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

Jérg Prietzel*

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 Koépfl (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 each1m 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 NH4;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

IHR, 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

C D
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Two P forms (inorganic+organic) Two P forms (inorganic+organic)
thoroughly mixed thoroughly mixed

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 NH4NOj3, resulting in an extra
input of 40 kg N ha~lyr~! in addition to atmospheric deposition
of about 20 kg N ha~!yr~!. Seven NH4NO3 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 HNOj3. 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
foliage (I-L) of Picea abies 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.

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 ITHP 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. [HP + 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 \" 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 3.1 129 018 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 2.9 236 129
IHP + Apatite 8 13.0 5.3 7.0 2.0 121 025 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 0.18 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  0.14 21.0 1.5 1.49 0.1 12.8 3.8 165 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 12.1 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 11 0.82 0.1 6.4 2.9 26 1 3.1 1.3
Picea abies + N

p = 0.099

Enrichmenthomogeneous 8  19.4 7.0 10.4 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 11 1.05 0.08 0.78 0.41 5.4 2.9 0.53 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 5.5 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 0.32

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.
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FIGURE 8 | 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 with elevated N deposition 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.

increasing tree age and rooted soil volume, larger-scaled soil P
heterogeneity patterns (1-10m) 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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FIGURE 9 | 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
Fagus sylvatica 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.

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 Goéttlein (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~ !).
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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