cause of some of this variation. We quantified plant N and P concentrations and
estimated P stocks in aboveground foliage, and soil O-horizon P concentrations and
stocks after 18 years in a long-term stand-scale (0.1 ha) N addition experiment [12.5kg
(N1) and 50 kg (N2) N ha=" year—'] in a c. 100-years-old boreal spruce [Picea abies (L.)
Karst] forest. Basal area growth had increased by 65% in the N2 treatment compared to
control, along with a higher leaf area index, and lower litter decomposition rates. The
higher tree growth occurred during the initial c. 10-years period thereafter resuming
to control rates. We hypothesized that increased plant demand for P together with
decreased recycling of organic matter in this initially N limited system may have decreased
plant-available P, with possible consequences for longer-term biogeochemistry and
ecosystem production. However, resin-extractable P did not differ between the three
treatments (0.32 kg P ha~"), and plant NP ratios and P concentrations and O-horizon P
characteristics were similar in the N1 and control treatments. The N2 treatment doubled
total P in the O-horizon (100 vs. 54 kg P ha~1), explained by an increase in organic P. The
N concentration, NP ratio, and spruce needle biomass were higher in N2, while the P
stock in current year needles was similar as in the control due to a lower P concentration.
In addition to P dilution, increased light competition and/or premature aging may have
caused the reduction of N-stimulated growth of the trees. For the dominant understory
shrub [Vaccinium myrtillus (L.)] no changes in growth was apparent in N2 despite a
significantly higher NP ratio compared to control (15 vs. 9, respectively). We therefore
conclude that increased NP ratio of vegetation cannot be used as a sole indicator
of P limitation. The vegetation and O-horizon changes in N2 were still large enough
to merit further studies addressing whether such high N loads may alter ecosystem
biogeochemistry toward P limitation. For the lower N addition rate, relevant from an
anthropogenic N deposition perspective, we suggest it had no such effect.

Keywords: boreal forest, nitrogen deposition, phosphorus, soil, spruce (Picea abies), understory plants
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INTRODUCTION

Nitrogen (N) is generally the most limiting nutrient for net
primary productivity in boreal forest ecosystems (Binkley and
Hogberg, 2016; Hogberg et al., 2017). If forest growth increases
as a result of increasing atmospheric carbon dioxide (CO,)
and N deposition, the biogeochemistry of other nutrients may
shift, with consequences for further responses to changing
environments (Akselsson et al., 2008; From et al.,, 2016). For
instance, the supply of phosphorus (P) could be reduced if growth
increases are not matched by increased rates of P turnover (Reich
et al., 2006; Penuelas et al., 2012). Forest monitoring data in
Europe documented decreasing P concentrations and increased
NP ratios in tree foliage in forest trees, such as beech (Fagus
sylvatica) and Norway spruce (Picea abies) (Braun et al., 2010),
and according to Jonard et al. (2015), these changes are most
likely caused by anthropogenic environmental changes coupled
to CO; enrichment and N deposition. However, the mechanisms
and controls of P nutrition of forest ecosystems remain largely
unidentified (Jonard et al., 2015; Lang et al, 2016), and we
know little about more long-term ecosystem effects of altered
relative supplies of carbon (C), N, and P (Wang et al., 2010).
In Scandinavian boreal forests, for instance, fertilization with
N generally has little if any effect on the foliar concentrations
of other nutrients, even when N is added in doses far above
anthropogenic inputs (Jacobson and Pettersson, 2001; Nohrstedt,
2001; Nilsen and Abrahamsen, 2003; Binkley and Hogberg, 2016).
Therefore, we do not know if, when, and how fast a shift from
N to P limitation of an ecosystem may occur (Li et al., 2016),
and under which conditions a plant has an imbalanced tissue NP
ratio; i.e., causing negative effects on productivity (Binkley and
Hogberg, 2016).

In a fertilizer experiment of a ~100-years-old boreal spruce
forest in northern Sweden, the relative basal area growth response
to annual additions of 50 kg N ha~! year~! peaked after 7 years
and gradually leveled off to control rates after 10 years (Figure S1;
From et al., 2016). This also corresponded to an increased leaf
area index (LAI) (Figure S2; Palmroth et al.,, 2019), emphasizing
that within tree or needle competition for light (i.e., Tarvainen
et al,, 2016) and/or stand competition for other minerals, such
as P has increased in the N treatment during the experiment,
perhaps explaining why the N no longer stimulated tree growth
(i.e,, From et al,, 2016). In the same experiment, aboveground
litter input and soil C content in the O-horizon were higher, while
soil respiration and litter decomposition were significantly lower
in this high-N treatment as compared to the control (Maaroufi
et al,, 2015, 2016, 2017). To what extent these changes may be
linked to a decreased P availability remains, however, unclear.
Mobilization, cycling, and retention of P in an ecosystem are
dependent on its species and food-web interactions. For instance,
plant species differ in their NP ratio optima (Guisewell, 2004)
and their abilities to use specific P forms (Turner, 2008), so
the strength of a P limitation is thus species dependent. For
instance, while boreal forests are mainly N limited (Binkley and
Hogberg, 2016), their understory plants have been suggested
to be co-limited by N and P (Hedwall et al., 2017). There
are studies indicating that phosphatase activity may increase in

response to elevated N loads (Clarholm and Rosengren-Brink,
1995; Marklein and Houlton, 2012), but it remains uncertain
to what extent different species can or even need to match
an increased N availability with increased assimilation of P to
maintain an unaltered NP stoichiometry. If trees dominate in
the system and if they both can and need to maintain a certain
NP ratio, these imply a stronger sink for P which may have
negative effects for other species, i.e., understory vegetation, in
the system. On the other hand, different species in the system
are likely to use different P resources through niche separation
and be able to store P between seasons and recycle already
assimilated P between organs (Tessier and Raynal, 2003; Ahmad-
Ramli et al., 2013). In addition, we do not know at what N
deposition rate or dosage any P shortage effects will occur or
how fast they will appear at the species or ecosystem level
(Binkley and Hogberg, 2016).

The objective of this study was to explore to what extent
long-term N addition had affected plant P availability in a
northern boreal forest. We used the above-cited spruce forest
experiment in northern Sweden (Nordin et al., 2009; From
et al.,, 2016) exposed to two N addition levels (12.5 and 50kg
N ha=! year™!) for almost two decades (1996-2013), where
effects on the P biogeochemistry have not been investigated
before. We quantified N and P in aboveground foliage (trees,
shrubs, grasses, and bryophytes) and P in the O-horizon to
approach this question. We focus on the O-horizon in this
study since previous studies have shown that major treatment
effects on C and N were found there and with no effects in
the mineral soil (Maaroufi et al., 2015). More specifically, we
hypothesize (i) a buildup of organic P in the O-horizon following
earlier observations of increased LAI and litter production and
decreased decomposition in the highest N-treatment, and (ii) an
increased NP ratio of the vegetation due to increased tissue N
concentrations and possibly decreased tissue P concentrations if
the plants have not been able to match the increased N availability
with increased access to P. We further hypothesize (iii) that an
increased plant demand for P should be manifested in a decrease
in readily available soil P in the O-horizon where the main part
of fine roots are found (Rosling et al., 2003; Maaroufi et al.,
2015), e.g., if this demand is met by increased assimilation from
the O-horizon.

METHODS
Study Site and Experiment

The study was done in a forest stand at Svartberget Experimental
Forest (64°14'N, 19°46’E; 220m a.sl.) in Vindeln northern
Sweden where an artificial N deposition experiment was
established in 1996. Short summers and long winters characterize
the climate of the region, and snow covers the ground from
about the end of October until the beginning of May. Annual
mean temperature (1981-2010) is 1.8°C, precipitation 614 mm
year~! (Laudon et al., 2013), and background N deposition 1-
2kg N ha=! year™! (Pihl-Karlsson et al., 2009). Background P
deposition in the area is 0.09 &= 0.01kg ha™! year™! [average &
SE between 1995 and 2019 (2008-2013 missing)]; data provided
from the Krycklan database (Laudon et al,, 2013). The forest
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stand where the N addition experiment is conducted grows
on a gently sloping moraine and is dominated by 120-years-
old Norway spruce [Picea abies (L.) H. Karst] (82% of all trees
in the stand) with pine [Pinus sylvestris (L.)] being second
most frequent (15%). From et al. (2016) present a detailed
inventory of the trees in the stand. In brief, the forest has been
naturally regenerated and has not been intensively managed
during the twentieth century, mainly used by nearby farms for
fuel and construction wood. During the early decades of the
twentieth century, it was also used for summer-grazing cattle.
The experiment covers c. 100 ha. The blocks (see below) are
distributed over this area to cover the heterogeneity of the terrain
with respect to slopes, drier and wetter areas. In 2014, tree heights
varied from <10 m and up to 28-29 m, with mean spruce heights
being 18-20 m. Tree volume but not tree height has responded to
the below described N addition treatments.

The ericaceous dwarf shrub bilberry (Vaccinium myrtillus
L.) dominates the understory covering 80% of the field layer
canopy with lingonberry (Vaccinium vitis-idaea L.) amounting to
10% of this layer (Nordin et al., 2009). The grass, Deschampisa
flexuosa (L.) Trin., is the only frequently occurring graminoid.
Herbs are less abundant, and we selected Maianthemum bifolium
(L.) F. W. Schmidt for this study. This broad-leaved herb is
commonly found in this type of forests and is known to respond
to differences in N and P availability (Giesler et al., 2002). Two
feather mosses, Hylocomium splendens (Hedw.) Br. Eur. and
Pleurozium schreberi (Brid.) Mit., dominate the bottom layer.
Soils are podzols and classified as a Typic Haplocryods (Soil
Survey Staff, 1992) developed on glacial till. The post-glacial age
of the site is between 9,000 and 9,500 years BP, and the highest
former shoreline in the Svartberget area is at 255-260 m above
present sea level. The mineral soils are rather coarse textured with
an average of coarser material exciding >2mm accounting for
32% of the soil volume (Maaroufi et al., 2015). The fine material
(<2mm) is mainly sandy loam. The organic O-horizon is on
average about 0.08 m thick, the average depth in all larger sized
plots (see below) ranging from 0.04 to 0.12m. The mineral soil
consists of an about 5cm thick eluvial E-horizon and an about
20-25-cm-thick illuvial B-horizon overlaying the parent material
(C-horizon). The fine root distribution (i.e., mostly <2mm)
in the O-horizon and the upper 20 cm of the mineral soil is
distributed as follows: 75% in the O-horizon, 17% in the 0-10 cm
mineral soil, and 7% in the 10-20 cm mineral soil (Maaroufi et al.,
2015). Selected soil properties for the O-horizon are presented
in Table 1.

The experiment consists of three levels of N additions: 12.5 kg
N ha™! year’1 (N1), 50kg N ha™! year’1 (N2), and the control
treatment (Control). Two plot sizes (0.1 and 0.25 ha) were
randomly laid out in the stand when the experiment started
(Strengbom et al., 2002; Nordin et al., 2005). The smaller plots
were distributed across six blocks with Control, N1, and N2
treatments, whereas blocks with the larger plot size only have N1
and N2 treatments laid out. The sampling areas for the Control
were instead placed at ~50-100 m distance from the border of
these N1 and N2 treatments within each block. The larger plots
are used for destructive sampling while the smaller plots are
kept intact. The N1 level was chosen to simulate upper level N

deposition in the boreal region, while the N2 level is more similar
to many other long-term forest fertilizer experiments. The N
has been applied spreading solid ammonium nitrate (NH4NO3)
granules directly after snow melt in May (before the start of the
vegetation period) each year since the start in 1996. Total N doses
when the data of this study were collected in 2013 and 2014
amounted to 225 or 238 for N1 treatments and 900 or 950 kg N
ha™! for N2.

Sampling of Plant Material

Sampling of V. myrtillus, V. vitis-idaea, D. flexuosa, M. bifolium,
H. splendens, and P. schreberi was made between June 24 and July
1, 2013. The material was collected from five subplots with an
area of 0.12 m? in each block and treatment plot including control
areas. Biomass from the five subplots were pooled, resulting in a
single measurement per plot, and dried at 50°C in paper bags
for 24 h. V. myrtillus was separated in three fractions: current
year (C) leaves, C-shoot, and older shoots. For V. vitis-idaea,
we separated C leaves from the previous year leaves (C 4 1)
which were pooled with even older leaves if present (C +
2). For the other species, we used all aboveground biomass
without separation. D. flexuosa was absent in one plot in the
N2 treatment, and M. bifolium was absent in one plot in the
N1 treatment. Spruce needles (C and C + 1) were sampled 8-
10 m aboveground from three healthy-looking and representative
trees on October 7-10, 2013. Needles from three to five branches
around the crown were collected with a top clipper (Skogma,
Hammerdal, Sweden). All C and C + 1 needles, respectively,
from the three trees were pooled prior to drying at 85°C for 24 h.
Please note that needle samples are commonly collected from top
branches, so our sample collection may be impaired compared to
other studies.

Soil Sampling and lon-Exchange

Resin Capsules

To measure resin-extractable NHy, NO3, and PO4-P in the
field, we installed mixed bed ion-exchange resin capsules (PST1
capsule, Unibest, Bozeman, USA). The ion-exchange resin
capsules were placed in the vicinity of the plant collection areas
(see above), i.e., in the middle and toward the four corners
in the larger treatment plots, and similarly in control areas,
on June 19-20, 2013, and collected on August 29, 2013. The
capsules were placed a few centimeters down in the O-horizon,
but above the mineral soil, without removing the vegetation.
After collection, the capsules were placed in a freezer (—18°C)
until analyses.

The O-horizon was sampled on September 24, 2013, for soil
chemical analyses, and a complementary sampling was done on
August 27, 2019, for bulk densities. Three to six humus layer
cores were taken randomly with a soil auger (0.10 m diameter)
and bulked together in one composite sample in a polyethylene
bag. The samples were kept in a cooler during transport to the
laboratory and thereafter kept in a refrigerator at 4°C. Within
24h of collection, the samples were sieved (4-mm mesh) in the
laboratory, and a subset of the sieved soil sample was used for
determination of the water content in a drying oven (105°C, 24 h)
and thereafter organic matter content by loss on ignition (LOI)
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TABLE 1 | O-horizon soil properties in the three treatments (average + 1 SE for n = 6).

Variable Control 12.5kg N ha=' year~! 50kg N ha=' year~! F-value p-value
Humus thickness (cm) 6.7 £ 0.5 8.0+£1.1 81+1.1 0.688 0.518
Bulk density (g cm—2) 0.010 + 0.005 0.089 + 0.016 0.110 +£ 0.013 0.919 0.420
Loss on Ignition (%) 742+ 3.3 721 +£5.7 71.6+£4.2 0.098 0.907
pHwater 4.2 +£0.05 4.3 +0.16 4.6 £0.11 3.236 0.068
Al (mmol kg~") 121 + 81 132 +£ 28 189 + 34 1.298 0.302
Fe (mmol kg~") 209 + 156 349 + 233 134 + 22 0.451 0.645

in a muffle furnace (550°C, 5h). Soil pH was determined in a
soil suspension (25 ml deionized water and fresh soil equivalent
to 1g of dry soil) after shaking overnight and sedimentation
for 1h before measurement. Within 3 days, P extractions were
started using modifications of the Hedley sequential extraction
procedure (Hedley et al., 1982; Binkley et al., 2000; Lagerstrom
et al.,, 2009). Sequential extractions have been widely used to
characterize soil P availability in a continuum of increasingly
strong extractants under the assumption that the different
fractions also reflect differences in P availability (Cross and
Schlesinger, 1995). We used the following sequential extraction
steps in the Hedley fractionations. In step 1, resin-extractable
P was determined using an anion exchange membrane (Saggar
etal., 1990; 55164 2S, BDH Laboratory Supplies, Poole, England).
In steps 2-4, the following extractants were used sequentially;
0.5M NaHCO3, 0.2M NaOH, and 1.0 M HCL. Briefly, we used
fresh soil equivalent to 2.0 g dry mass that was added to a 250-
ml centrifuge bottle. In step 1, 180 ml deionized water and one
9 x 62 mm anion exchange membrane (hereafter called “resin”)
were added. The sample was shaken overnight (16h, 150 rpm),
and the following day, the resin strips were removed. The sample
was thereafter centrifuged (14,000g, 15 min, 14,000 rpm, 5°C)
after which the supernatant was discarded, and the remaining
soil was used in the following steps. The resin was transferred
to a bottle and eluted on a shaker (1h, 150 rpm) with 40 ml
NaCl. The eluate was immediately frozen and stored at —20°C
until further analysis. This resin-extractable P fraction is hereafter
referred to as “Resin P.” In the following extraction steps 2—
4, the soil remaining from each sequential extraction step was
combined with 180ml of extractant, shaken and centrifuged
as above, and the extractant from each step was removed and
stored at —20°C before the next step was started. After the
final extraction (step 4), the soil remaining was washed with
180 ml of deionized water and shaken for 1h, centrifuged, and
thereafter discarding the supernatant. The soil was oven-dried
(60°C, 3 days) and thereafter ground in a ball mill. A 100-mg
subsample was combined with 4 ml of concentrated nitric acid
(HNOs3) and 1 ml of hydrogen peroxide (H,0,) and digested in a
microwave (180°C, 30 min) (MarsXPress, CEM, Germany). This
constitutes the “Residual-P” fraction. The first two extraction
steps, which involved the resin and extraction with NaHCOs3
solution, were designed to extract labile inorganic and organic
P fractions. The third step, with NaOH extraction, is assumed
to presumably extract Al and Fe surface-bound P, as well as

partially stabilized organic P in soil OM. In the fourth step
(1.0M HCI), inorganic P in calcium phosphates, as well as
inorganic P occluded within Al and Fe oxides, was assumed
to be extracted (Cross and Schlesinger, 1995). The remaining
residue fraction extracted mainly recalcitrant P. Additionally,
acid-digestible Al and Fe were determined on a subset of the
soil using microwave digestion as above. We acknowledge that
the Hedley fractionation forms are “operationally defined” and
are limited in specifically defining different P forms (see, for
instance, Klotzbiicher et al., 2019) but still a useful approach in
comparative studies like ours to investigate the fate of native P
in managed systems as suggested in a review by Negassa and
Leinweber (2009).

Chemical Analyses

The plant material was ball-milled to a fine powder in a steel
cylinder, and total C and N was thereafter measured with an
Elemental analyzer (Flash EA 2000, Thermo Fisher Scientific,
Bremen, Germany) at a certified laboratory (Department
of Forest Ecology and Management, Swedish University of
Agricultural Sciences, Umed, Sweden). This laboratory also
determined total thallus P concentration after extraction in
8% H,SO4 using Kjeldahl digestion (G-189-97 Rev. 3 multitest
MT7) and thereafter analyzed on a spectrophotometer at 880 nm
(Auto Analyzer 3, Omniprocess, Thermo Fisher Scientific). The
solutions from the sequential soil extractions were analyzed for
molybdate-reactive P using a flow injection analyzer (FIAstarTM
5000 Analyzer, FOSS Analytical AB, Hoganids, Sweden). Total
P in the NaHCO3 and NaOH soil solutions and P, Al, and Fe
in the digests were determined by inductively-coupled plasma
optical-emission spectroscopy (ICP-OES; Varian Vista Ax Pro).
Molybdate-reactive P is henceforth abbreviated as “Pi” assuming
that the major fraction is PO4-P. Molybdate non-reactive P for
the NaHCO3 and NaOH fractions was calculated as the difference
between total P determined by ICP-OES and Pi. This fraction
is henceforth abbreviated “Po” assuming that the major fraction
is organically bound P. The ion-exchange resin capsules were
extracted after thawing using three aliquots of 10 ml 1.0 M KCl
per capsule (Gundale et al., 2008) and analyzed for NH4 (method
G-102-93 Rev. 5 multitest MT7), NO3 (method G-189-97 Rev. 3
multitest MT7), and PO4-P (method G-189-97 Rev. 3 multitest
MT7) and quantified on a spectrophotometer at 520 (NO3),
660 (NHy), and 880 (PO4) nm (Auto Analyzer 3, Omniprocess,
Thermo Fisher Scientific).
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Estimation of Summed Phosphorus Pools
The trees in the six plus six blocks, including the control plots
in the smaller sized blocks, but not in the larger, were examined
in more detail in autumn 2014 by measuring tree diameter at
breast height (DBH) of all trees and growth rates of sample trees
in all plots on the whole 0.1 ha area of the smaller plots and a
subsection of 0.1 ha of the larger (From et al., 2016). The DBH
data were used to estimate spruce needle biomass (x) for each
tree using Equation (1) (Marklund, 1988).

x = e’ (—1.9602 + 7.8171 x (DBH/(DBH + 12))) (1)

The needle biomass was summed for all trees on each 0.1-ha plot
area, calculating an average for each treatment with n = 12 for
N1 and N2 and n = 6 for control. Note that Equation (1) was
developed for unfertilized spruce in northern Scandinavia and
may have required adjustment for N-fertilized trees, as found
for Scots pine (Prietzel et al., 2008). However, we did not have
access to an adjusted equation for N-fertilized Norway spruce in
northern Sweden. Instead, we compared our biomass estimate
with data on the relative LAI on three of the blocks with smaller
plots from July 2014, presented in Figure S2. This comparison
did not reveal any significant differences between the treatments.

For estimation of the proportion of needle biomass in C and
C + 1 needles, we used the models developed by Flower-Ellis and
Mao-Sheng (1987) for northern Sweden and Muukkonen and
Lehtonen (2004) for southern Finland, with cohort longevities
being 14 and 10 years, respectively. Assuming a constant biomass
production of new needles during the last 10-15 years, the
proportions of C and C + 1 needles were estimated to be 11.3
and 11.0% in the former model and 17.4 and 17.0% in the latter,
respectively. For estimation of the total amount of P invested
in the needles, we assumed that all needle cohorts, except for
the current year, had the same P concentration as the C + 1
needles. The output from both models is presented in the Results;
a detailed inventory of cohort longevity has not been made in the
stand, but a random collection of branches had up to 10-14 years
of living needles (not shown).

Palmroth et al. (2019) developed equations to estimate V.
myrtillus biomass from pinpoint inventories (Strengbom et al.,
2002). A pinpoint inventory of C-leaves, C-shoots, and older
shoots was made in early July 2013 in all blocks of the larger
size, adding control areas as mentioned before, and biomasses
were calculated using these equations. The total amount of
P in leaves and shoots was then calculated by multiplying
these compartments’ P concentration with their respective
contribution to the biomass. The aboveground biomass of
D. flexuosa was taken from Gundale et al. (2014) and for
the feathermosses from Gundale et al. (2013). The amount
of P in the grass was calculated from its P concentration
multiplied by its biomass and similarly for the feathermosses.
For the litter, we used both biomass and P concentrations from
Maaroufi et al. (2017).

The amount of <4mm fraction in the humus soil, e.g,
in kg soil ha™!, was calculated from the dry weight of the
<4mm fraction and the total area sampled. The bulk density
was determined from the dry weight and the total soil volume

collected (Table 1). O-horizon soil P pools were then calculated
from soil P concentrations and the amount of dry soil per ha.

Statistics

The block effect was insignificant so statistical comparisons
between the three different treatments (Control, N1, and N2)
were analyzed with one-way ANOVA followed by Tukey post-
hoc test. The analyses were performed using the statistical
packages STATISTIX 7 (Analytical Software, Tallahasee, FL,
USA). Uncertainties are reported as standard errors of the
mean. Significant differences refer to the P < 0.05 level unless
otherwise stated.

RESULTS

Plant Responses

Overall, the tissue N concentration was significantly higher in
the N2 treatment compared to control independent of plant
species (Figure 1, Table 2). This was most pronounced in the two
mosses, H. splendens and P. schreberi; the concentrations were
about doubled in the N2 treatment. The grass D. flexuosa and the
herb M. bifolium also had a significantly higher N concentration
in N2 compared to control; 72 and 38%, respectively. The
differences in N concentrations were somewhat less in the
spruce needles, and the leaves and shoots of the two Vaccinium
shrubs (bilberry and lingonberry) between control and N2 ranged
between 10 and 26%, in average being 21% higher in N2. In
contrast, in the N1 treatment, there was no overall change
in tissue N concentrations. The only exception was the moss
P. schreberi with a significantly higher concentration in N1
compared to control (Figure 1, Table 2).

The tissue P concentrations ranged from 0.56 to 1.87 mg P
g~ ! in the control, and from 0.45 to 1.23 in N2, and tended to
be lower in all species and plant parts in the latter treatment
(Figure 1). For current-year shoots of bilberry, grass and herb
leaves, and the moss P. schreberi, this result was significant
(one-way ANOVA followed by Tukey multiple comparison).
For the remaining plant tissues, except for current-year bilberry
leaves, the decreases of P were at a p < 0.12 level (Table 2).
Concentrations for old shoots in bilberry are not shown in
Figure 1 but showed similar responses as for current-year shoots,
but with lower P concentrations (0.61, 0.53, and 0.41 mg P g~!
for the control, N1, and N2 treatments, respectively). The tissue
P concentrations were on average 25% lower in N2 compared to
control; the decrease ranged from 18 to 37% across the different
species. The grass and the herb were the only cases where P
was significantly lower also in the N1 treatment (Figure 1). For
most of the investigated species, the concentrations were close
to or below 1 mg P g~! in the N2 treatment. For the grass and
herbs, the concentrations were, however, above 1 mg P g~! in the
N2 treatment.

There was a clear and significantly higher NP ratio in all
species in the N2 treatment compared to control; from an average
NP ratio of about 10 in the control to about 20 in N2 (Figure 1).
The NP ratio in the N2 treatment ranged from 15 to 27, with the
highest value in the grass (Figure 1). The higher NP ratio in N2
was overall a combined effect of the higher N concentration and
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FIGURE 1 | Plant and moss nitrogen (N), phosphorus (P), and NP in response to N addition. Mean (+1 SE) N and P concentrations (mg g~'), and N:P ratios (w:w) for
spruce needles, leaves, shoots, and aboveground plant and moss tissues in the three treatments; control, 12.5kg N ha~" year—" (N1), and 50 (N2) kg N ha~" year~'.
Different letters denote significant differences at the p < 0.05 level (one-way ANOVA followed by Tukey’s multiple comparison of means), n = 6 except for the grass
which was absent from one of the six N2 treatments, and the herb which was absent from one of the six N1 treatments. C denotes current year leaves or needles, C
+ 1 or C + 2is leaves or needles from the preceding one or two vegetation periods.

leaves
C+1, C+2

D. flexuosa M. bifolium H. splendens P. schreberi

the lower P concentration in the investigated species (Figure 1).
In contrast, the N1 treatment did not result in any significant
change in plant NP ratio in any of the species (Figure 1).

All plants displayed a clear response to the accumulated
N dose, also expressed on the community (ecosystem) level
(Figure S3, Table S1). For P, the mean decrease in tissue P
concentration was 0.03 mg P g~! per 100 kg N ha~! added, while
for N, the mean tissue concentration increased with 0.51 mg N
g ! per 100 kg N ha~! added. The mean increase in NP ratio was
1.01 per 100 kg N ha~! added.

Soil O-Horizon Concentrations

O-horizon N concentrations were far higher in the N2 treatment
(Figure 2), with a 10-fold increase in resin capsule NH4-N and a
100-fold increase in resin capsule NO3-N compared to control,
while no effect was found for the N1 treatment. In contrast
to N, the resin capsules detected no effect of N level on PO4-
P (Figure 2). No treatment effects were found for molybdate-
reactive P, independent of extractant, e.g., resin Pi, NaHCO3 Pi,

NaOH Pi, and HCI Pi (Figure 3, Table S1). This was also the
case for NaHCOs3-extractable Po (Figure 3A). The molybdate
non-reactive P concentration (NaOH Po) was 2-fold higher in
the N2 treatment compared to control (Figure 3A). This was
also reflected in a significantly higher total P in N2, from about
900 mg P kg~! in the control to about 1,300 mg P mg P kg~!
in the N2 treatment, while no effects were found for the N1
treatment (Table S2). The average Al and Fe concentrations were
140 and 230 mmol kg~! and did not differ between treatments
(Table 1). We found a linear relationship between Al and NaOH
Po (r* = 0.70, p < 0.001; Figure S4) for the control and N1
treatments while three of the six N2 treatments deviated from this
relationship (Figure S4). No significant relationship was found
between NaOH Po and Fe or Al + Fe.

Aboveground Biomass and Phosphorus

Amounts in Plants and in the O-Horizon
Spruce needles comprised the largest aboveground pool of
photosynthetic tissue in the forest stand and was estimated to
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TABLE 2 | The F-values, degrees of freedom (df), and p-values from analysis of variance (ANOVA) comparing the N concentrations, P concentrations, and NP ratio
across the three treatments (0, 12.5, and 50 kg N ha~" year~") in the plant species and plant parts presented in Figure 1; n = 6 except for the absence of grass in one

N2 plot and the herb in one N1 plot.

Nitrogen Phosphorus NP ratio
Species df F p-value F p-value F p-value
P. abies
Needles C 2 6.64 0.009 3.59 0.053 7.93 0.006
Needles C + 1 2 3.67 0.051 2.44 0.121 5.08 0.021
V. myrtillus
Leaves C 2 5.20 0.019 1.97 0.174 5.44 0.017
Shoot C 2 4.60 0.028 3.59 0.053 9.36 0.002
Shoot older 2 7.38 0.006 2.99 0.081 7.19 0.007
V. vitis-idaea
Leaves C 2 3.62 0.052 2.84 0.090 16.58 <0.001
LeavesC+1,C+2 2 5.55 0.016 2.87 0.088 12.6 0.001
D. flexuosa 2 36.31 <0.001 6.94 0.008 23.42 <0.001
M. bifolium 2 14.2 <0.001 18.29 <0.001 34.62 <0.001
H. splendens 2 21.73 <0.001 2.56 0.111 9.58 0.002
P, schreberi 2 61.92 <0.001 4.74 0.025 20.15 <0.001
Bold values denote significant difference at the p < 0.05 level. C, current year.
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FIGURE 2 | Humus layer nitrogen (N) and phosphorus (P) ion concentrations. Relative humus layer (mean + 1 SE) ion concentrations of ammonium, nitrate, and
phosphate in ion exchange capsules from the three treatments (0, 12.5kg N ha~" year~', and 50kg N ha=" year~'; n = 6). Values presented on a per-capsule basis
after extraction in 30 ml KCI. Different letters denote significant differences at the p < 0.05 level (one-way ANOVA followed by Tukey’s multiple comparison of means).

be 12.7 and 12.2Mg ha™! in the control and N1 treatments,
respectively, being significantly higher in N2, 16.3Mg ha~!
(Table 3). The bilberry biomass was about 1Mg ha~! in all
treatments (Table 3). Previous studies have shown a significantly
lower moss biomass in both N1 and N2 compared to control
(Gundale et al., 2013); based on those observations, the summed
biomass of H. splendens and P. schreberi together amounted to
4.2, 3.3, and 2.0 Mg ha~! in control, N1, and N2, respectively
(Table 3). The grass had a higher biomass in N2 compared to
both N1 and N2 (Gundale et al., 2014), amounting to 44, 110,
and 152kg ha™! in control, N1, and N2, respectively (Table 3).
The P pool in the spruce needles was similar across treatments

ranging from 10.7 to 13.5kg ha~! with a minor difference
between the two estimation methods. The P uptake of current
year needles was also similar in the three treatments (Table 3),
albeit with absolute values being dependent on the adopted
model (see Methods for details). For bilberry, the estimate was 0.9
for control and 0.6kg P ha™! for N2, and for the feathermosses
5.1 and 1.7kg P ha™! in control and N2, respectively (Table 3).
In the O-horizon, the total P pool was about 40% higher in
the N2 treatment as compared to the control (Table S2). The
higher total humus P content was partly caused by an almost
2-fold higher NaOH Po content in the N2 as compared to the
control (Figure 3B).
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FIGURE 3 | Humus layer organic and inorganic phosphorus (P)
concentrations. (A) Mean humus soil (+1 SE) inorganic (P;) and organic (P,) P
concentration (mg P kg~') in different P fractions determined by Hedley P
fractionation in the three treatments (0, 12.5kg N ha~' year~', and 50kg N
ha="' year—'; n = 6) and (B) the contents of the P fractions expressed in kg P
ha~". Within each group of three histogram bars, different letters denote
significant differences at the p < 0.05 level (one-way ANOVA followed by
Tukey’s multiple comparison of means).

DISCUSSION

Overall, we found that the long-term addition of 12.5kg N ha~!
year™!, which simulates upper-level N deposition across the
boreal region, did not cause any detectable changes in NP ratio
or P concentration of the vegetation and neither in the N or
P concentrations of the O-horizon (Figures 1-3; Tables 2, 3).
Thus, an accumulated N deposition of 225kg N ha~! over c. 20
years had not lowered plant P concentrations or increased the
NP ratio, giving no support for our three hypotheses or any signs
of emerging P limitation. In contrast, and in agreement with our
first hypothesis, the higher accumulated N dose of 900 kg ha™!
in the 50kg N ha™! year™! treatment had doubled the total P
stock in the O-horizon (100 vs. 54 kg P ha~!), mainly explained
by an increase in organic P (Figure 3, Table S2). Further, and in
support of our second hypothesis, both the N concentration and
the NP ratio was consistently higher in the vegetation, and the P
concentration was lower in some species or plant parts, in the N2
treatment compared to control (Figure 1, Table 2). However, for
the O-horizon, we did not find any decrease in P forms assumed

easily plant available (Figure 3, Table S2) in this treatment, thus
not supporting our third hypothesis.

Effects of Nitrogen Additions on O-Horizon

Phosphorus
We hypothesized a higher O-horizon P pool in the N2
treatment based on previous findings of higher needle litter
P deposition (Maaroufi et al., 2016) and lower litter and O-
horizon decomposition rates (Maaroufi et al., 2015, 2017),
compared to control. Most of the P present in spruce needles are
presumably organically bound as phosphate monoesters and—
diesters (Koukola et al., 2006) and would thus contribute to an
accumulation of organic P. More recent research also suggests
that P mineralization can be driven by the decomposers’ need
for C (Spohn and Kuzyakov, 2013), so the overall lower rate
of decomposition in N2 may thus potentially contribute to an
accumulation of organic P, not only in the litter, but also in the O-
horizon. While the Hedley fractionation, that we used, does not
provide any detailed information on P species, a recent study by
Acksel et al. (2019) found a relatively good agreement between
NaHCO3 and NaOH extractable Po and organic O determined
with 3P Nuclear Magnetic Resonance (NMR) spectroscopy. The
here obtained proportions between inorganic and organic P also
agrees well with O-horizon soils in similar boreal forests in this
region of Sweden when 3'P NMR has been used: The proportion
of organic P relative to total NaOH extractable P using >'P NMR
was 76% (Vincent et al., 2012) and ranged from 53 to 85% in
the region (Vincent et al., 2012, 2013). A similar relationship was
found here (80 + 0.5%; mean =+ SE) between Po (NaHCO; +
NaOH extractable Po) and total extractable Pi and Po (resin +
NaHCO3; + NaOH extractable P). Other mechanisms, such as
accumulation of Al and/or Fe could potentially increase organic
P in the O-horizon (Giesler et al., 2002), but Al + Fe did not
differ between the treatments and does not seem as a likely
cause to our observations. Previous findings of increased total
C in the O-horizon, decreased respiration, and decreased litter
decomposition in the N2 treatment (Maaroufi et al., 2015, 2017)
further support our assumption that the increase in NaOH-
extractable Po reflects an increase in organic P, despite the
uncertainty in the absolute amounts with the method we used.
While the buildup of organic P supports our first hypothesis,
there was no reduction in P forms assumed to be more easily
available in the O-horizon, such as resin and HCO3-extractable
P (Figure 3, Table S2) (Cross and Schlesinger, 1995), or in the
resin capsules (Figure 1). These results are only indicative since
the fractions are “operationally defined” and plants are likely
to access different P forms. Still, the two independent methods
we used showed no change in P despite an assumed increased
demand in the N2 treatment. Notably, the resin capsules captured
the increase in inorganic N in the N2 treatment, suggesting
a surplus of N above plant and microbial demand while we
see no change in the resin capsule P between the treatments.
A previous attempt to understand ecosystem P responses to
chronic N addition predicted decreased pools of available P
after increased N-driven plant growth (Perring et al., 2008),
but this was apparently not reflected in the O-horizon here.
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TABLE 3 | Biomasses, P pools, and P fluxes of the major aboveground components in the three treatments.

Component Unit Treatment

Control N1 N2
P. abies
Needle biomass (Mg ha~") 12.7 12.2 16.3
P uptake current year needles (kg ha=" year—") 1.8(2.7) 1.6 (2.5) 1.7 (2.6)
P pool, all needles (kg ha™") 13.4 (13.5) 10.7 (11.0) 12.8(12.9)
Needle litter P flux (kg ha~" year™") 1.0 2.6 1.8
V. myrtillus
Aboveground biomass (Mg ha™") 1.1 1.0 1.0
P pool, aboveground biomass (kg ha™") 0.9 0.7 0.6
P, new tissues (kg ha~" year™") 0.5 0.3 0.3
Leaf litter P flux (kg ha=" year—") 0.1 0.3 0.2
Grass (D. flexuosa)
Aboveground biomass (kg ha™") 44 110 152
P pool, aboveground biomass (kg ha™") 0.1 0.1 0.2
P. schreberi and H. splendens
Aboveground biomass (Mg ha~") 4.2 3.3 2.0
P pool, mosses (kg ha=") 5.1 3.1 1.7
Moss litter P flux (kg ha=" year—") 1.1 0.7 0.2

P, abies data were calculated using the needle longevity and turnover model from Flower-Ellis and Mao-Sheng (1987) with values in parentheses using the model from Muukkonen and
Lehtonen (2004). See Methods for references to original data when not sampled for this study.

However, several other studies suggest that phosphatase activity
can be increased when N availability is increased (Marklein and
Houlton, 2012, and references therein), increasing mineralization
of organic P to more easily available forms. However, a recent
study by Forsmark (2020) at the same experimental site did not
find any difference in phosphatase activity between the different
treatments in the O-horizon.

Another source of P is the mineral soil; these soils are young
in a global perspective (Walker and Syers, 1976) and are thus
relatively unweathered. A rough estimate of the total P content
in the upper 0.5m of the mineral soil using total P estimates
from a nearby location (Nydnget; Melkerud et al,, 2000) and
the bulk density estimates for the mineral soil in Maaroufi et al.
(2015) gives a total P pool of about 2,300kg ha=! (bulk density
1.19g cm ™3, soil thickness 0.5m, and total P concentration
0.049 mg P g~ ! dry soil). Weathering is estimated to release about
0.06kg P ha™! year™! (regional data from the Swedish Forest
Soil Inventory; https://www.slu.se/en/markinventeringen). Trees
in association with mycorrhizal fungi may also directly affect the
release of P by biologically mediated weathering (Finlay et al.,
2020), and this is not accounted for in the above estimate. For
instance, the highest root tip density in a nearby podsol profile
was found in the O-horizon, and there was a marked increase of
root tips in the B-horizon (Rosling et al., 2003). These root tips
are largely colonized with ectomycorrhizal fungi, and many of
the fungal taxa found are restricted to the mineral soil (Rosling
et al., 2003). It remains unclear what their function is, but we
know that soil fungi can promote weathering release of P (Rosling
et al., 2007) and may thus benefit tree P uptake. Also, enzymatic
degradation of sorbed organic P is not necessarily restricted by
P sorption (Olsson et al., 2012), an important P form in the
mineral B-horizon (Wood et al., 1984). Altogether, at least trees

with their deeper rooting depths have access to a large source of
P in addition to the more biologically active O-horizon.

Spruce Tree Responses

Despite the similar access to easily available P in the O-horizon
in all the three treatments, the lower P concentration and higher
NP ratio of the last 2 years of spruce needle cohorts in the N2
treatment emphasize that the trees had not matched the higher N
concentration of the needles with more P to maintain a similar
NP ratio as the untreated trees (Figure 1). The spruce needle
biomass was calculated to be 30% higher in N2 compared to
control, while the estimated total P amount in the needle biomass
was similar in N2 and control due to the lower P concentration
in the former (Table 3). Since we do not have any P data for
the older needles and no detailed inventory of needle cohorts,
this estimate must, however, be regarded with some caution.
Nevertheless, if our estimate is correct, P assimilation on the
whole tree/stand level seems to be similar in the N2 and control
treatments. The additional P required to maintain a similar NP
ratio in N2 as in the control amounts to ~4kg P ha™! (i.e., a
ratio of c. 10, a higher P concentration to match the higher N,
and 30% more needle biomass). This is a relatively small amount
if we assume that plant-available P not only includes resin and
HCO3-extractable P which was about 14kg P ha™! in the O-
horizon (Table S2), but also the additional P in the mineral soil
as discussed above, although we lack information regarding the
ectomycorrhizal responses to the additional N.

The N concentration of the last two cohorts of spruce
needles in N2 was c. 13mg g~! (Figure 1), which is similar to
previous data from the experiment after fewer years of treatments
(Gundale et al., 2014). Maaroufi et al. (2016) found that spruce
needle litter had lower N concentration than living needles in
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the N2 treatment and concluded that the trees had resorbed
N prior to shedding. Litter was then collected every month
except during the snow-covered period to as far as possible
avoid leaching of N between felling and retrieval (Maaroufi
et al., 2016). However, litterfall in Norway spruce is distributed
uniformly over the year (Muukkonen and Lehtonen, 2004), so
some leaching of N may still have occurred during the winter.
While it might be expected that P would also be resorbed with
an increased demand, this is not indicated by available data.
Maaroufi et al. (2016) found that needle litter P concentrations
were not significantly different between the three treatments
and even higher in the N2 treatment (1.2mg g~!) compared
to the living needles in our study (0.9 mg g~!). However, given
that there was a large between-plot variation in the needle litter
P concentrations (Maaroufi et al., 2016), and that needle litter
mainly reflects cohorts older than 2-3 years (Muukkonen and
Lehtonen, 2004), more definite conclusions are difficult to make.
There are, however, no indications of any large differences in
P resorption from the needles prior to their shedding in the
different treatments.

Still, while the soil N data are consistent with the
observed differences in plant N concentration between the three
treatments, the available soil P cannot satisfactorily explain why
the plants showed signs of decreased P concentration in N2.
An alternative explanation may instead be that in these very N
limited forest ecosystems, plants are functionally better adapted
to conserve N, while mechanisms to match an extreme increase
in N availability are not met by increased P assimilation and/or
storage/resorption. While we cannot rule out that the forest
subjected to the N2 treatment in our experiment is moving
toward P-limited conditions, other limiting factors, such as
increased within needle, twig, or tree self-shading (Tarvainen
etal,, 2016) and/or faster aging of the fertilized trees (From et al.,
2016) may be equally important to explain why the trees have
gradually resumed control rates of growth over the last 10 years.
Hence, even if we add P in the N2 treatment, it is not clear if this
can override such limitations, albeit, this is yet to be tested.

Understory Responses

Bilberry is the dominating perennial shrub of the understory
in this forest stand, both in terms of biomass and gross C
assimilation (Table 3) (Gundale et al., 2014; Palmroth et al,,
2019). The higher NP ratio of all three compartments of bilberry
in the N2 treatment compared to control may indicate an
emerging P shortage or P limitation of this species. However, the
previously reported negative effects of the chronic N addition for
bilberry during the first 10-12 years, summarized in Nordin et al.
(2009), are no longer present, and yearly fluctuations in bilberry
leaf biomass between 2007 and 2013 follow the same trends in all
three treatments (Palmroth et al., 2019), suggesting no between-
treatment difference in growth limitations. In addition, bilberry
leaf litter had the same P concentration in all three treatments
(Maaroufi et al., 2016) and was similar to the P concentration
of the living leaves reported here, suggesting that P resorption
to overwintering organs was low or not present in any of the
three treatments.

The highest NP ratio of the understory plants was found in
D. flexuosa, also having a 30% lower P concentration in N2
compared to control (Figure 1, Table 2). The grass expanded
both in the NI and the N2 treatments during the initial
years of the experiment being a combined effect of parasitic
attacks to bilberry, increasing light availability for the grass,
and the increased availability of N per se (Nordin et al., 2009).
During recent years, the difference in grass biomass between
the treatments is still present, and there are no obvious signs of
decreased growth since, and as for bilberry, yearly fluctuations
in leaf biomass follow the same pattern in all three treatments
(Palmroth et al,, 2019). In general, there can be a large variation
in NP ratio both within and between plants (Giisewell, 2004).
For instance, in northern boreal forests, the same species of
understory plants can differ 4-fold in NP ratio in forest types
that we would still classify as typically N limited based on field
layer vegetation (Giesler et al., 2002). The variation in NP ratios
between different treatments for both the grass and the herb
in this study (Figure 1) may therefore fall within a range not
necessarily affecting their growth. So even if the increased NP
ratios indicate a shift toward P limitation, this was not expressed
as decreased growth. Moreover, photosynthetic capacities of the
grass and the two Vaccinium shrubs have not been negatively
affected by the N2 treatment (Palmroth et al, 2019), further
supporting the apparent absence of emerging P limitation of
the understory.

We sampled the two feathermosses, H. splendens and P.
schreberi, that dominated the bottom layer of the forest when the
experiment started and still do so in the control. While the former
decreased significantly both in the N1 and the N2 treatments
during the first 5-6 years of the experiment, the latter has similar
cover and growth rate in all three treatments (Nordin et al., 2005,
2009; Gundale et al.,, 2013). Similar to the understory plants,
the lower P concentration of P. schreberi in the N2 treatment
(Figure 1) thus does not seem to be growth limiting.

CONCLUSION

Following nearly two decades of N additions in the range of
atmospheric N deposition for Europe, we found no responses
indicating P limitation of tree or understory growth. However,
the more extreme N addition with a total load of nearly a ton
at the time of our study had increased plant NP ratios while
the trees’ P assimilation rate remained similar as in the control.
Despite the increased NP ratio of both understory and overstory,
signs of reduced growth were absent in the former and difficult to
interpret in the latter. The relaxation of the trees’ initial increased
growth in response to the additional N may equally well be
explained by increased competition for light and/or faster aging,
as discussed by From et al. (2016) and not by a shortage of P. We
therefore conclude that increases in NP ratio following increased
N availability may not be used as a sole indicator of emerging
P limitation of neither understory nor overstory vegetation. We
cannot explain why P assimilation rates were not increased in
the N2 treatment to match the increased assimilation of N, since
access to available P in the O-horizon appeared to be higher than
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demand. Additional P may further be provided from the mineral
soil, and trees may have access to more P than operationally
defined as labile (Richardson and Simpson, 2009). This result
is intriguing, raising the question to what extent these boreal
plants need or even can assimilate more P to match an increased
N uptake, and whether P limitation of growth may eventually
emerge. To elucidate this, further research would be needed and
should include P additions to part of the plots.

DATA AVAILABILITY STATEMENT

The datasets generated for this study are available on request to
the corresponding author.

AUTHOR CONTRIBUTIONS

KP, AN, and RG contributed to conceive the study, performed the
research, analyzed the data, and wrote the paper.

FUNDING

This project was part of a joint research program founded by
FORMAS (grant 2010-00067) between the Swedish University

REFERENCES

Acksel, A., Baumann, K., Hu, Y., and Leinweber, P. (2019). A look into
the past: tracing ancient sustainable manuring practices by thorough P
speciation of Northern European. Soil Syst. 3:72. doi: 10.3390/soilsystems30
40072

Ahmad-Ramli, M. F., Cornulier, T., and Johnson, D. (2013). Partitioning
of soil phosphorus regulates competition between Vaccinium vitis-
idaea and Deschampsia cespitosa. Ecol. Evol. 3, 4243-4252. doi: 10.1002/e
ce3.771

Akselsson, C., Westling, O., Alveteg, M., Thelin, G., Fransson, A.-M., and
Hellsten, S. (2008). The influence of N load and harvest intensity on
the risk of P limitation in Swedish forest soils. Sci. Total Environ. 404,
284-289. doi: 10.1016/j.scitotenv.2007.11.017

Binkley, D., Giardina, C., and Bashkin, M.A. (2000). Soil phosphorus
pools and supply wunder the influence of Eucaluptus saligna
and nitrogen-fixing Albizia facaltaria. For. Ecol. Manage. 128,
241-247. doi: 10.1016/S0378-1127(99)00138-3

Binkley, D., and Hogberg, P. (2016). Tamm review: Revisiting the influence of
nitrogen deposition on Swedish forests. For. Ecol. Manage. 368, 222-239.
doi: 10.1016/j.foreco.2016.02.035

Braun, S., Thomas, V. F. D, Quiring, R, and Fliickiger, W. (2010).
Does nitrogen deposition increase forest production? The role of
phosphorus. Environ. Pollut. 158, 2043-2052. doi: 10.1016/j.envpol.2009.
11.030

Clarholm, M., and Rosengren-Brink, U. (1995). Phosphorus and nitrogen
fertilization of a Norway spruce forest-effects on needle concentrations and acid
phosphatase activity in the humus layer. Plant Soil 175, 239-249.

Cross, A. F., and Schlesinger, W. H. (1995). A literature-review and
evaluation of the Hedley fractionation-applications to the biogeochemical
cycle of soil-phosphorus in natural ecosystems. Geoderma 64, 197-214.
doi: 10.1016/0016-7061(94)00023-4

Finlay, R. D., Mahmood, S., Rosenstock, N., Bolou-Bi, W. B., Kohler, S. J., Fahad, Z.,
etal. (2020). Reviews and syntheses: Biological weathering and its consequences
at different spatial levels—from nanoscale to global scale. Biogeosciences 17,
1507-1533. doi: 10.5194/bg-17-1507-2020

of Agricultural Sciences and Umea University on Sustainable
Management of Carbon and Nitrogen in Future Forests and
also funded by the Swedish Research Council (VR; 2019-03510)
to RG.

ACKNOWLEDGMENTS

The authors thank Ann Sehlstedt and Anneli Lundmark for
help in the field and the lab, Sari Palmroth and Nadia Maaroufi
for providing original data, and Dan Binkley for valuable
comments on a previous version of the manuscript. The authors
were grateful to the Unit for Field-based Forest Research,
the Swedish University of Agricultural Sciences, in Vindeln
for support in the field and for providing the tree database.
We also thank one of the reviewers for helpful comments
and suggestions for improvements of the previous version of
the manuscript.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/ftgc.2020.
00065/full#supplementary-material

Flower-Ellis, ].G.K., and Mao-Sheng, Y. (1987). Vertical and cohort life-tables for
needles of Norway spruce from northern Sweden. Sver. Lantbruksuniv. Inst.
Skogsekol. Skoglig Marklara Rapp. 57, 1-24.

Forsmark, B. (2020). Impact of nitrogen deposition on carbon stocks in coniferous
forest soils (Doctoral thesis), Sveriges lantbruksuniv., Acta Universitatis
Agriculturae Sueciae.

From, F., Lundmark, T., Morling, T., Pommerening, A., and Nordin, A.
(2016). Effects of simulated long-term N deposition on Picea abies and
Pinus sylvestris growth in boreal forest. Can. J. For. Res. 46, 1396-1403.
doi: 10.1139/¢jfr-2016-0201

Giesler, R., Petersson, T., and Hogberg, P. (2002). Phosphorus limitation in
boreal forests: effects of aluminum and iron accumulation in the humus layer.
Ecosystems 5, 300-314. doi: 10.1007/s10021-001-0073-5

Gundale, M., Sutherland, S., and DeLuca, T. H. (2008). Fire, native species, and soil
resource interactions influence the spatio-temporal invasion pattern of Bromus
tectorum. Ecography 31, 201-210. doi: 10.1111/j.0906-7590.2008.5303.x

Gundale, M.J., Bach, L.H., and Nordin, A. (2013). The impact of simulated
chronic nitrogen deposition on the biomass and N,-fixation activity
of two boreal feather moss-cyanobacteria associations. Biol Lett.
9:20130797. doi: 10.1098/rsbl.2013.0797

Gundale, M.J., From, F., Bach, L., and Nordin, A. (2014). Anthropogenic nitrogen
deposition in boreal forests has a minor impact on the global carbon cycle. Glob.
Change Biol. 20, 276-286. doi: 10.1111/gcb.12422

Gusewell, S. (2004). N:P plants:
functional significance. Tansley review. New Phytol. 164,
doi: 10.1111/.1469-8137.2004.01192.x

Hedley, M. J., Stewart, J. W. B., and Chauhan, B. S. (1982). Changes
in inorganic and organic phosphorus fractions induced by cultivation
practices and by laboratory incubation. Soil Sci. Soc. Am. ]. 46, 970-976.
doi: 10.2136/ss52j1982.03615995004600050017x

Hedwall, P. O., Bergh, J., and Brunet, J. (2017). Phosphorus and nitrogen co-
limitation of forest ground vegetation under elevated anthropogenic nitrogen
deposition. Oecologia 185, 317-326. doi: 10.1007/s00442-017-3945-x

Hogberg, P., Nasholm, T., Franklin, O., and Hégberg, M. (2017). Tamm review: on
the nature of the nitrogen limitation to plant growth in Fennoscandian boreal
forests. For. Ecol. Manage. 403, 161-185. doi: 10.1016/j.foreco.2017.04.045

variation and
243-266.

ratios in terrestrial

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

June 2020 | Volume 3 | Article 65


https://www.frontiersin.org/articles/10.3389/ffgc.2020.00065/full#supplementary-material
https://doi.org/10.3390/soilsystems3040072
https://doi.org/10.1002/ece3.771
https://doi.org/10.1016/j.scitotenv.2007.11.017
https://doi.org/10.1016/S0378-1127(99)00138-3
https://doi.org/10.1016/j.foreco.2016.02.035
https://doi.org/10.1016/j.envpol.2009.11.030
https://doi.org/10.1016/0016-7061(94)00023-4
https://doi.org/10.5194/bg-17-1507-2020
https://doi.org/10.1139/cjfr-2016-0201
https://doi.org/10.1007/s10021-001-0073-5
https://doi.org/10.1111/j.0906-7590.2008.5303.x
https://doi.org/10.1098/rsbl.2013.0797
https://doi.org/10.1111/gcb.12422
https://doi.org/10.1111/j.1469-8137.2004.01192.x
https://doi.org/10.2136/sssaj1982.03615995004600050017x
https://doi.org/10.1007/s00442-017-3945-x
https://doi.org/10.1016/j.foreco.2017.04.045
https://www.frontiersin.org/journals/forests-and-global-change
https://www.frontiersin.org
https://www.frontiersin.org/journals/forests-and-global-change#articles

Palmaqyist et al.

Nitrogen Deposition Effects on Plant Phosphorus

Jacobson, S., and Pettersson, F. (2001). Growth responses following nitrogen
and N-P-K-Mg additions to previously N fertilized Scots pine and Norway
spruce stands on mineral soils in Sweden. Can. J. Forest. Res. 31, 899-909.
doi: 10.1139/x01-020

Jonard, M., Fiirst, A., Verstraeten, A., Thimonier, A., Timmermann, V., Potocic,
N, etal. (2015). Tree mineral nutrition is deteriorating in Europé. Glob. Change
Biol. 21, 418-430. doi: 10.1111/gcb.12657

Klotzbiicher, A., Kaiser, K., Klotzbucher, T., Wolff, M., and Mikutta, R.
(2019). Testing mechanisms underlying the Hedley sequential phosphorus
extraction of soils. J. Plant Nutr. Soil Sci. 82, 570-577. doi: 10.1002/jpIn.201
800652

Koukola, O., Novak, F., Hrabal, R., and Vosétka, M. (2006). Saprotrophic fungi
transform organic phosphorus from spruce needle litter. Soil Biol. Biochem. 38,
12, 3372-3379. doi: 10.1016/j.s0ilbio.2006.05.007

Lagerstrom, A., Esberg, C., Wardle, D. A, and Giesler, R. (2009). Soil
phosphorus and microbial response to a long-term wildfire chronosequence
in northern Sweden. Biogeochemistry 95, 199-213. doi: 10.1007/s10533-009-
9331-y

Lang, F., Bauhus, J., Frossard, E., George, E. Kaiser, K., Kaupenjohann,
M., et al. (2016). Phosphorus in forest ecosystems: new insights from
an ecosystem nutrition perspective. J. Plant Nutr. Soil Sci. 179, 129-135.
doi: 10.1002/jpIn.201500541

Laudon, H., Taberman, I, Agren, A., Futter, M., Ottosson-Lofvenius, M.,
and Bishop, K. (2013). The Krycklan Catchment Study-a flagship
infrastructure for hydrology, biogeochemistry, and climate research in
the boreal landscape. Water Resour. Res. 49, 7154-7158. doi: 10.1002/wrcr.
20520

Li, Y., Niu, S., and Yu, G. (2016). Aggravated phosphorus limitation on biomass
production under increasing nitrogen loading: a meta-analysis. Glob. Change
Biol. 22, 934-943. doi: 10.1111/gcb.13125

Maaroufi, N. I, Nordin, A., Hasselquist, N. J., Bach, L. H., Palmqvist, K.,
and Gundale, M. J. (2015). Anthropogenic nitrogen deposition enhances
carbon sequestration in boreal soils. Glob. Change Biol. 21, 3169-3180.
doi: 10.1111/gcb.12904

Maaroufi, N. I, Nordin, A., Palmgqvist, K, and Gundale, M. J. (2016).
Chronic nitrogen deposition has the quantity
and quality of aboveground litter in a boreal forest. PLoS ONE
11:¢0162086. doi: 10.1371/journal.pone.0162086

Maaroufi, N. I, Nordin, A., Palmgqvist, K, and Gundale, M. J. (2017).
Nitrogen enrichment impacts on boreal litter decomposition are driven
by changes in soil microbiota rather than litter quality. Sci. Rep.
7:4083. doi: 10.1038/s41598-017-04523-w

Marklein, A. R., and Houlton, B. Z. (2012). Nitrogen inputs accelerate

a minor effect on

phosphorus  cycling rates across a wide variety of terrestrial
ecosystems. New Phytol. 193, 696-704. doi: 10.1111/j.1469-8137.2011.
03967.x

Marklund, L. G. (1988). Biomass functions for Scots pine, Norway spruce and
birch (Betula verrucosa B. pendula and B. pubescens) in Sweden. Rapport Inst.
Skogstaxer. Sveriges Lantbruksuniv. 73, 1-70.

Melkerud, P-A., Bain, D., Jongmans, A. G., and Kareinen, T. (2000). Chemical
and mineralogical properties of three podzol profiles developed on till, fine-
grained watersorted material and badly sorted outwash sand. Geoderma 94,
123-146.

Muukkonen, P., and Lehtonen, A. (2004). Needle and branch biomass turnover
rates of Norway spruce (Picea abies). Can. ]. Forest Res. 34, 2517-2527.
doi: 10.1139/X04-133

Negassa, W., and Leinweber, P. (2009). How does the Hedley sequential
phosphorus fractionation reflect impacts of land use and management
on soil phosphorus: a review. J. Plant Nutr. Soil Sci. 172, 305-325.
doi: 10.1002/jpIn.200800223

Nilsen, P., and Abrahamsen, G. (2003). Scots pine and Norway spruce stands
responses to annual N, P and Mg fertilization. For. Ecol. Manage. 174, 221-232.
doi: 10.1016/S0378-1127(02)00024-5

Nohrstedt, H. O. (2001). Response of coniferous forest ecosystems on mineral soils
to nutrient additions: a review of Swedish experiences. Scand. J. For. Res. 16,
555-573. doi: 10.1080/02827580152699385

Nordin, A., Strengbom, J., Forsum, A., and Ericson, L. (2009). Complex
biotic interactions drive long-term vegetation change in a nitrogen

enriched boreal forest. Ecosystems 12, 1204-1211. doi: 10.1007/s10021-009-
9287-8

Nordin, A., Strengbom, J., Witzell, J., Nisholm, T., and Ericson, L. (2005).
Nitrogen deposition and the biodiversity of boreal forests: implications
for the nitrogen critical load. Ambio 34, 20-24. doi: 10.1639/0044-
7447(2005)034[0020:NDATBO]2.0.CO;2

Olsson, R., Giesler, R., Loring, J. S., and Persson, P. (2012). Enzymatic hydrolysis
of organic phosphates adsorbed on mineral surfaces. Environ. Sci. Technol. 46,
285-291. doi: 10.1021/es2028422

Palmroth, S., Bach, L. H., Lindh, M., Kolari, P., Nordin, A., and Palmgqvist, K.
(2019). Nitrogen supply and other controls of carbon uptake of understory
vegetation in a boreal Picea abies forest. Agric. For. Meterol. 276:107620.
doi: 10.1016/j.agrformet.2019.107620

Pefiuelas, J., Sardans, J., Rivas-Ubach, A., and Janssens, A. I. (2012). The human-
induced imbalance between C, N and P in Earth’s life system. Glob. Change Biol.
18, 3-6. doi: 10.1111/j.1365-2486.2011.02568.x

Perring, M P., Hedin, L. O., Levin, S. A., and McGroddy, M., de Mazancourt,
C. (2008). Increased plant growth from nitrogen addition should conserve
phosphorus in terrestrial ecosystems. Proc. Natl. Acad. Sci. U.S.A. 105,
1971-1976. doi: 10.1073/pnas.0711618105

Pihl-Karlsson, G., Akselsson, C., Hellsten, S., Karlsson, P., and Malm, G. (2009).
Overvakning av luftféroreningar i norra Sverige—mdtningar och modellering.
Report B1851. Stockholm: IVL Swedish Environmental Research Institute.

Prietzel, J., Rehfuess, K. E., Stetter, U., and Pretzsch, H. (2008). Changes of soil
chemistry, stand nutrition, and stand growth at two Scots pine (Pinus sylvestris
L.) sites in Central Europe during 40 years after fertilization, liming, and
lupine introduction. Eur. J. For. Res. 127, 43-61. doi: 10.1007/s10342-007-
0181-7

Reich, P. B. Hungate, B. A, and Luo, Y. (2006). Carbon-nitrogen
interactions  in  terrestrial  ecosystems in  response to  rising
atmospheric carbon dioxide. Ann. Rev. Ecol. Evol. Syst. 17, 611-626.
doi: 10.1146/annurev.ecolsys.37.091305.110039

Richardson, A. E., and Simpson, R. J. (2009). Soil microorganisms mediating
phosphorus availability. Plant Phys. 156, 989-996. doi: 10.1104/pp.111.
175448

Rosling, A., Landeweert, R, Lindahl, B. D., Larsson, K.-H., Kuyper, T. W., Taylor,
A.F. S, et al. (2003). Vertical distribution of ectomycorrhizal fungal taxa in a
podzol soil profile. New Phytol. 159, 775-783. doi: 10.1046/j.1469-8137.2003.
00829.x

Rosling, A., Suttle, K. B., Johansson, E., Van Hees, P. A. W., and Banfield, J. F.
(2007). Phosphorous availability influences the dissolution of apatite by soil
fungi. Geobiology 5, 265-280. doi: 10.1111/j.1472-4669.2007.00107.x

Saggar, S., Hedley, M. J., and White, R. E. (1990). A simplified resin
membrane technique for extracting phosphorus from soils. Fertil. Res. 24,
173-180. doi: 10.1007/BF01073586

Soil Survey Staff (1992). Keys to Soil Taxonomy. 5th Edn. SMSS Technical
Monograph No. 19. Blacksburg, VA: Pocahontas Press.

Spohn, M., and Kuzyakov, Y. (2013). Phosphorus mineralization can be
driven by microbial need for carbon. Soil Biol. Biochem. 61, 69-75.
doi: 10.1016/j.s0ilbio.2013.02.013

Strengbom, J., Nordin, A., Nisholm, T., and Ericson, L. (2002). Parasitic fungus
mediates change in nitrogen-exposed boreal forest vegetation. J. Ecol. 90, 61-67.
doi: 10.1046/j.0022-0477.2001.00629.x

Tarvainen, L., Lutz, M., Rantfors, M., Nisholm, T., and Wallin, G. (2016).
Increased needle nitrogen contents did not improve shoot photosynthetic
performance of mature nitrogen-poor scots pine trees. Front. Plant Sci. 7:1041.
doi: 10.3389/fpls.2016.01051

Tessier, J. T., and Raynal, D. J. (2003).

Vernal nitrogen and

phosphorus  retention by forest understory vegetation and soil
microbes.  Plant  Soil 256, 443-453, doi:  10.1023/A:10261633
13038

Turner, B.L. (2008). Resource partitioning for soil phosphorus: a
hypothesis. . Ecol. 96, 698-702. doi: 10.1111/j.1365-2745.2008.01
384.x

Vincent, A. G., Schleucher, J., Grobner, G., Vestergren, J., Persson, P., Jansson,
M, et al. (2012). Changes in organic phosphorus composition in boreal forest
humus soils: the role of iron and aluminium. Biogeochemistry 108, 485-499.
doi: 10.1007/s10533-011-9612-0

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

June 2020 | Volume 3 | Article 65


https://doi.org/10.1139/x01-020
https://doi.org/10.1111/gcb.12657
https://doi.org/10.1002/jpln.201800652
https://doi.org/10.1016/j.soilbio.2006.05.007
https://doi.org/10.1007/s10533-009-9331-y
https://doi.org/10.1002/jpln.201500541
https://doi.org/10.1002/wrcr.20520
https://doi.org/10.1111/gcb.13125
https://doi.org/10.1111/gcb.12904
https://doi.org/10.1371/journal.pone.0162086
https://doi.org/10.1038/s41598-017-04523-w
https://doi.org/10.1111/j.1469-8137.2011.03967.x
https://doi.org/10.1139/X04-133
https://doi.org/10.1002/jpln.200800223
https://doi.org/10.1016/S0378-1127(02)00024-5
https://doi.org/10.1080/02827580152699385
https://doi.org/10.1007/s10021-009-9287-8
https://doi.org/10.1639/0044-7447(2005)034[0020:NDATBO]2.0.CO;2
https://doi.org/10.1021/es2028422
https://doi.org/10.1016/j.agrformet.2019.107620
https://doi.org/10.1111/j.1365-2486.2011.02568.x
https://doi.org/10.1073/pnas.0711618105
https://doi.org/10.1007/s10342-007-0181-7
https://doi.org/10.1146/annurev.ecolsys.37.091305.110039
https://doi.org/10.1104/pp.111.175448
https://doi.org/10.1046/j.1469-8137.2003.00829.x
https://doi.org/10.1111/j.1472-4669.2007.00107.x
https://doi.org/10.1007/BF01073586
https://doi.org/10.1016/j.soilbio.2013.02.013
https://doi.org/10.1046/j.0022-0477.2001.00629.x
https://doi.org/10.3389/fpls.2016.01051
https://doi.org/10.1023/A:1026163313038
https://doi.org/10.1111/j.1365-2745.2008.01384.x
https://doi.org/10.1007/s10533-011-9612-0
https://www.frontiersin.org/journals/forests-and-global-change
https://www.frontiersin.org
https://www.frontiersin.org/journals/forests-and-global-change#articles

Palmaqyist et al.

Nitrogen Deposition Effects on Plant Phosphorus

Vincent, A. G., Vestergren, J., Grébner, G., Persson, P., Schleucher, J., and
Giesler, R. (2013). Soil organic phosphorus transformations in a boreal forest
chronosequence. Plant Soil 367, 149-162. doi: 10.1007/s11104-013-1731-z

Walker, T. W., and Syers, J. K. (1976). The fate of phosphorus during pedogenesis.
Geoderma 15, 1-19. doi: 10.1016/0016-7061(76)90066-5

Wang, Y. P., Law, R. M., and Pak, B. (2010). A global model of carbon, nitrogen and
phosphorus cycles for the terrestrial biosphere. Biogeosciences 7, 2261-2282.
doi: 10.5194/bg-7-2261-2010

Wood, T., Bormann, F. H,, and Voigt, G. K. (1984). Phosphorus cycling in
a northern hardwood forest: biological and chemical control. Science 223,
341-393. doi: 10.1126/science.223.4634.391

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Palmgqvist, Nordin and Giesler. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

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

120

June 2020 | Volume 3 | Article 65


https://doi.org/10.1007/s11104-013-1731-z
https://doi.org/10.1016/0016-7061(76)90066-5
https://doi.org/10.5194/bg-7-2261-2010
https://doi.org/10.1126/science.223.4634.391
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/forests-and-global-change
https://www.frontiersin.org
https://www.frontiersin.org/journals/forests-and-global-change#articles

:' frontiers

in Forests and Global Change

ORIGINAL RESEARCH
published: 24 June 2020
doi: 10.3389/ffgc.2020.00077

OPEN ACCESS

Edited by:

Klaus Kaiser,

Martin Luther University
Halle-Wittenberg, Germany

Reviewed by:

Chao Wang,

Institute of Applied Ecology
(CAS), China

Nadia Maaroufi,

University of Bern, Switzerland

*Correspondence:
Beat Frey
beat.frey@wsl.ch

Specialty section:

This article was submitted to
Forest Soils,

a section of the journal
Frontiers in Forests and Global
Change

Received: 09 March 2020
Accepted: 22 May 2020
Published: 24 June 2020

Citation:

Frey B, Carnol M, Dharmarajah A,
Brunner | and Schleppi P (2020) Only
Minor Changes in the Soil Microbiome
of a Sub-alpine Forest After 20 Years
of Moderately Increased Nitrogen
Loads. Front. For. Glob. Change 3:77.
doi: 10.3389/ffgc.2020.00077

Check for
updates
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Soil appears to play a key role in the response of the forest ecosystems to N deposition.
Twenty years of experimental moderate N addition in a sub-alpine forest increased nitrate
leaching, but the soil immobilized most of the N input, gradually decreasing the C:N
ratio. Exchangeable and microbial N were only slightly affected, but denitrification and
N>O production were increased and soil respiration tended to be reduced while soail
microbial communities were remarkably resistant. It is assumed that these changes at
the process level are related to the soil microbiome, but soil microbial communities have
not been assessed so far at lower taxonomical resolution in this long-term experiment.
The aim of this study is to understand the underlying causes of the results obtained so
far by assessing how N treatment affects the soil microbiome at different soil depths. We
analyzed bacterial and fungal diversity and community structures using lllumina MiSeq
sequencing and quantified the responses of the N cycling communities to elevated
N loads by quantitative PCR. The microbial functions were assessed by respiration,
N mineralization, and potential nitrification. Bacterial and fungal a-diversity, observed
richness and Shannon diversity index, remained unchanged upon N addition. Multivariate
statistics showed shifts in the structures of fungal but not bacterial communities with
N load, while the changes were minor. Differences in the community compositions
associated with the N treatment were mainly observed at a lower taxonomical level.
We found several fungal OTUs in particular genera such as the ectomycorrhizal fungi
Hydnum, Piloderma, Amanita, and Tricholoma that decreased significantly with increased
N-loads. We conclude that long-term moderate N addition at this forest site did
not strongly affect the soil microbiome (which remained remarkably resistant) and
its functioning.

Keywords: forest ecosystems, nitrogen, ecosystem functioning, soil microbiome, lllumina MiSeq sequencing,
fungal communities, FUNGuild
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INTRODUCTION

As a result of human activities, forests are exposed to
unprecedented levels of N inputs (Bobbink et al., 2010; Schmitz
et al,, 2019). Biologically reactive N is mainly emitted by fossil
fuel combustion or intensification of agriculture, leading to
atmospheric deposition over all types of ecosystems even at
long distance from sources (Galloway et al., 2008; Simpson
et al., 2014). Because N is a key element in ecosystem processes
(Nadelhoffer et al., 1999; Galloway et al., 2004), the effects of
increased N loads on temperate forests have been intensively
studied over the last three decades (e.g., Dise and Wright, 1995;
Bredemeier et al., 1998; Emmett et al., 1998; Aber, 2002).

In temperate and boreal forests, reactive N inputs have been
shown to alter tree growth and understory biomass, sometimes
positively, sometimes negatively, depending on the N status,
and other site factors (Solberg et al., 2009; Thomas et al., 2010;
Gundale et al., 2014; Forstner et al., 2019a). N deposition can
further accelerate soil acidification and base cation loss (Carnol
etal., 1997; Hogberg et al., 2006; Forstner et al., 2019a), increase N
leaching (Carnol et al., 1997; Moldan and Wright, 2011; Schleppi
et al., 2017), favor forest nutritional imbalances (Mooshammer
et al., 2014; Zechmeister-Boltenstern et al., 2015; Forstner et al.,
2019b) and affect the cycling and storage of soil organic C
(Treseder, 2008; Janssens et al., 2010; Maaroufl et al., 2015).
N deposition can also accelerate microbial soil processes that
are part of the N cycle, such as nitrification and denitrification
(Gundersen et al., 2012). However, N deposition often reduces
the overall soil biological activity as measured by respiration
(Janssens et al., 2010; Zhang et al., 2019) or extracellular enzyme
activities (Saiya-Cork et al., 2002; Sinsabaugh et al, 2002;
DeForest et al., 2004). Frey et al. (2014) reported that organic
horizon SOC pools increased by 33 and 52% in hardwood and
pine stands, respectively, whereas in mineral horizons SOC pools
did not respond to 20 years of N addition treatment (50 kg ha~!
y~1). In two Norway spruce stands, Forstner et al. (20192) also
found an SOC increase in the organic layer, but compensated
by a decrease in the mineral soil. The main mechanisms behind
the observed increases in topsoil SOC appear to be higher litter
inputs to soil via stimulated tree productivity and a slower
decomposition of soil organic matter (SOM). There are, however,
contradictory reports on the effect of N deposition specifically
on the decomposition of less decomposable, recalcitrant SOM
(Janssens et al., 2010; Forstner et al., 2019a).

Earlier reports on soils from various forests revealed that N
addition reduces microbial biomass and activity (Bowden et al.,
2004; Frey et al., 2004; Wallenstein et al., 2006; Demoling et al.,
2008; Treseder, 2008). Shifts in fungal:bacterial (F:B) biomass
ratios (decrease in fungal biomass with little change in bacterial
biomass) indicate alterations in the composition of the microbial
community (Wallenstein et al., 2006). The decline in fungal
biomass was largely attributed to a decrease in ectomycorrhiza,
which form associations with trees, suggesting that fungi are
more sensitive to long-term N fertilization than bacteria. Most
previous research focused on soil bacterial communities in forests
(Shen et al., 2010; Turlapati et al., 2013), and we are aware of only
a few studies that examined changes in soil fungal community

composition following increased N loads (Boxman et al., 1998;
Allison et al., 2007; Edwards et al., 2011; Maaroufi et al., 2019).

Soil microorganisms, regulated by soil N availability, are
able to change the terrestrial C cycling by decomposition
and formation of soil organic matter (SOM) (Uroz et al,
2016; Baldrian, 2017; Llado et al., 2017). For example, organic
substrate with a high N content can be rapidly decomposed
by microorganisms at the initial stage, resulting in large
accumulation of microbial products and concomitant formation
of stable SOM. In contrast, for substrate with a low N content,
more C tends to be respired rather than stored as stable
SOM (Cotrufo et al., 2013). However, it remains unclear how
moderate N addition regulates soil microbial biomass and
community composition in forest ecosystems, which constrains
our understanding of soil C cycling in response to N deposition.
Fungi dominate in the decomposition of the SOM with a low
nutrient content, because their nutrient demand and metabolic
activity are low compared to bacteria (Mooshammer et al.,
2014; Zechmeister-Boltenstern et al., 2015; Zhou et al., 2017).
Consequently, N addition may decrease the F:B ratio. Meanwhile,
soil acidification induced by N addition is likely to increase the
F:B, because fungi are better adapted to environments with high
HT concentration than bacteria (Hogberg et al., 2006; Rousk
et al., 2010). However, the effect of N addition on soil microbial
biomass and community composition remains unclear and the
current fragmentary knowledge needs to be improved across
temperate forest ecosystems (Forstner et al., 2019b).

The effects of N deposition on forests largely depend upon soil
processes such as immobilization, mineralization, nitrification,
and denitrification. At the time scale of decades, soils tend to
accumulate most of the N inputs (Nadelhofter et al., 1999), which
is reflected in a gradually decreasing soil C:N ratio (Gundersen
et al, 1998; Morier et al, 2010; Moldan and Wright, 2011).
While these overall processes are well-understood and somehow
quantified, the effects on the forest soil microbiome in the
context of increased atmospheric N deposition remain very
poorly studied, even if microorganisms are the main actors in
nutrient cycling and are likely affected by N deposition. Shifts
in microbial community diversity and composition through
anthropogenic stressors (e.g., atmospheric N deposition) may
lead to unpredictable alterations in critical ecosystem processes.

The present study builds on an existing long-term (>20 years)
N addition field experiment where atmospheric N deposition
is artificially increased by adding small but recurrent amounts
of ammonium nitrate (NH4NO3) dissolved in water. This
experiment is carried out in the Alptal valley, central Switzerland,
and it simulates a moderately increased N deposition (Schleppi
et al., 2017). The site is stocked by old Norway spruce trees
and the soil type is a relatively nutrient-rich Gleysol. From the
previous results of this field study, the soil appears to play a
key role in the reaction of the ecosystem to N deposition. The
experimental N addition increased nitrate leaching, but, as in
the comparable studies mentioned above, the soil immobilized
most of the N input, progressively decreasing its C:N ratio
(Schleppi et al., 2004). Denitrification and production of N,O
were increased and soil respiration tended to be reduced (Mohn
et al., 2000; Krause et al., 2013). The abundance and biodiversity
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of Collembola (feeding mainly on microbes) decreased due to the
N treatment (Xu et al., 2009). All these effects are likely linked to
modifications of the forest soil microbiome. As one of the few of
this kind and duration worldwide, the experiment offers a unique
chance to study how N deposition affects microbial communities
in natural forest soils in the long term.

Here, we analyzed the soil microbiome in different soil
horizons. More specifically, we studied the effects of the
long-term N addition on (i) the soil microbial biomass (by
fumigation/extraction and as the abundance of bacterial and
fungal marker genes), (ii) the microbial diversity, and community
structure, and (iii) various aspects of ecosystem functions
such as respiration potential, N mineralization and nitrification
potential, fine root traits, together with quantifying key functions
of the microbiome to increased N loads by quantitative
polymerase chain reactions (qQPCR). Genes encoding for enzymes
catalyzing major processes during N fixation (nifH), nitrification
(bacterial amoA, archaeal amoA, nxrB), and denitrification (nirS,
nosZ) were targeted. We specificially asked: (1) Do long-term
N addition change the microbial communities?; (2) Are these
changes evident in different soil layers?; (3) Are community
structure shifts represented in altered microbial functions in
terms of C and N cycling processes. We hypothesized that
chronic N inputs to forest soils alter the soil microbiota
compared to soils subjected to ambient deposition only, whereas
fungal communities react more strongly than bacterial ones,
with symbiotrophs more sensitive than saprotrophs. We further
hypothesized that chronic but low N loads induce significant
changes in N cycling gene abundances, which might therefore
alter nutrient availability of the forest systems.

MATERIALS AND METHODS
Study Site

The present study was conducted in a subalpine Norway spruce
forest (Picea abies (L.) Karst.) of the Alptal valley, in Central
Switzerland (47°03 N, 8°43 E), at an elevation of 1,200 m a.s.l.
Beside Norway spruce, the tree layer features about 15% silver
fir (Abies alba Mill). In the herb layer, Vaccinium spp. (L.),
Carex spp. (L.), Petasites albus [(L.) Gaertn.], Caltha palustris (L.),
Knautia dipsacifolia [(Host) Kreutzer], Chaerophyllum hirsutum
(L.), and Lycopodium annotitum (L.) make up most of the
biomass. The climate is cool and wet, with a mean air temperature
of 6°C and a mean annual precipitation of 2,300 mm. Bulk
N deposition measured at the site is 12kg ha=! y~!, equally
partitioned between NHI and NOj. Throughfall N deposition
amounts to 17kg ha=! y~=! (Schleppi et al., 1998). According to
the scale of Mellert and Gottlein (2012) for foliar concentrations,
the nutrition of the Norway spruce can be considered as latent
deficient for N and P. For K, Ca, and Mg, concentrations are in
the normal range. The parent rock material of the site is Flysch,
composed of sedimentary conglomerates with clay-rich schists.
The slope is about 20% with a west aspect. Soils are very heavy
Gleysols. Because of the high clay content (on average 48%), they
have a high cation-exchange capacity but a low permeability. A
water table is present throughout the year, on average at a depth
of 23 cm (Krause et al., 2013). The pH of the mineral soil increases

with depth, from 4.6 to 5.9 on the mounds and from 5.4 to 6.9 in
the depressions. Net nitrification rates (measured for of the upper
15 cm) are either positive at some locations, negative at others (N
immobilization). The net overall rate is overall not significantly
different from zero (Hagedorn et al., 2001b). More details about
the experimental site were given previously (Schleppi et al., 2017).

Nitrogen Treatment

The N addition experiment at Alptal started in 1995. It combines
a paired-catchment design (Schleppi et al., 2017) with a replicated
plot design (Mohn et al, 2000; Hagedorn et al, 2001a; Xu
et al,, 2009; Krause et al., 2013). The ten 20-m? plots of this
latter design were sampled for this study. Each of five N-
treated plots was paired with a nearby control plot of similar
micro-topography and vegetation. Nitrogen was added to treated
plots by sprinkling of NH4NOj3 dissolved in rainwater (Schleppi
et al., 2017) during precipitation events. Hence, N addition
varied annually with local precipitation regime, amounting to
an average of 22kg N ha=! y=! (Schleppi et al., 2017). Control
plots received the same amount of unaltered rainwater. In winter,
automatic irrigation was replaced by the occasional application
of concentrated NH4NOj3 solution on top of the snowpack using
a backpack-sprayer.

Soil Sampling and Processing

We sampled soils in 2014 (September) and 2015 (June,
September). Three intact soil cores, 5cm in diameter and 25 cm
deep, were taken from each plot, placed on ice and transported
to the laboratory. Within 24h, each core was sectioned into
three soil horizons and these horizons were pooled over the
three cores from a single plot. From the top to the bottom of
the cores, these layers were on average 4.5 (A horizon), eight
(oxic B horizon), and nine (reduced B horizon) cm in thickness.
The litter layer (L) was separated. At the time of sampling
(September), before the main needle fall of the spuce trees and
before the decay of the annual plant species, there was few litter
(0.06 g cm™2 on average) on the ground. In this season, most of
the litter is almost decomposed and integrated in the A horizon.
For this reason, the L layer was not further considered in the
present study. This sampling scheme thus yielded a total of 30
samples (2 treatments x 3 horizons x 5 replicates). Samples
were homogenized by passing through a 2-mm sieve. Fine roots
(<2 mm) were removed from sieved soils using forceps. Aliquots
of field-moist soil were stored at 4°C up to 2 weeks for analysis
of microbial activities. Subsamples were stored at —18°C until
analysis of DNA. Gravimetric water content was determined
from subsamples dried to constant mass at 65°C. Soil C and N
concentrations were measured from milled soil material using
an elemental analyzer (Euro-EA, Hekatech GmbH, Germany)
coupled to a continuous flow isotope ratio mass spectrometer
(Delta-V Advanced IRMS, Thermo GmbH, Germany).

Fine-Roots Traits

After removing fine roots from soils, they were washed under
rinsing demineralized water and stored in plastic bags at 4°C up
to 2 weeks for analysis of fine-root traits. Firstly, the fine roots
were scanned using a scanner, and the scanned pictures were
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analyzed using the WinRHIZO software package (version 4.1c,
Regent Instruments Inc., Québec, Canada) for morphological
and architectural traits such as length, average diameter, and
number of tips. Then the fine roots were dried at 60°C for 3
days, weighed, and milled. Fine-root biomass was calculated per
soil volume to obtain comparable data. Specific root length (SRL;
m g~ !) was calculated by combining scanned data with biomass
data, and tip frequency (cm~!) was calculated from scanned data
(Brunner et al., 2019). Fine-root C and N concentrations were
measured from milled root material using an elemental analyzer-
continuous flow isotope ratio mass spectrometer (Euro-EA,
Hekatech GmbH, Germany, interfaced with a Delta-V Advanced
IRMS, Thermo GmbH, Germany).

Potential C Mineralization Rates and N

Processes and Microbial Biomass

Potential nitrification was determined using the shaken slurry
method (Hart et al., 1994). 10 g of field-moist, sieved soil were
shaken in 100 ml of a solution (pH 7.2) containing 1 mM POZ_
and 15 mM NH; at 22°C in the dark. These conditions ensured a
maximum NOj production rate with minimal N immobilization
and denitrification. Homogenized sub-samples (15ml of the
slurry) were taken at 2, 6, 23.5, 26, and 29h after the start of
the incubation. These sub-samples were filtered and stored at
—20°C until analysis. NO3 -N was determined colorimetrically
with a continuous flow analyzer (Auto-Analyzer 3, BranLuebbe,
Germany). Nitrification rates were calculated by linear regression
of NO3 -N concentrations over time.

Net nitrogen mineralization was measured through a 28-days
aerobic laboratory incubation of 15 g soil at constant temperature
(22°C) in the dark (Hart et al., 1994). At the beginning and at the
end of the incubation, inorganic N was extracted with a 1 M KCl
solution (1:5 w:v) (Allen, 1989) and analyzed as described above.
The mineralization rate was calculated from the net increase in
inorganic N (NH; -N and NOj3 -N) during the incubation period.

The respiration potential was measured according to
Robertson et al. (1999) as the CO, accumulation in the
headspace (250ml) of an amber bottle containing 20g fresh
soil, at 22°C in the dark after an overnight pre-incubation. Gas
samples (4ml) were taken at 0, 120, 150, and 180 min with
an airtight syringe and analyzed with an infrared gas analyzer
(EGM-4, PP Systems, UK). The respiration rate was estimated by
linear regression of these measurements against time.

Soil microbial biomass C and N (MBC, MBN) were
determined by the chloroform fumigation extraction method
(Vance et al., 1987). Fumigations were carried out for 3 days in
a vacuum desiccator with alcohol-free chloroform, followed by
0.5 M K;S0y4 extraction. Dissolved organic C was measured with
a Total Organic Carbon Analyzer (Labtoc, Pollution and Process
Monitoring Ltd, UK) and total N was measured colorimetrically
as described above. Soil MBC and MBN were calculated from the
difference of total extract between fumigated and unfumigated
samples, with a conversion factor of 0.45 for MBC (Jenkinson
etal.,, 2004) and 0.54 for MBN (Joergensen and Mueller, 1996).

Water-soluble C and N were extracted from 10g fresh
sieved (4 mm) soil, following Ghani et al. (2003). First, readily

soluble C and N (water soluble C and N) were extracted
at room temperature with 30 ml distilled water. After 30 min
agitation at 2Hz, the suspension was centrifuged for 10 min
(3,000 min~!) and the supernatant filtered at 0.45um (GN-6
Metricel, Pall Corporation, US). Total organic C was measured
with a Total Organic Carbon analyzer (Labtoc, Pollution and
Process Monitoring Ltd, UK). Total N, NO; N, and NH, -N
were measured colorimetrically as described above. Organic N
was calculated by subtracting NO3 -N and NH; -N from total N.
After this first extraction step, labile components of soil C were
extracted at 80°C (hot water extractable C and N). The centrifuge
tube with the remaining wet soil was weighted to calculate the
remaining water volume, and a further 60 ml distilled water was
added. Samples were shaken for 30 min to re-suspend the soil,
closed and placed in a pre-heated oven at 80°C for 16h. The
samples were then shaken again for 30 min, centrifuged, filtered,
and analyzed as explained above. As water soluble fractions
contains mineral N initially present in soils, water soluble C:N
ratios were calculated as water-soluble C divided by water-soluble
organic N. As initially present mineral N is mostly removed in the
first extraction step, and as NH in hot water extracts may result
from the hydrolysis of organic N (Gregorich et al., 2003), hot
water C:N ratios were calculated as hot-water-soluble C divided
by hot-water-soluble total N.

Soil DNA Extraction, MiSeq Sequencing,

and Bioinformatic Analyses
Total DNA was extracted from ~0.5g soil using the PowerSoil
DNA Isolation Kit (Qiagen). DNA was quantified using the high
sensitivity Qubit assay (Thermo Fisher Scientific). The V3-V4
region of the bacterial small-subunit (16S) rRNA gene and the
internal transcribed spacer region 2 (ITS2) of the eukaryotic
(fungal groups, some groups of protists, and green algae)
ribosomal operon were PCR amplified using primers previously
described by Frey et al. (2016). PCR amplification was performed
with 20 ng soil DNA and the HotStar Taq amplification kit
(Qiagen, Hilden, Germany) in a final volume of 50 pL per
samples (16S: 15 min at 95°C/30 cycles: 40 s at 94°C, 40 s at 58°C,
1 min at 72°C/10 min at 72°C; ITS-2: 15 min at 95°C/36 cycles:
40s at 94°C, 40s at 58°C, 1 min at 72°C/10 min at 72°C). PCRs
were run in triplicates, pooled, and purified using Agencourt
Ampure XP beads (Beckman Coulter). Bacterial and fungal
amplicon pools were sent to the Génome Québec Innovation
Center at McGill University (Montreal, Canada) for barcoding
using the Fluidigm Access Array technology and paired-end
sequencing on the Illumina MiSeq v3 platform (Illumina Inc.).
Raw sequences have been deposited in the NCBI Sequence Read
Archive under the BioProject accession number PRJNA595488.
Quality filtering, clustering into operational taxonomic
units (OTUs) and taxonomic assignments were performed as
previously described in Frey et al. (2016). In brief, a customized
pipeline largely based on UPARSE (Edgar, 2013; Edgar and
Flyvbjerg, 2015) implemented in USEARCH (v9.2; Edgar, 2010)
was used. Filtered reads were de-replicated and singleton reads
removed prior to clustering. Sequences were clustered into
OTUs at 97% sequence identity (Edgar, 2013). For taxonomic
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classification of the OTUs, corresponding centroid sequences
were queried against selected reference databases using the
naive Bayesian classifier (Wang et al.,, 2007) and a minimum
bootstrap support of 80%. Prokaryotic sequences were queried
against the SILVA database (v132; Quast et al., 2013). Eukaryotic
ITS2 sequences were first queried against a custom-made
ITS2 reference database retrieved from NCBI GenBank, and
sequences assigned to fungi were subsequently queried against
the fungal ITS database UNITE (v8.0; Abarenkov et al., 2010).
Prokaryotic centroid sequences identified as originating from
organelles (chloroplast, mitochondria), as well as eukaryotic
centroid sequences identified as originating from soil animals
(Metazoa), plants (Viridiplantae, except green algae), or of
unknown eukaryotic origin, were removed prior to data analysis.

Quantitative PCR of Bacterial and Fungal

Ribosomal Markers and Functional Genes
Relative abundances of the bacterial 16S rRNA genes, fungal
ITS, and various C- and N-cycling genes were determined as
previously by quantitative PCR as previously described (Frey
et al, 2011; Rime et al, 2016) using an ABI7500 Fast Real-
Time PCR system (Applied Biosystems). The same primers
(without barcodes) and cycling conditions as for the sequencing
approach were used for the 16S and ITS (Frossard et al., 2018).
For qPCR analyses 2.5 ng DNA in a total volume of 25 pl
containing 0.5 WM of each primer, 0.2 mg of BSA ml~!, and 12.5
pl of QuantiTect SYBR Green PCR master mix (Qiagen, Hirlen,
Germany) were used. Abundances of C- and N-cycling genes
were quantified using primers and thermocycling conditions
as reported in Table S1. Functional marker genes encoding
for enzymes catalyzing major processes during methanogenesis
(mcrA) nitrogen fixation (nifH), nitrification (bacterial amoA,
archaeal amoA, nxrB), and denitrification (nirS, nosZ) are
targeted. The specificity of the amplification products was
confirmed by melting-curve analysis, and the expected sizes of
the amplified fragments were checked in a 1.5% agarose gel
stained with ethidium bromide. Three standard curves per target
region (correlations > 0.997) were obtained using tenfold serial
dilutions (1071-1077 copies) of plasmids generated from cloned
targets (Frey etal.,, 2011). Data was converted to represent average
copy number of targets per jLg DNA.

Data Analysis
All statistical analyses were performed using R (v.3.6.0;
R Core Team, 2017). Variables were tested for normality
and homogeneity of variances using Shapiro-Wilk and
Levene’s tests, respectively. In case of non-normality and/or
heteroscedasticity, the data were transformed by either by taking
the natural logarithm or by using the Box-Cox family of power
transformations. We used analysis of variance (ANOVA) to
test for effects of N addition treatment, soil horizon, and their
interaction on univariate response variables. Post-hoc differences
between soil horizons were assessed with Tukey’s HSD tests,
and Dunnett’s tests were used to check for treatment effects
within horizons.

For analysis of bacterial and fungal a-diversities, observed
richness (number of OTUs) and Shannon diversity index

were estimated based on OTU abundance matrices rarefied
to the lowest number of sequences using the R package
phyloseq (v1.28.0; McMurdie and Holmes, 2013). To assess the
main and interactive effects of N treatment and soil horizon
on a-diversities a two-way ANOVA was performed. Pairwise
comparisons of significant effects were conducted using Tukey’s
HSD post-hoc tests.

Bray-Curtis dissimilarities were calculated based on square
root transformed relative abundances of OTUs (Hartmann
et al., 2017). The effects of N treatment, soil horizon,
and interactive effects on microbial community structures
(B-diversities) were assessed by conducting a permutational
ANOVA (PERMANOVA, number of permutations = 9,999) with
the function adonis implemented in the vegan package (v2.5.5;
Oksanen et al., 2017). Canonical analysis of principal coordinates
(CAP) ordinations of microbial community structures were
calculated using the ordinate function implemented in the R
package phyloseq.

Changes in the relative abundances of the most abundant
phyla (classes, orders) were assessed by conducting a two-way
analysis of variance (ANOVA). Differences were considered
significant at p < 0.05 unless mentioned otherwise. To identify
microbial genera that were significantly different between N
amended and control samples we first agglomerated OTUs to
the genus level, and generated subsets for each soil horizon.
Differential abundance analysis by applying a negative binomial
generalized linear model to the OTU count data using the
DESeq2 package (v.1.24.0; Love et al., 2014) was performed.
Genera were considered significantly different (Wald test)
between N-treated and control samples if the false discovery
rate (adjusted p-value) was < 0.05. Fungal functional guilds
were assigned within the six most abundant guilds, namely
ectomycorrhizal fungi, arbuscular mycorrhizal, endophyte,
undefined saprotrophs, animal pathogens, and plant pathogens,
using an open annotation tool (FUNGuild) according to Nguyen
et al. (2016). Only the guild assignment with “highly probable”
confidence rankings was accepted.

RESULTS

Soil and Biological Characteristics

Opverall, soil properties and processes showed only a small impact
of two decades of N addition. The total C and N concentrations
clearly declined with depth but were not significantly affected by
the treatment (Table 1). The N addition, however, significantly
decreased the soil C:N ratio by about two in all three layers.
Hot water extractable C and N (Figure 1) were also very similar
in the N-addition plots compared to the control plots, and
concentrations of both elements clearly decreased with depth.
C:N ratios in the extractable organic matter showed no effects
at all, except that the ratio was lower in the hot-water than in
the cold-water extract. Water soluble and hot water extractable
NH] was not significantly affected either, even if the cumulated
addition of NH}-N amounted to 220g m~2, which would
represent 250 mg g~ ! if it would be homogenously mixed into the
25 cm depth of the soil cores. There was a significant interaction
of N addition treatment and horizon on water soluble and hot
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TABLE 1 | Biotic and abiotic site characteristics of soil horizons (A, Bo, Br) in the control and N-added plots of the Alptal N addition experiment.

Control plots N-added plots ANOVA*
(mean + SE, n =5) (mean + SE,n =5) p-values
A* Bo Br A Bo Br Nitrogen Horizon Interaction
Microbial biomass
Microbial C [mg C g~ soil dw] 379+056 156+030 051+013 298+041 1.04+019 0.26+0.07 0.060 <0.001 0.68
Microbial N [i,g N g~ soil dw] 647 + 83 274 £ 55 75 +£25 588 + 77 161+ 34 20 £ 11 0.13 <0.001 0.84
Total biomass [jug DNA g~' 92 £ 10 69 £5 39+8 76 £3 56 +7 15+4 0.003 <0.001 0.65
soil dw]
Bacterial abundance* 23+1.2 20+09 8.4+04 28+0.6 2.4+09 1.9+1.0 0.38 0.41 0.93
[107 ng~" DNA]
Fungal abundancet 3.8+ 3.0 1.8+1.6 0.26+0.2 21+£07 29+22 0.4+0.3 0.86 0.31 0.72
[10* ng~" DNA]
Microbial activity
Respiration [j,g C g~' dw 199 + 39 63 + 16 19+4 175+ 32 56 + 11 19+5 0.56 <0.001 0.85
soilh™1]
N-mineralization [ug N g~' 28+0.8 097 +£0.28 0.17+0.03 3.02 +0.91 0.53 £ 0.1 0.05 + 0.02 0.78 <0.001 0.82
soil dw d=1]
Nitrification [ng N g~' 23+14 42+16 1.8+1.6 5.6 +34 22+08 0.2+0.2 0.94 0.25 0.27
soil dw h™]
Functional genes
merA [10% wg~' DNA] 39+16 76+16 75+1.4 59+1.0 10.0+24  19.0+£9.3 0.13 0.15 0.45
bamoA [10" ng~" DNA] 47.0+42.2 18+11.7 1.7+13 35.0+16.8 8.1+£6.4 1.0+0.4 0.62 0.12 0.95
aamoA [10° pg~' DNA] 0.2+ 0.1 29+15 1.5+06 11406 214141 3.0+18 0.51 0.24 0.65
nrxB [10° ug~" DNA] 11+05 78+1.7 7.7 +£20 49+14 10.0+ 21 9.1+09 0.06 0.001 0.73
nirS [107 ng~" DNA] 0.7+0.2 1.9+05 29407 1.4 +£05 23+06 57+24 0.16 0.02 0.52
nosZ [107 ng~' DNA] 22+05 3.1+06 28+0.8 26+08 29+05 33+0.2 0.63 0.52 0.79
nifH [10° ug~" DNA] 0.4+ 0.1 15+0.6 1.8+0.5 11+05 1.5+05 3.4+09 0.08 0.01 0.46
Fine root traits
Fine root biomass [g dm~2] 8.1+25 1.7+09 0.7+05 54+17 0.7+04 04+0.3 0.23 <0.001 0.67
Specific root length [m g=] 0.7+ 0.1 0.6+ 0.1 0.5+ 0.1 0.8+ 0.1 05+0.0 08+0.2 0.56 0.38 0.36
Mean diameter [mm] 0.7 +£0.0 0.7 £0.1 0.8 £0.1 0.7 £ 0.1 0.8+ 0.1 0.7+ 0.1 0.63 0.39 0.31
Tip frequency [cm=] 3.4+04 29+09 22409 40+03 3.1+ 0.1 2.9+ 0.1 0.29 0.13 0.88
Fine root C [%] 454+ 0.5 43.9+0.5 428+ 0.5 444 £0.9 444 +£0.3 443 +0.3 0.51 0.14 0.19
Fine root N [%] 1.0+ 0.0 1.0+ 0.1 0.9+0.1 1.2+£0.1 0.9+01 0.9+0.1 0.38 0.07 0.43
Fine root C:N ratio 455 +2.3 46.7 + 3.8 48.2 +4.3 39.1 £3.3 47.9 +£3.0 47.8 +3.0 0.51 0.18 0.47
Soil properties
pH (CaCly) 49+0.3 55+0.2 6.0+0.3 49+0.3 52+04 55+0.6 0.45 0.11 0.81
Total soil G [mg C g~ soil dw] 273+ 45 154 +£4.0 6.4+1.7 220+26 94+16 41+1.0 0.054 <0.001 0.71
Total soil N [mg N g~ soil dw] 1.5+0.2 09+0.2 0.4+ 0.1 1.4 £0.1 0.6 +0.1 0.3+ 0.1 0.25 <0.001 0.48
Soil C:N ratio 183 £ 1.1 16.1£1.5 16.1+£1.2 16.1 £ 0.5 149 £0.2 146+£1.4 0.023 <0.001 0.91

+Effects of N treatment, horizon and their interaction were assessed by analysis of variance (ANOVA); significant values are in bold letters.
#Soil horizons: A, A horizon, 4.5 cm thick; Bo, oxic B horizon, 8 cm thick; Br; reduced B horizon, 9 cm thick.

*Bacterial abundance, 16S rBNA gene copies.
*Fungal abundance, ITS2 gene copies.

water extractable NOj , with higher values under N inputs in the
A-horizon (p < 0.001). In lower layers, the tendency was even
opposite pointing to reducing conditions in lower layers.
Microbial biomass C and N (Table 1) decreased with depth (p
< 0.001) with a tendency of less (p = 0.062) microbial biomass
C in N-treated plots, resulting in a lower microbial C:N ratio in
the top soil layer (0-4.5 cm) with N addition (interaction N x
horizon: p = 0.007). Respiration and N mineralisation (Table 1)
strongly decreased with soil depth (p < 0.001). No effect of

the N treatment could be detected, neither if process rates were
expressed per soil dry mass nor per total or extractable C or N.
We also found no significant interactions between horizons and
N addition. Potential nitrification did not change with N addition
nor with soil depth (Table 1).

In contrast to microbial biomass C, DNA content was
significantly lower under N treatment (p = 0.003) and decreased
with soil depth (p < 0.001; Table1). Bacterial and fungal
abundance (16S and ITS copy numbers) as well as the seven
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FIGURE 1 | Extractable C and N concentrations in the horizons of the mineral soil in the control and N-addition plots. A first extraction was done with cold water and
a subsequent one with hot water. All results are from three cores per plot and given per dry soil mass as averages + standard error (n = 5; A, A horizon; Bo, oxic B

C- and N-cycling genes were not affected by the N addition
(Table 1, Figure 2). Similarly, we found that the abundance of
fungal biomass relative to bacterial (F:B ratio) did not change
with the addition of N. There was a tendency of higher nrxB (p =
0.06) and nifH (p = 0.08) genes in plots with N inputs. Three
functional genes (nrxB, nirS, and nifH) significantly increased
with soil depth (Table 1, Figure 2).

N addition had no effect on fine root traits of Norway spruce.
Fine root biomass, morphology (specific root length, tips, and
diameter) and root chemistry (C, N) did not respond significantly
to N addition (Table 1).

MICROBIAL DIVERSITY AND COMMUNITY
STRUCTURE

Since the results of the community analyses were similar
for the three sampling times (with no or only minor
changes in the soil microbiome), we decided to present only
the analyses from the last sampling (September 2015). The
overall microbial community analysis has been documented
in the Supplementary Results. Bacterial a-diversity indices in
control and N-added soils were unchanged (p = 0.9; Table 2,
Figure 3). Bacterial a-diversity was also similar between different
horizons under control and experimental N deposition (Table 2,
Table S2). In contrast, we found a significant decline (p = 0.05)

of fungal a-diversity indices (Richness and Shannon Index) with
soil depth (Table 2, Figure 3), while neither effects of treatment
(N addition) nor interactions (N x depth) on fungal a-diversity
indices were recorded (Table 2). Among the fungal populations
we found that animal pathogen (35%), ectomycorrhizal (30%),
saprotroph (12%), arbuscular mycorrhizal (10%), endophyte
(8%), and plant pathogen (2%) were the dominant functional
guilds with a “highly probable” classification (Nguyen et al.,
2016). Overall, there was a decrease of richness with N
addition with strongest (p < 0.001; data not shown) impact on
ectomycorrhizal, arbuscular mycorrhizal fungi, and endophytes
(Figure 4). PERMANOVA analysis revealed a weak (p =
0.06) but not significant difference in fungal 3-diversities with
N addition (Table2) as also shown by canonical analysis
of principal coordinates (CAP) based on the Bray-Curtis
dissimilarities (Figure5). In contrast, bacterial community
structures were not influenced by N addition and soil depth.

Changes in Relative Abundance of the
Most Dominant Phyla (Classes, Orders) in
Response to N

The relative abundance of bacterial phyla did not change between
the ambient and experimental N deposition. No bacterial phyla
and classes exhibited a significant change in relative abundance
with the N treatment. However, we found significant (p < 0.05)
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FIGURE 2 | DNA content and abundances of bacterial (16S), fungal (ITS2), and C- and N-cycling genes in the horizons of the mineral soil in the control and N-addition
plots (n = 5; A, A horizon; Bo, oxic B horizon; Br, reduced B horizon). Gene copies (as log10) were given per ug DNA.

TABLE 2 | Treatment (N addition) and spatial (horizon) effects on a-diversity (Richness and Shannon Index) and B-diversity (Bray-Curtis dissimilarities) in the Alptal N
addition experiment.

Bacteria Fungi
o-diversity* B-diversity o-diversity B-diversity
Richness Shannon Richness Shannon
Treatment 0.90 (0.13)" 0.90 (0.02) 0.41 (1.00) 0.28 (1.24) 0.27 (1.29) 0.06 (1.44)
Horizon 0.85 (0.16) 0.84 (0.18) 0.12 (1.42) 0.05 (3.36) 0.05 (3.52) 0.23(1.13)
Treatment x Horizon 0.32 (1.21) 0.33(1.15) 0.97 (0.56) 0.42 (0.90) 0.41 (0.939) 0.77 (0.87)

*Effects of main factors and their interactions assessed by analysis of variance (ANOVA).
*Values represent the p-values (F-ratio for each factor are given in brackets); significant values (p < 0.05) are in bold letters and values in italics represent p < 0.1.
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FIGURE 3 | Variation in Richness and Shannon index of bacterial (A) and fungal (B) communities in the horizons of the mineral soil in the control and N-addition plots

depth effects in the relative abundance of OTUs attributable to
Anaerolineae (Table 3). Within fungi, the phylum Basidiomycota
significantly decreased in relative abundance with N (Table 3).
The other fungal phyla did not exhibit significant changes with
the experimental N deposition treatment. A few fungal classes
and orders were affected by the experimental N deposition
treatment. Relative abundance of Agaricomycetes, Agaricales,
and Cantharellales decreased (p < 0.05) whereas the relative
abundance of Heliotales increased (p < 0.1) under experimental
N addition.

Differential Abundance of the Most
Dominant Genera in Response to N
Deposition

As bacterial and fungal phyla consist of various heterogeneous
groups, we also investigated the changes in the differential
abundance of the most common bacterial and fungal genera in
response to N treatment among the three soil horizons. Since
we did not find any taxa with significant (p < 0.05) log, fold
change in bacteria, we report on those that responded weakly
(p < 0.1) to N addition (Figure S1). The majority of genera that
had positive log, fold changes upon N treatment belonged to the
phylum Proteobacteria. Within this phylum, Rhodoblastus and

the sulfur-oxidizing genus Sulfurifustis exhibited the strongest
positive response to N (increase with N addition). In addition,
the methane-producing Methanocella and Methanolinea showed
higher positive log, fold changes, indicating anaerobic soil
conditions (Figure S1). The greatest negative log, fold change in
response to N addition was exhibited by genera of the phylum
Acidobacteria such as the acidophilic Granulicella and Acidipila.
Genera of the phylum Proteobacteria also decreased with N
deposition, with Rickettsiella and Inquilinus having overall the
greatest negative log, fold change (Figure S1).

Within the fungal kingdom, the majority of genera that
exhibited either positive or negative log, fold changes were
members of the phyla Ascomycota and Basidiomycota (Figure 6,
Figure S2). The genera Clavulina and Physisporinus had the
strongest positive responses to the N addition (Figure 6).
Clavulina is an ectomycorrhizal fungus (Basidiomycota)
with some saprophytic lifestyle and Physisporinus is a wood
saprotroph (Ascomycota). Interestingly, fungal entomopathogens
such as Metarhizium and Trichoderma (both Ascomycota)
showed negative log, fold changes upon treatment with N.
Genera belonging to Basidiomycota, such as the ectomycorrhizal
fungi Membranomyces, Thelephora, Hydnum, Piloderma, and
Amanita were found to decrease in N-treated samples (Figure 6,
Figure S2). Membranomyces had the largest negative log, fold
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FIGURE 4 | Patterns of a-diversity (Richness) of the different fungal guilds in the horizons of the mineral soil in the control and N-addition plots (n = 5; A, A horizon;
Bo, oxic B horizon; Br, reduced B horizon). Fungal functional guilds were analyzed by FUNGuild showing the six most abundant guilds. Only the guild assignment with
“highly probable” confidence rankings was accepted.

change followed by Thelephora. Ectomycorrhizal fungi showed
a mixed response with Thelephora declined significantly with N
fertilization, while Clavulina increased.

DISCUSSION

There are only a few long-term (20 years and more) N addition
experiments in forest ecosystems worldwide. They all have one
result in common: from an annual up to a decadal scale, added
N is mainly sequestered into the soil (Cheng et al., 2019). Higher
deposition rates therefore lead to an accumulation of N in the soil,

with potentially effects on soil organisms and the biochemical
processes that they drive. Such effects are not limited to the N
cycle, but also affect C and other elements.

Long-Term N Addition Effects on Soil

Processes

In the present study we did not find any significant effect of
the treatment or interaction thereof with the mineral soil layers.
Similarly, for soils from the same site, Forstner et al. (2019a)
also reported no significant differences in C mineralization rates
with N treatment. Some studies showed an increase in forest soil
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respiration as a result of N addition (Hasselquist et al., 2012;
Zhang et al., 2019), but in other reports there was no effect (e.g.,
Haynes and Gower, 1995; Bowden et al., 2000; Liu et al., 2017).
Based on 5 years measurements with static chambers, Krause
et al. (2013) found only a weak tendency of soil respiration rates
to be reduced by N addition. At our site, more C tended to
accumulate in the organic layer of N-addition plots, but C was
decreased in the mineral soil (Forstner et al.,, 2019a). At the
same time, the input of litter remained in the same range as for
control (Krause et al., 2013). This means that neither the soil C
pool nor its main fluxes in and out of the soil were significantly
affected by the N treatment. Therefore, despite theoretically large
potential effects, our results can only confirm that N deposition
effects in relation to the C balance of forest soils are minor
(Erisman et al., 2011).

At our site, in our results as well as in the previous study
of Schleppi et al. (2004), the C:N ratio of the mineral soil
significantly decreased as a result of the N addition. As shown
by Providoli et al. (2006) using 15NO3_ or 'NHJ, most of the
N from deposition entering the soil is rapidly immobilized and
bound to its organic matter. This explains why the extractable
inorganic N was not increased in the present study. Compared to
the control plots, we observed a clear increase of extractable NO3
in the A-horizon of the N addition plots. However, in relation to

the annual NO3 added, this represents only about one-tenth of
the total. Due to the high mobility of this ion, this measurement
can anyway only be considered as a snapshot. Together with the
extractable NH;, it indicates that only very little N as inorganic
N is present in the soils (i.e., very little in a form that is directly
available to plants and microbes).

Long-Term N Addition Effects on Root
Growth

Interestingly, no significant effects by long-term moderate N
addition on any of the fine root traits of Norway spruce
investigated have been observed, which is in accordance with
Carnol et al. (1999). This is in contrast to what could be
expected when N is added to an ecosystem (Ostonen et al,
2007; Li et al,, 2015). Li et al. (2015) observed in a meta-
analysis on simulated N deposition an overall significant increase
of the total root biomass, with the coarse roots increasing
and the fine roots decreasing significantly. In addition, they
observed a significant increase of the root N concentration.
However, a few fine-roots traits seemed not to be affected by N
addition, in particular fine root length and diameter (Li et al.,
2015). Ostonen et al. (2007) observed in their meta-analysis
a significant decrease of the specific root length, whereas Li
et al. (2015) did not observe any significant change of this
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TABLE 3 | Treatment (N addition) and spatial (horizon) effects on the relative
abundance of bacteria and fungi in the Alptal N addition experiment.

Variables Taxa Treatment  Horizon Treatment x
(F1/20)* (F2/20) Horizon (F2/29)
Bacteria Phylum
Acidobacteria 1.257 0.10 0.48
Actinobacteria 0.63 1.05 0.39
Bacteroidetes 0.81 1.42 0.64
Chloroflexi 0.90 1.61* (1) 0.58
Nitrospirae 1.72 1.32 0.60
Patescibacteria 1.05 1.04 0.71
Planctomycetes 1.00 1.29 0.52
Proteobacteria 0.85 1.75 0.65
Rokubacteria 0.65 2.46* (1) 1.14
Verrucomicrobia 1.26 1.32 0.48
Class
Alphaproteobacteria 0.80 1.64 0.37
Anaerolineae 0.96 1.74* (1) 0.61
Order
Anaerolineales 0.78 2.06* (1) 0.65
Rhizobiales 0.44 2.39 0.23
Fungi Phylum
Ascomycota 1.04 0.97 0.78
Basidiomycota 1.85** () 1.19 0.98
Mortierellomycota 0.63 1.74* () 1.00
Rozellomycota 1.10 0.63 1.50
Class
Agaricomycetes 1.83** () 1.19 0.98
Order
Agaricales 1.76* (|) 1.23 0.89
Heliotales 1.43 1.04 0.93
Cantharellales 2.12*%* () 1.00 1.07

Reported only the 10 most abundant bacterial and four most abundant fungal phyla and
lower taxonomic levels (classes and orders) when p < 0.1.

Significance levels: *p < 0.05, **p < 0.01.

! F-ratio tests (F) were conducted as main tests by analysis of variance (ANOVA) to assess
the significant effects of N addition, depth or their interaction. Values in bold highlight
significant effects.

*Degrees of freedom for each factor are given in brackets.

* Direction of changes in relative abundance with N or depth (from surface to lower depths);
increase (1) or decrease ().

parameter. In our study, despite the fact that we did not observe
any change of biomass or N concentrations in the fine roots,
needle dry weight as well as needle N concentration increased
significantly from the 4th year of the N addition (Krause
et al., 2012). This indicates that some additional N is indeed
available to tree roots but that it was transported to aboveground
tree compartments. The fact that none of the fine-root traits
significantly responded to the N addition is likely related to other
factors limiting root growth, especially the anoxic conditions
that prevail most of the time in the lower gleyic layers of the
soil. Combined with waterlogging, this can indeed strongly limit
root growth and, subsequently, the uptake of N (Fan et al,
2017).

Long-Term N Addition Effects on Soil

Microbial Communities

Soil microbial communities were remarkably resistant to
long-term N addition. Although there have been several
studies examining the effects of N deposition on microbial
communities across ecosystems (Treseder, 2008; Zhou et al,
2017), ours is one of the few that comprehensively describes
the long-term (>20 years) effects of moderate N addition
on bacterial and fungal diversity and community structures
in forest soils. Overall, the soil microbiome was relatively
resistant and responded only weakly to long-term moderate
N addition at our forest site. In the long-term soil microbial
communities seem to be very resilient to environmental change
or disturbance and adapt to new environmental conditions
(Hartmann et al., 2014; Frossard et al., 2018). Another reason
for the weak response of the soil microbiome might be
that the added N is easily available and soluble, so it can
either be washed out, or readily taken up by ectomycorrhizal
fungi and roots and transported to the aboveground parts
or readily immobilized in the soil (Schleppi et al, 2004;
Providoli et al., 2006). Since N is not a limiting factor for
the belowground communities here, more N cannot be truly
used for more growth (microbial biomass). Another factor
limiting the responses of N to the microbial communities
is certainly the low oxygen available at lower soil depths.
Because of their high clay content, Alptal soils feature anaerobic
microenvironments. At this forest site a water-impermeable soil
layer in the underground (gleyic soils) hinders to alleviate the
oxygen limitation. All these mentioned reasons explain why
we found no or only minor changes of the soil microbial
communities to the moderate long-term N addition at this
forest site.

The bacterial and fungal abundance remained unchanged,
which is in agreement with others (Peng et al., 2017; Forstner
et al, 2019b). Similarly, Hesse et al. (2015) found no change in
fungal biomass in a natural maple forest in USA treated with
N for 16 years. We assume that the lack of a significant effect
on microbial biomass is linked to the fact that the root biomass
was not affected and that the effects on C-exudate production
did not alter the size of the root-associated microbes. Similarly,
the abundance of C and N cycling genes were not affected by
N addition.

Fungal «-diversity (Richness and Shannon Index) also
remained unchanged, which is consistent with other studies with
long-term N addition experiments in forests (Freedman et al,,
2015; Hesse et al., 2015; Morrison et al., 2016). Morrison et al.
(2016) reported no effect on fungal diversity with the addition
of 50kg N ha~! yr~! but an increase of fungal richness with
higher N addition rates (150 kg N ha=! yr=!). A change of fungal
richness in response to N-fertilization was reported in 0-2cm
soil depth but not at lower soil depths (5 and 10 cm). Similarly,
Haas et al. (2018) showed an increase in fungal diversity with
nutrient addition (100 kg N ha~! y~1), indicating that the effects
on fungal diversity dependent on the amount of N added and soil
horizon. N addition may affect microbial communities mainly as
a nutrient rather than via soil acidification as suggested by Zhou
etal. (2017).
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Long-term N additions showed weak (p = 0.06) changes in the
structure of the fungal communities. This response was similar
across depths (treatment x depth, p = 0.77). It was observed that
elevated N deposition has either a significant influence (Eisenlord
et al,, 2013; Entwistle et al., 2013; Weber et al., 2013; Hesse et al.,
2015; Morrison et al., 2016; van der Linde et al., 2018) or no effect
(Freedman et al.,, 2015) on the fungal community composition. N
treatments effects were dependent on soil depth in another study
(Weber etal., 2013) and were most evident in very shallow surface
horizons. We also expected the strongest effects of N deposition
in the first (0-5 cm) soil layer according to the partitioning of N
deposition (Hagedorn et al., 2001a; Providoli et al., 2006) but here
in our study we did not find treatment x soil depth interactions
neither for bacteria nor fungi.

The observed change of fungal community composition with
elevated N deposition was mainly driven by a shift of relative
abundance of Basidiomycota and Ascomycota. Consistent with
previous studies that examined the response of soil fungal
community composition to N fertilization (Weber et al., 2013),

we recovered increased numbers of Ascomycota sequences and
decreased numbers of Basidiomycota sequences (i.e., Agaricales)
from N-treated soils in all depth intervals. Reduction in
Basidiomycota abundance may alleviate some of the competitive
pressures on Ascomycota for resources and thus explain the
contrasting changes observed in these phyla (Geisseler and
Scow, 2014; Farrer and Suding, 2016; Zhou et al., 2017). This
phylum-level composition shift was accompanied by changes on
lower taxonomical level that warrant further study. Differential
abundant taxa analysis indicated that fungal genera such as
the ectomycorrhizal fungi Hydnum, Piloderma, Amanita, and
Tricholoma showed decreased recovery of sequences in response
to N addition. Treseder (2004) and Li et al. (2015) as well
observed in their meta-analysis on simulated N deposition a
significant decrease of fungal colonization of roots. Because
simulated N deposition supplies directly plant-available N, plant
investment in ectomycorrhizal fungi may be minimal and result
in areduction of ectomycorrhizal mycelia growth and production
(Sims et al., 2007). A decline in the relative abundance of
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ectomycorrhizal fungi, in particular members of Amanitaceae,
Cortinariaceae, and Russulaceae following long-term N addition
has also been reported by others (Burke et al., 2006; Weber
et al., 2013; Morrison et al., 2016). However, ectomycorrhizal
responses have been shown to be taxon-specific with N
enrichment by disfavoring Cortinarius species and most Russula
species, while significantly enhancing the relative abundance
of Russula vinacea (Morrison et al., 2016). Here, nitrophilic
species included ectomycorrhizal as well as saprotrophic fungi.
In vparticular, Laccaria, Hygrophorus, and Pachyphlodes, a
truffle-like fungi belonging to the Pezizaceae, all known to
be ectomycorrhizal associates of trees, were favored by the
addition of N.

In contrast to fungi, bacteria were remarkably resistant and
did not show changes due to long-term N addition. While the
effects of N addition on the diversity of bacterial communities
are not always clear, including negative, positive or no effects,
changes in the composition across different ecosystems are the
rule (Ramirez et al., 2012; Leff et al., 2015; Haas et al., 2018).
Studies in mixed hardwood stands, loblolly pine plantations,
and boreal forest have all reported either no effect (Burke
et al.,, 2006) or an increase of bacterial richness and diversity
after long-term N-addition (Turlapati et al., 2013; Haas et al.,
2018). Twenty years of N-addition in a mixed hardwood stand
induced a significant increase in diversity as well as a change
in composition in both organic and mineral soils (Turlapati
et al, 2013). The increase in diversity was attributable to
changes in community structure with significantly higher relative
abundance of Acidobacteria, Chlamydiae, and Proteobacteria
with N addition. In contrast, in our experiment N addition
did not change bacterial community structure neither at the
phylum level nor at different soil depths after 20 years. Even at
lower taxonomic level (e.g., genus) we did not detect significant
(p < 0.05) responses of specific bacterial taxa to long-term
N addition.

Within deeper soil depths we found significant more bacterial
sequences from the class Anaerolineae of the phylum Chloroflexi,
independently on the N addition. Members of the phylum
Chloroflexi are slow growing heterotrophic bacteria, that are
ubiquitous in natural ecosystems, whereas Anaerolineae become
abundant at anaerobic conditions (Yamada and Sekiguchi, 2009;
Hartmann et al,, 2014). Because of their high clay content,
combined with the wet climate of the site, this obviously
favors the anoxic classes of Chloroflexi like Anaerolineae
(Vos et al, 2013). Moreover, the increased presence of the
methane-producing Methanocella and Methanolinea in the
gleyic soil layers points to prevailing anaerobic conditions
that strongly limits the root growth and most probably
the response of the soil microbes to long-term moderate
N addition.

CONCLUSIONS

From a functional approach, we conclude that long-term
moderate N addition at the Alptal forest site did not strongly

affect the soil microbiome and its functioning. Changes due
to the treatment were small compared to the heterogeneity of
the soil and to differences between soil horizons. The present
study including DNA analyses largely confirms the conclusion
that the soil microbiome is remarkably resistant to such a
chronic low-dose N treatment. We can see some shifts that
can be ascribed to the surplus of N that accumulates in the
soil, mainly in the composition of the fungal community.
Even if the soil microbiome appears to retain its functions
and trees are still taking advantage of the additional N to
build larger needles and increase their stem growth (Krause
et al, 2012), N continues to accumulate in the soil of the
treated plots. All the small changes seen so far could intensify
in the future and possibly lead to much stronger impacts in
a non-linear way. At (slowly decreasing) ambient deposition
rates, however, it seems that no negative consequences on the
soil microbiome and its function should be feared within the
next decades.
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Phosphorus (P) is an essential nutrient for plant growth, but soil P concentrations decline
with increasing soil age. Phosphorus often limits tree growth within the hypermaritime
Coastal Western Hemlock zone in British Columbia, Canada, particularly where parent
material with low P concentrations have experienced rapid weathering. To sustainably
manage forests in this region, more information is needed about changes in soil P
concentrations and dynamics that occur with time. This study characterized the forms
and abundance of soil and foliar P compounds using a soil chronosequence developed
on aeolian sand dunes on Calvert Island and compared results to chronosequences
in other locations. Eight time points were examined, from a modern foredune to a relict,
stabilized dune (~10,760 years old). Soil horizons were analyzed for bulk density, pH, and
concentrations of total carbon (C), nitrogen (N) and total P (TP), iron (Fe), and aluminum
(Al), total organic P (P,), and Mehlich-extractable P and cations. For each site, P forms
in L, H and organically-enriched mineral (M) horizons were characterized with solution
8TP nuclear magnetic resonance spectroscopy (P-NMR), as were foliar samples from
tree species spanning all age classes except the youngest dune. This chronosequence
followed the Walker and Syers (1976) model, with an exponential decline in TP mass
and a humped-shape curve in P, mass with increasing age. The L horizon had lower TP
concentrations than foliage samples, but similar P forms. The H horizons had a greater
proportion of DNA, phosphonates and nucleotides than the L horizon and increased
proportions of myo- and scyllo-inositol hexakisphosphate (IHP) with increasing age. The
mineral horizons had much lower TP concentrations than other horizons and increased
proportions of IHP and DNA with increasing age, which were correlated to increased
exchangeable and amorphous Al concentrations. In all sample types, the proportion of
orthophosphate declined with increasing age. These results enhance knowledge of P
cycling within hypermaritime soils, particularly the P decline that will occur with age.
This will aid in the sustainable management of the low-productivity forests typical of
these ecosystems.
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P Forms Sand Dune Chronosequence

INTRODUCTION

Phosphorus (P) is one of the most limiting nutrients to plant
growth worldwide along with nitrogen (N), and both are integral
to the productive functioning of ecosystems. Total P (TP) in
soil is divided into various chemical forms (compounds), which
vary in their bioavailability and cycling in soil. Molecules of
organic P (P,) contain carbon (C), while inorganic P (P;)
compounds do not (Condron et al, 2005; Pierzynski et al.,
2005). Inorganic P; compounds include phosphate (H,PO, or
HPOf in the pH range of most soils), and phosphates linked
together as pyrophosphate (with two phosphate groups) and
polyphosphate (more than two phosphates). Phosphate is the
only P form that plants and microbes can directly take from
the soil solution, and is the predominant P; compound in
most soils (Schachtman et al., 1998; Stevenson and Cole, 1999).
The main P, compounds can be divided into: orthophosphate
monoesters (herein referred to as monoesters), which have
one C group per phosphate and include sugar phosphates
(e.g., glucose 6-phosphate), mononucleotides such as adenosine
monophosphate, and storage compounds such as myo-inositol
hexakisphosphate (myo-IHP, phytate); orthophosphate diesters
with two C groups per phosphate (herein referred to as diesters),
which include phospholipids and DNA; and phosphonates with
a direct C-P bond.

The soil P cycle is controlled by five main pools of P:
(1) dissolved within the soil solution; (2) adsorbed to mineral
surfaces; (3) precipitated from the soil solution; (4) contained
within living microbial biomass; and (5) bound within non-
living organic matter (Stevenson and Cole, 1999). Both P; and P,
compounds are found in all of these pools (Condron et al., 2005;
Pierzynski et al., 2005), and P cycling in these pools is controlled
by geochemical and biological processes. The soil solution P pool
is most critical; P in this pool is directly available for sorption,
precipitation, biological uptake and incorporation into organic
matter. However, the soil solution P concentration is usually low
and soil P moves mainly by diffusion, unlike other nutrients,
thereby limiting availability (Schachtman et al., 1998; Stevenson
and Cole, 1999). In forests, P cycling is influenced by parent
material, plant species and successional stage, and the biological
P cycle is generally more dominant in the surface horizons, while
geochemical P cycling is more dominant in the mineral horizons
(Wood et al., 1984; Cade-Menun et al., 2000a; Lang et al., 2017).

The Walker and Syers (1976) model is the most widely-used
model of P change with soil age, and states that Ca-phosphates
(Ca-P) will be the first forms of P to be exploited because they
are generally the most abundant P forms in the parent material
and are more easily solubilized than other P forms. As soil ages
and phosphate becomes scarcer, P, and P sorbed to Fe and Al
(hydr)oxides will dominate, including Pi and P, forms that are
tightly sorbed and thus resistant to desorption (occluded P).
Therefore, to effectively manage forest soils it is necessary to
characterize and measure the concentrations of P, due to the
increasing dominance of P, with age, especially within P-limited
systems (Walker and Syers, 1976).

Declining P with increasing age has been widely documented
on soil chronosequences spanning many climates, parent

materials, disturbance histories and age ranges (Table 1).
Depending on the soil forming factors, chronosequences
may become depleted of P by different mechanisms. Sandy
chronosequences, such as Cooloola (Queensland, Australia),
Jurien Bay (Western Australia) and Cox Bay [British Columbia
(BC), Canada], generally have parent material with inherently
low P concentrations and become P depleted faster than soils
with greater initial P concentrations (Vitousek et al., 2010; Turner
et al., 2012; Chen et al.,, 2015; Turner and Laliberté, 2015).
The loss of P; and dissolved P, via weathering and subsequent
leaching is referred to as depletion-driven P limitation, which
generally takes millions of years but can occur faster with parent
materials with low P concentrations (Vitousek et al., 2010).
Other forms of P limitation may be caused by barriers to root
exploration or transactional P limitations caused by the slow
release of P from minerals compared to other nutrients (Vitousek
et al., 2010).

McDowell et al. (2007) proposed that within mineral horizons,
pyrophosphate, diesters (including DNA) and myo- and scyllo-
IHP would increase on aging chronosequences as shown on
Manawatu (North Island, New Zealand) and Reefton (South
Island, New Zealand) chronosequences (Table 1; Parfitt, 1979;
Shang et al., 1990; Celi and Barberis, 2005). Mineral soil on
the Franz Josef chronosequence (South Island, New Zealand)
was dominated by DNA that was correlated to OM, and myo-
and scyllo-IHP and other monoesters on the oldest site that
were sorbed to amorphous metals (Turner et al., 2007). Unlike
the mineral horizon, microbial P compounds dominated the
organic horizon on the Haast chronosequence (South Island,
New Zealand), illustrating the importance of microbial cycling
of P in the forest floor (Turner et al, 2014). The origins of
many soil P, forms are not fully understood; although plants are
known to be the source of some compounds such as myo-IHP,
other compounds such as scyllo-IHP have not been identified in
plant matter (Makarov et al., 2002; Condron et al., 2005; Turner
et al.,, 2007). Studies characterizing changes in foliar P forms
with soil age are limited, although they could be used to link
the forms of P found within the L horizon to the surrounding
plant species.

In addition to examining P pools with time, nutrient ratios
such as NP are frequently utilized in chronosequence studies to
indicate potential N or P limitation with age (Parfitt et al., 2005),
with Giisewell (2004) suggesting that an NP <10 was N-limited
and >20 was P-limited.

Across a range of chronosequences worldwide, these ratios
generally indicate a shift from N limitation on young sites, to co-
limitation by N and P on intermediate-aged sites and P limitation
on older sites (Vitousek et al., 1995; Richardson et al., 2004;
Parfitt et al., 2005; Izquierdo et al., 2013; Hayes et al., 2014). Over
time, foliar and organic soil horizon NP ratios may increase to a
plateau, like a reverse logistic regression (Richardson et al., 2004;
Hayes et al., 2014) or be hump-shaped (Vitousek et al., 1995;
Wardle et al., 2004).

Within the Coastal Western Hemlock (CWH) climatic
zone of coastal BC, Canada, very wet, hypermaritime variant
(CWHvh2; Figurel), low-productivity forests dominated
by western redcedar (Thuja plicata; Cw), western hemlock
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TABLE 1 | Chronosequences exhibiting phosphorus (P) decline with age, country, parent material, climate, initial and oldest ages, and the mechanism of P limitation.

Chronosequence Country Parent material Climate Initial age Oldest age Mechanism of P References
limitation
Arjeplog SWE Granite boulders, moraine Temp Bor For 100 6,000 Sink-driven (Wardle et al., 1997, 2004; Vitousek et al.,
2010)
Central Volcanic NZL Rhyolitic tephra overlying Temp Rain For 1,750 14,000 Not verified (Parfitt et al., 2005; Richardson et al.,
Plateau graywacke 2008)
Cooloola AUS Quartz grains Sub-trop Rain For 10 >600,000 Low-P PGM, (Thompson, 1981; Wardle et al., 2004;
Depletion-driven Vitousek et al., 2010)
Cox Bay CAN Sand grains from Temp Rain For 127 550 Not verified (Singleton and Lavkulich, 1987a,b)
greywacke, argillite
Franz Josef NZL Schist, gneiss Temp Rain For 22 120,000 Depletion-driven (Stevens and Walker, 1970; Richardson
et al., 2004; Wardle et al., 2004; Parfitt
et al., 2005; Turner et al., 2007, 2012)
Glacier Bay USA Sandstone, limestone with Temp Bor For 12 14,000 Soil barrier (Noble et al., 1984; Chapin et al., 1994;
igneous intrusion Wardle et al., 2004; Vitousek et al., 2010)
Haast NZL Schist, graywacke, argillite Temp Rain For 370 6,500 Low-P PGM (Eger et al., 2011; Turner et al., 2012,
Depletion-driven 2014)
Hawaiian USA Basalt Tephra Sub-trop Rain For 300 4,100,000 Depletion-driven (Crews et al., 1995; Vitousek and
Substrate Age Farrington, 1997; Wardle et al., 2004)
Gradient
Jurien Bay AUS Calcareous to aged quartz Med Shrub 100 >2,000,000 Low-P PGM (Laliberté et al., 2012, 2013; Turner and
sand Depletion-driven Laliberté, 2015)
Manawatu NzZL Sand from feldspars and Temp For 1 10,000 Not verified (Syers and Walker, 1969; Walker and
quartz Syers, 1976; McDowell et al., 2007)
Mendocino USA Graywacke, sandstone Med For 100,000 >500,000 Depletion-driven Low-P (Jenny et al., 1969; Merritts et al., 1991;
PGM Northup et al., 1998)
Reefton NZL Granite, graywacke Temp Rain For 1,000 130,000 Not verified (Walker and Syers, 1976; McDowell et al.,
2007)
San Francisco USA Volcanic scoria Semi-arid desert 1,000 3,000,000 Depletion driven (Selmants and Hart, 2008, 2010)
Volcanic Field Sink-driven
Waitutu NZL Mudstone, sandstone Temp Rain For 3,000 600,000 Depletion-driven and (Wardle et al., 2004; Parfitt et al., 2005)

soil barrier

Adapted from Nelson (2018).
Bor For, boreal forest; Med, Mediterranean; PGM, parent geological material; Rain For, rainforest; Shrub, shrubland; Sub-Trop, sub-tropical; Temp, temperate; Trop, tropical.
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FIGURE 1 | Map of study site on Calvert Island, BC, Canada. The map of Canada is from The Atlas of Canada, available at https://www.nrcan.gc.ca/maps-tools-
and- publications/maps/atlas-canada/10784. The maps showing more details of the sampling locations are from Nelson (2018), and were adapted from Neudorf et al.

(Tsuga heterophylla; Hw) and shore pine (Pinus contorta
var. contorta) account for 12% of the North Coast Timber
Supply Area or 235,000 ha (Banner et al, 2005). Due to the
increasing value of Cw and yellow cedar (Chamaecyparis
nootkatensis), these lower-productivity areas became of interest
economically for timber and fiber production, so a greater
ecological understanding was needed and the factors affecting
productivity were assessed (Banner et al., 2005). The CWH
zone in British Columbia, Canada, is characterized by a
temperate, hypermaritime climate. Podzolization is the key
process controlling soil development in this region, and
soils are characterized by the accumulation of amorphous
organic matter and/or the enrichment of Fe and Al in the
B horizon (Sanborn et al, 2011). Many soils in the CWH
zone have humic-cemented horizons (Bhc) known as ortstein
horizons and Fe-enriched cemented horizons (Bfc) known
as placic horizons (Banner et al., 1993; Green and Klinka,
1994), designated as Bhm and Bsm horizons, respectively,
in the World Reference Base (FAO, 2006). These cemented
horizons can impede water flow and can initiate paludification
(Ugolini and Mann, 1979; Sanborn et al., 2011; Turner et al.,
2012). In the CWH zone, P is often limiting due to rapid
weathering of parent material with low P concentrations

(Prescott et al., 1993; Kranabetter et al., 2013). Thus, soil P
cycling in the CWH zone is typically strongly influenced by
soil age.

Within the CWH zone in BC, Canada, researchers have
studied a short chronosequence in Cox Bay [> ~550 y
BP (years before present)] and longer chronosequences such
as the Naikoon chronosequence on Graham Island (~550-
6,500 y BP; Sanborn and Massicotte, 2010) and the Brooks
Peninsula chronosequence on Vancouver Island (> 8,000 y BP;
Maxwell, 1997). At Cox Bay, there was a sharp decline in Ca-P
within 371 years, associated with rapid podzolization (Singleton
and Lavkulich, 1987a,b). The Naikoon and Brooks Peninsula
chronosequences also exhibited rapid podzolization and the
development of placic horizons, but no in-depth chemical
analysis of P within these soils was conducted. The Calvert
Island chronosequence is the longest and best-constrained
chronosequence on the coast of BC (Neudorf et al., 2015) and
is the first study in the region to explore the relationship between
soil age a