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Abstract: High N depositions of past decades brought changes to European forests including impacts
on forest soil nutrition status. However, the ecosystem responses to declining atmospheric N inputs or
moderate N depositions attracted only less attention so far. Our study investigated macronutrient (N,
S, Ca2+, Mg2+, K+) pools and fluxes at forest conversion sites over 80 years old in Central Germany
with European beech (so-called “Green Eyes” (GE)). The GE are embedded in large spruce and
pine stands (coniferous stands: CS) and all investigated forest stands were exposed to moderate
N deposition rates (6.8 ± 0.9 kg ha−1 yr−1) and acidic soil conditions (pHH2O < 4.7). Since the
understanding of forest soil chemical and macronutrient status is essential for the evaluation of
forest conversion approaches, we linked patterns in water-bound nutrient fluxes (2001–2018) and in
predicted macronutrient storage in the herbaceous and tree layer to patterns in litter fall (2016–2017)
and in forest floor and mineral soil macronutrient stocks at GE and CS assessed in 2018. Our results
exhibited 43% (Nt) and 21% (S) higher annual throughfall fluxes at CS than at GE. Seepage water
at 100 cm mineral soil depth (2001–2018) of CS is characterized by up to fivefold higher NO3

− (GE:
2 ± 0.7 µmolc L−1; CS: 9 ± 1.4 µmolc L−1) and sevenfold higher SO4

2− (GE: 492 ± 220 µmolc L−1;
CS: 3672 ± 2613 µmolc L−1) concentrations. High base cation (∑ Ca2+, Mg2+, K+) concentrations
in CS mineral soil seepage water (100 cm depth: 2224 ± 1297 µmolc L−1) show significant positive
correlations with SO4

2−. Tree uptake of base cations at GE is associated especially with a Ca2+

depletion from deeper mineral soil. Foliar litter fall turns out to be the main pathway for litter base
cation return to the topsoil at GE (>59%) and CS (>66%). The litter fall base cation return at GE
(59 ± 6 kg ha−1 yr−1) is almost twice as large as the base cation deposition (30 ± 5 kg ha−1 yr−1)
via throughfall and stemflow. At CS, base cation inputs to the topsoil via litter fall and depositions
are at the same magnitude (24 ± 4 kg ha−1 yr−1). Macronutrient turnover is higher at GE and
decomposition processes are hampered at CS maybe through higher N inputs. Due to its little
biomass and only small coverage, the herbaceous layer at GE and CS do not exert a strong influence
on macronutrient storage. Changes in soil base cation pools are tree species-, depth- and might be
time-dependent, with recently growing forest floor stocks. An ongoing mineral soil acidification
seems to be related to decreasing mineral soil base cation stocks (through NO3

− and especially SO4
2−

leaching as well as through tree uptake).

Keywords: nitrogen deposition; forest nutrient cycle; Fagus sylvatica; Picea abies; Pinus sylvestris; forest
ground vegetation; litter fall; forest floor; fractional annual losses
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1. Introduction

Large amounts of nitrogen (N) and sulfur (S) were emitted and deposited in Central
Europe, mainly due to fossil fuel power stations, industrial productivity, traffic, agriculture,
and livestock farming especially since the 1950s [1,2]. High N depositions caused various
changes in European forests including impacts on the tree productivity, on the tree resilience
against diseases [3,4], on the organic matter (OM) decomposition rate [5] and on the
diversity of the herbaceous layer [6]. The latter is known to fulfil important ecosystem
functions in macronutrient cycle regulation [7,8].

The deposition of acids, related to N and S emissions, and the deposition of protons
(H+) contributed to soil acidification [9] caused decreases in soil acid neutralizing capacity.
Over 80% of German forest sites—investigated between 2006–2008—were characterized
by an acidic pH < 6.2 in mineral soil (0–90 cm depth) [10]. Those forest soils are less
resilient against additional acid inputs and are at a greater risk to macronutrient losses.
Nitrate (NO3

−) and sulphate (SO4
2−) anions influenced the mineral soil cation exchange

complex [11] by their neutralization through counter ions like calcium (Ca2+), magnesium
(Mg2+) or potassium (K+). As expressed by a pronounced NO3

− leaching with soil solution,
a high N deposition has also caused a N saturation of European forest sites [12]. In this
context, the process of mineral soil base cation depletion was regional strengthened by
losses as counter ions [13] due to N leaching via seepage water [14].

For Central Europe, joint monitoring programs (e.g., EMEP: Co-operative Programme
for Monitoring and Evaluation of the Long-range Transmission of Air Pollutants in Europe
or ICP Forests: International Co-operative Programme on Assessment and Monitoring of
Air Pollution Effects on Forests) have impressively demonstrate the drastic decrease in SO2
emissions (and to a lesser extend NOx and NHx) between 1990 and 2018 (Figure 1; SO2
decreased by almost 95%, NO2 by 58% and NH3 by 16%) due to international conventions
and stringent air pollution regulations [15]. Nevertheless, the trend of NH3 deposition in
bulk precipitation is stagnating over the last decade in Central Europe and the cumulative
fluxes of N compounds in throughfall (TF) are often at a moderate (7–13 kg N ha−1 yr−1)
or even high (20–40 kg N ha−1 yr−1) level [3,16]. Critical loads for forest ecosystem
eutrophication and acidification [17] are reached or exceeded nearly at 65% of the area
of European ecosystems in 2018 [15] and high exceedances at forest sites were found in
Western Europe and Germany [18].
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Although S depositions decreased strongly over the last decades, even today their
legacies are found accumulated in the mineral soil as SO4

2−, predominantly specific
adsorbed to iron (Fe) and aluminum (Al) sesquioxides [19]. The desorption and the release
of SO4

2− into soil solution is held responsible for mineral soil base cation leaching losses
with seepage water [10,20–22], which might decrease pH at deeper mineral soil layers and
delay a recovery from formerly induced soil acidification through air pollutants, especially
of acidic soils [23].

Tree species differ in their throughfall and consequently in their seepage flux at similar
site conditions [24]. Coniferous forests are characterized by higher throughfall N and S
fluxes, leading to on average 12 times higher NO3

− and 1.6 times higher SO4
2− leaching

of macronutrients from mineral soil [25,26]. Trees link the below- and aboveground areas
of an ecosystem by their water, macronutrient, and biomass cycling [27]. A characteristic
usually of deciduous tree species like European beech (Fagus sylvatica L.) is the so-called
“base pump effect” [28], expressed in the root uptake of Ca2+, Mg2+ or K+ from mineral
soil, their storage in tree biomass and their partially return to the forest floor by a base
cation-rich litter fall. The base cation sequestration into the tree biomass is associated with
a mineral soil acidification (“bio-acidification”) [29,30] as long as the assimilated cations
are not released to the upper soil horizons by litter degradation [11,31]. Contrarily, the
annual litter fall at deciduous stands contributes to higher forest floor pH values [32] and
an enhanced organic matter turnover compared to coniferous reference stands [32–35]. As
observed for German and Austrian forest stands, a recovery from acidification appears
depth-depended, with increasing pH in the forest floor and upper soil horizons [10,20],
whereas the deeper mineral soil remains acidified [20,36]. For Switzerland [37] no signs of
a recovery resulting from decreasing acid depositions in mineral forest soils were found,
whereas the trend on the European scale is non-uniform and appears to depend on the
base saturation stage of investigated soil profiles [38]. In Central Europe, the conversion
of Norway spruce (Picea abies L.) and Scots pine (Pinus sylvestris L.) forests into mixed
forests is one primary aim of a sustainable forestry [39] and is assumed to mitigate the
atmospheric input of eutrophying and potentially acidifying compounds to forest soils [26].
A major goal is the avoidance of unstable and disturbance-prone forest ecosystems with a
decreasing forest vitality [4,12] under a changing climate with higher risks to drought and
storm events in Central Europe [40,41]. Related aims for a forest conversion, for example
with European beech, are numerous and include the improvement of soil functionality as
expressed by the soil chemical and macronutrient status [42].

In the early 20th century, small groups (<1000 m2) of European beech were planted,
within Norway spruce- and Scots pine-stands (CS), across Central Germany to mitigate
soil acidity stress (e.g., H+ and Al toxicity or Mg2+ deficiency) under pure coniferous
stands [43] and to improve decomposition processes in the respective forest floors [36,44].
The beech plantings were called “Grüne Augen” in German, hereinafter “Green Eyes” (GE).
GE, established on former forested coniferous areas, offer the rare possibility of examining
long-term forest conversion effects on soil functionality and associated ground vegetation
communities without the influence of other soil-forming factors [36]. Since the understand-
ing of forest soil chemical and macronutrient status is essential for the evaluation of forest
conversion approaches, our study investigated important macronutrient pools and fluxes
after about > 80 years of stand development at GE and CS.

The aim of our study was to compare input and output fluxes of N, S, Ca2+, Mg2+,
and K+ as well as the macronutrient stocks in forest floor and mineral soil at GE and CS,
both subjected to moderate N depositions and decreasing mineral soil pH under acidic soil
conditions. A further aim of this study was to identify the driving factors, internal (e.g.,
tree uptake) and external (e.g., air pollutant depositions), that are currently causing soil
acidification. We investigated whether coniferous and deciduous forest stands differ in the
explanatory processes and which factors favor or delay a soil recovery from acidification
under declining atmospheric deposition of acidifying air pollutants.
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2. Materials and Methods
2.1. Study Area

The study area (Figure 2, Table 1) is located in Eastern Thuringia (Thuringian Holzland,
Central Germany) and the geological bedrock consists of quartz-rich lithologies [45] of the
Triassic and Quaternary, which mainly comprises sandstones and silt-mud-stones (East
Thuringian Buntsandstein Territory) [46]. Detailed site descriptions and pictures of the
study sites are given in a previous study [36].
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Figure 2. Location of the study area “Hummelshain” in Eastern Thuringia in Central Germany with
the locations of the different exploration sites (red points, GE-CS pairs, 1–6) and the monitoring site
(blue point, GE/CS ICP). GE: Groups of European beech within stands of Norway spruce and Scots
pine (CS).

Table 1. Basic characteristics of investigated sites in Thuringia, Germany. GE: Groups of European beech within stands of
Norway spruce and Scots pine (CS).

Plot
Coordinates 1 Elevation Soil Type Sand Silt Clay

E N (m a.s.l.) (WRB, 2015) (%) (%) (%)

GE 1 686,527 5,626,891 366 Dystric Planosol 4.0 83.1 12.9
CS 1 686,527 5,626,928 376 Dystric Planosol 9.1 79.6 11.3
GE 2 686,024 5,628,393 354 Dystric Planosol 18.1 69.3 12.3
CS 2 686,065 5,628,396 373 Dystric Planosol 15.4 72.3 12.4
GE 3 685,802 5,630,469 314 Stagnic Luvisol 7.9 80.3 11.8
CS 3 685,786 5,630,500 317 Stagnic Luvisol 8.1 79.3 12.6
GE 4 689,106 5,633,858 292 Stagnic Luvisol 15.3 74.0 10.7
CS 4 689,148 5,633,868 290 Stagnic Luvisol 8.8 79.0 12.2
GE 5 690,496 5,627,993 352 Haplic Podzol 48.3 42.2 9.5
CS 5 690,478 5,627,970 360 Haplic Podzol 50.7 39.7 9.6
GE 6 681,550 5,626,745 300 Podzol 55.1 37.2 7.6
CS 6 681,543 5,626,727 291 Haplic Podzol 48.4 42.4 9.2

GE ICP 2 687,590 5,630,348 376 Dystric Planosol 64.9 23.4 11.7
CS ICP 2 687,622 5,630,199 371 Dystric Planosol 77.3 16.7 6.0

1 WGS 1984 UTM zone 32 north. 2 Data from Veckenstedt (1999) [47].
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2.2. Forest History and Stand Description

In 2018, the mean stand age of the investigated beech groups was 82 years, whereas the
surrounding coniferous stands were approximately 77 years old (Table 2). The younger age
of CS arises from timber harvest of former coniferous stands during and after the Second
World War. The clear-cut areas around the emergent GE stands, which were planted in the
1930s, were immediately replanted with spruce and pine.

For this study, plot-pairs each consisting of a European beech plantation of 800–1000
m2 in size and the surrounding forest stands of Norway spruce and Scots pine (mainly
mixtures of both species, Table 2), were investigated. The CS plots were selected with
regard to comparable site conditions (topography, geology, soil development), macronu-
trient status, water availability, and forest management (Table 1). One plot-pair (GE/CS
ICP) forms part of the Level II Intensive Monitoring network of ICP Forests Programme
(International Co-operative Programme on Assessment and Monitoring of Air Pollution
Effects on Forests) and is operated by the Thuringian State Forestry Institution (Thürin-
genForst) since the early 2000s. The GE/CS ICP plot-pair serves as a monitoring site,
which provides exemplary information on the hydrology and water-bound element fluxes
and complements the investigation of further input–output fluxes and pools of the forest
macronutrient cycle, which were investigated at the exploration sites GE/CS 1–6. We
assume that patterns in the different parts of the element cycle were transferable between
the six exploration sites and one monitoring site due to strong similarities concerning the
site and forest stand conditions of the respective GE or CS. In the cases of three sites, the soil
of both the GE and CS was limed (CaCO3 with 30% MgCO3). This was done in 1988/1989
at site 2 and 4, in 1993 at GE/CS ICP and in case of site 4 again in 2007 [36,48].

Forest yield classes of the investigated tree stands (Table 2) were determined in
2018 [36,49]. Leaf area index (LAI), solar direct (DirRad [MJ m−2 yr−1]), and solar diffuse
(DifRad [MJ m−2 yr−1]) radiation below the tree canopy were quantified at the explo-
ration sites using the equipment of Hemiview (Delta-T devices Ltd., Cambridge, UK). The
measurements were carried out at five representative points on each plot (GE/CS 1–6)
under conditions of diffuse skylight at twilight in summer 2019, when deciduous trees
were full in leaf. Digital hemispherical photos were taken with a fisheye lens attached to
a digital camera (Canon EOS 70 D, Canon Inc., Tokyo, Japan) clamped in a self-levelling
camera mount (Delta T Devices Ltd., Cambridge, UK). The camera mount was oriented to
magnetic north at 1.3 m above ground level on a tripod. The camera settings followed the
manufacturer’s recommendations (Delta T Devices Ltd., Cambridge, UK). Canopy cover
pictures were processed (minimum algorithm, blue color plane) in ImageJ [50] using the
plugin Hemispherical 2.0 [51].
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Table 2. Stand description. GE: Groups of European beech within stands of Norway spruce and Scots pine (CS).

Plot Age of Stand in
2018 (yr)

Basal Area of
Stand (m2 ha−1) LAI DirRad 1

(MJ m−2 yr−1)
DifRad 2

(MJ m−2 yr−1)
Herb Layer Biomass 3

(Mg ha−1) Tree Species Proportion of
Basal Area (%)

Tree Biomass 4

(Mg ha−1)
Mean Diameter

DBH (cm) Yield Class

GE 1 85 38.4 2.3 704 142 0.09 Fagus sylvatica 80 233 24.1 II
Betula pendula 17 NA 36.7 II

Picea abies 3 NA 20.1 III

CS 1 73 31.2 2.2 832 340 0.74 Picea abies 26 44 25.0 II
Pinus sylvestris 74 106 35.5 I

GE 2 80 44.1 2.6 538 126 herb layer absent Fagus sylvatica 100 286 17.0 III

CS 2 79 53.7 2.1 1196 286 0.04 Picea abies 44 127 26.9 II
Pinus sylvestris 56 138 34.0 I

GE 3 80 73.6 2.7 343 94 0.001 Fagus sylvatica 100 558 21.5 II

CS 3 95 49.9 2.6 520 272 0.15 Picea abies 100 334 33.8 I

GE 4 82 78.4 1.7 406 241 0.004 Fagus sylvatica 100 674 25.2 I

CS 4 71 52.9 2.8 437 241 0.67 Picea abies 100 322 26.1 I

GE 5 80 54.2 2.5 438 93 0.001 Fagus sylvatica 82 288 17.8 III
Picea abies 9 NA 26.9 II

Pinus sylvestris 8 NA 40.5 I
Larix decidua 1 NA 17.6 worse than III

CS 5 78 38.6 1.9 968 304 0.05 Picea abies 51 87 21.4 III
Pinus sylvestris 49 77 27.0 II

GE 6 86 46.4 2.9 426 100 herb layer absent Fagus sylvatica 100 247 14.5 IV

CS 6 63 35.9 1.7 1598 255 0.05 Pinus sylvestris 100 146 21.5 II

GE ICP 86 37.6 NA NA NA NA Fagus sylvatica 100 244 20.8 III

CS ICP 67 40.7 NA NA NA NA Picea abies 41 112 23.6 I
Pinus sylvestris 59 110 28.3 I

1 Direct solar radiation below the canopy. 2 Diffuse solar radiation below the canopy. 3 Predicted biomass of herbaceous ground vegetation (calculated with PhytoCalc 1.4 after Bolte (2006) [52]). 4 Predicted
above-ground-tree-biomass (whole-tree, basal-area-weighted and calculated after Block et al. (2016) [53]).
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2.3. ICP Forests Monitoring between 2001–2018

The bulk deposition data analyzed in this study, originated from measurements
(pooled samples of 5 precipitation collectors) under the framework of the ICP Forests
Intensive Monitoring Programme (Level-II) at a cleared area (non-forested, UTM 32 U:
687560/5630027) at 250 m distance to the monitoring plot-pair GE/CS ICP. The deposition
of NH4-N, NO3-N, Norg, SO4-S, and base cations was determined according to the ICP
Forests [54] protocol. Throughfall deposition of N and S compounds and base cations at
GE/CS ICP was measured using pooled samples from 20 throughfall collectors in summer
time and 10 collectors in winter (100 cm2 sampling area), respectively. Stemflow was
collected for European beech at GE ICP in compliance with the guidelines of the Level-II-
program [54]. Soil solution was collected at GE/CS ICP at the interface between forest floor
and mineral soil (zero-tension plate lysimeters to collect forest floor solution), within the
rooting zone in mineral soil (at 20 cm and 50 cm depth; 5 suction cups each) and below
the rooting zone (100 cm depth; 5 suction cups) with tension lysimeters. Soil solution
chemistry (pH, electrical conductivity (EC), ion concentrations) was determined following
the standard protocols given in ICP Forests [54]. The biweekly deposition and solution data
(2001–2018) were provided by the Thuringian State Forestry Institution (ThüringenForst
FFK, Gotha, Germany). Critical loads for N (CLeutN) and S (CLmaxS) at GE/CS ICP were
calculated as mass depositions by [55] using the simple mass balance equation for managed
woodland habitats [56] to allow for comparison with measured fluxes and investigated
macronutrient pools.

2.4. Vegetation Survey

Forest vegetation (tree, shrub, herb, and bryophyte layer) was assessed according to
Braun-Blanquet [57] in June 2016 at the exploration sites [36]. If possible, the elongated
length of flowering and non-flowering shoots of 15 individuals of each herbaceous plant
species were measured to calculate their mean shoot length (cm). The relationship between
plant species biomass, cover, and mean shoot length was used to estimate macronutrient
stocks for 13 morphological growths groups (see Section 2.7.1) [52,58].

2.5. Litter Fall, Forest Floor, and Soil Sampling

To quantify annual litter fall, litter collectors with an area of 616 cm2 were installed
in February 2016 in five replicates at each exploration plot. Litter was collected quarterly
over one year until March 2017. The base of the litter traps was perforated allowing the
litter to dry rapidly after rainfall. We therefore assumed that litter decomposition within
the collectors was reduced to a negligible level.

In April 2018, forest floor was sampled in seven spatial replicates for each of the
exploration plots. Humus classification was done according to Zanella, et al. [59] in
accordance to the German standard protocol [60] and each forest floor replicate was
morphologically divided into characteristic diagnostic horizons (Oi, Oe, Oa) [59]. Soil
types were classified according to the Ad-Hoc-AG-Boden [61] and converted to WRB [62]
nomenclature at representative soil pits from an earlier study [63]. Soil samples from three
depth increments (0–10 cm, 10–20 cm and 20–40 cm) were taken by a soil corer (diameter
5.3 cm) at the same locations of forest floor sampling.

2.6. Laboratory Methods

The collected litter samples were oven-dried at 50 ◦C to constant weight and bulked
to annual samples across the sampling dates per litter trap. The annual litter samples were
sorted for leaves of beech, needles, bark, small twigs, reproductive parts (beechnuts, beech
husks, cones), fine material (bud scales, flowers), and miscellaneous components. Non-
plant components were discarded. The litter fractions considered in our study correspond
to 79.8% (GE) and 76.1% (CS) of the total annual litter fall in the respective forest stands
(we disregarded the fine material and the litter related to the admixed tree species). The
dry-weight of each litter fraction was determined and the sorted samples were shredded
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separately to a final particle size < 5 mm. The oven-dried material (50 ◦C) of the Oi, Oe,
and Oa layers was shredded to a final particle size < 5 mm. The mineral soil was oven
dried (50 ◦C) and passed through a 2-mm sieve. An aliquot of the obtained fine forest floor
material and fine-earth samples, respectively, was used to measure pH (WTW pH/Cond
340i with SenTix 41-3, Weilheim, Germany) and electrical conductivity (WTW pH/Cond
340i with TetraCon 325, Weilheim, Germany) in deionized water according to DIN ISO
10390:2005–12. Soil texture was determined on fine-earth samples by a Laser Particle Sizer
(Particle Sizer LS 13,320–Laser Diffraction Particle Size Analyzer, Beckman Coulter, Brea,
CA, USA).

For elemental analysis, an aliquot of each litter- (leaves, needles, beechnuts), forest
floor- (Oi, Oe, Oa), and mineral soil- (0–10 cm, 10–20 cm, and 20–40 cm depth increments)
sample was pulverized to 0.04 mm (Mixer Mill MM200 Retsch, Hahn, Germany) and
analyzed for total N and S contents (CNS-analyser, vario EL cube, elementar, Langenselbod,
Germany). The concentration of base cations in pulverized samples was determined after
microwave digestion (ETHOS 1; Milestone S.r.l., Milano, Italy) in aqua regia-extracts by
inductively coupled plasma optical emission spectrometry (725 ICP-OES system; Agilent
Technologies, Santa Clara, CA, USA).

Macronutrient stocks of the different litter fractions were calculated by multiplying
element contents and the dry mass weight of each litter fraction. Macronutrient contents of
beech leaves and needles (pine and spruce) were measured plot-specific per litter collector,
whereas contents of reproductive parts were based on measured data for beechnuts as well
as literature values for beech husks and cones [64,65]. Macronutrient stocks of twigs and
bark were calculated by multiplying the measured dry mass of the litter components and
element contents based on literature values [66]. The assumptions made, are accessible in
Table S1. Macronutrient stocks of single forest floor layers were calculated by multiplying
element contents and the dry mass of the respective layer. The dry mass was determined
by weighting the oven-dried forest floor material (sampled in a defined area of 255 cm2)
after sorting out living roots. Macronutrient stocks per mineral soil depth increment
were calculated based on the fine-earth fraction (<2 mm) by multiplication of element
contents and fine-earth stocks (determined by weighting the oven-dried mineral soil of
each subsample, sampled in a defined area of 22.1 cm2).

2.7. Data Analysis
2.7.1. Vegetation Data

Mean weighted (by coverage) ecological indicator values (EIV) for nutrient avail-
ability/eutrophication (N), soil reaction (R), and light (L) were calculated according to
Ellenberg, et al. [67]. To predict the herbaceous aboveground biomass and macronutrient
stocks of the herbaceous layer of GE and CS plots, we used the estimation model PhytoCalc
1.4 [52,58]. The estimations by PhytoCalc have been validated in independent studies for
several German forest types [68–70]. The model is based on data from biomass harvests
of 46 plant species of deciduous and coniferous forests and uses the relationship between
plant species biomass, cover, and mean shoot length to estimate macronutrient stocks for
13 morphological growth groups [52,58]. We assigned the herbaceous plant species (vege-
tation survey in 2016) to that groups (Table S2) and estimated herbaceous layer biomass
(dry matter; kg ha−1) as well as macronutrient stocks for each exploration plot (GE/CS
1–6) using the growth group-specific functions of PhytoCalc 1.4.

The aboveground-tree-biomass and macronutrient stocks of the whole-tree (∑ small
wood, stemwood, and bark) of European beech (GE 1–6) and Scots pine or Norway spruce
(CS 1–6) were estimated using the relationship of the respective forest stand age according
to yield tables [53,60]. The predicted annual macronutrient uptake into stemwood and
bark was calculated in accordance with Schlutow and Ritter [55] only for the intensively
monitored plot-pair GE/CS ICP. The macronutrient uptake resulted from the derived
annual tree increment [55], multiplied by the element contents of stemwood and bark
based on De Vries et al. [71] and Jacobsen et al. [72].
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2.7.2. Litter Fall, Soil Solution, Forest Floor, and Mineral Soil Data

Total forest floor stocks (dry matter and macronutrients) were analyzed as the sum
of the Oi, Oe, and Oa layer stocks per exploration site and total mineral soil stocks were
calculated as the sum of the single depth increment stocks per site. Correlations between
macronutrient concentrations (NO3

−, SO4
2−, K+, Ca2+, Mg2+), pH, and electrical conduc-

tivity in seepage water of forest floor and mineral soil at the plot-pair GE/CS ICP were
analyzed using generalized pairs plots (Pearson correlation) in the R statistical environment,
R 3.6.0 [73] with contributed package GGally (ggpairs function) [74]. Group wise summary
statistics were used in R with the contributed package doBy (summaryBy function) to
check litter fall and associated macronutrient return as well as forest floor and mineral soil
data for differences between forest types (GE, CS) and sites. Differences in DirRad and
DifRad between GE and CS were analyzed using a t-test (package car).

Interactions of forest type were analyzed as fixed effects with linear mixed effect
models (LMM) [75] in R [73] with the package nlme [76] with site as random effect. All
variables were described as the mean value with standard deviation (SD) or standard error
(SE) as derived from the estimates of statistical models. Estimates were generated using
emmeans package [77] and the model summary was extracted by stargazer package [78].
Data were checked for normality and homogeneity of model residues and, if necessary,
were transformed using log10. The random effect term considers nested sampling within
forest floor/soil cores and sites. The final model includes variance heterogeneity among
sites and between forest type. Model parameters were estimated by Maximum-likelihood
estimation [75,79]. The effect of improvement of random effect structure was tested based on
residual plots and on Akaike Information Criteria [80]. The final model estimates (Table S3)
were based on Restricted Maximum Likelihood estimates. Marginal and conditional coeffi-
cients of determination (r2 m and r2 c) were calculated with the package MuMIn [81].

To predict the annual base cation release from weathering processes in the main
rooting zone of the soil matrix, we followed the soil type-texture approximation for non-
calcareous soil profiles given in CLRTAP [56]. This method is based on the plot-specific soil
texture and parent material (combination of both into a weathering rate class), the depth
of the main rooting zone and the mean annual temperature [82]. The assignments made,
are accessible in Table S4. As conversion factors between equivalent and molar mass we
used: 0.02004 (Ca2+), 0.01215 (Mg2+), and 0.0391 (K+). Forest stand input–output balances
for Ca2+, Mg2+, and K+ were calculated for GE and CS regarding important pathways of
forest macronutrient cycling (e.g., extrapolated deposition, litter fall, estimated weathering
release, and estimated tree uptake).

2.7.3. Fractional Annual Losses and Macronutrient Residence Time in Forest Floor

The fractional annual loss (FAL) or turnover rate of forest floor material was estimated
after Olson [83] and Hobbie, et al. [84] per exploration plot based on the ratio between
litter fall and forest floor mass under the assumption that the forest stands are in steady
state (annual decomposition equals annual litter input; Vesterdal, et al. [85]). Although
steady state assumptions in ecosystems can be prone to errors, the calculation of fractional
annual losses still provides a useful indicator for comparative purposes of the fraction
of material that leaves the forest floor pool. The investigated stands of GE and CS have
already reached canopy closure in the late 1990s [86] and nearly steady state conditions
were assumed due to relative constant litter fall data of the monitoring plot CS ICP ranging
between 2750–3050 kg ha−1 for the years 2006–2010, except 2007 (caused by the European
windstorm Kyrill). Fractional annual losses at CS were estimated for continuous litter fall
by Equation (1) and in the case of GE for discrete litter fall in autumn by Equation (2) [85].
L is the dry mass of annual litter fall (kg ha−1 yr−1) and F is the dry mass of total forest
floor material (∑ Oi, Oe, Oa) (kg ha−1 yr−1). The residence time is the inverse of fractional
annual losses.

k1 = L/F (1)

k2 = L/(L + F) (2)
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Subsequently, based on the macronutrient stocks of the analyzed litter fractions, we
estimated fractional annual losses and residence time of N, S, Ca2+, Mg2+, and K+ stored in
total forest floor per plot (GE/CS 1–6) referred to Equations (1) and (2) in case of continuous
litter fall and discrete litter fall according to Cole and Rapp [87], Likens, et al. [88], and
Hansen, et al. [89] by Equations (3) and (4). Lx is the annual amount of litter fall of element
x (kg ha−1 yr−1) and Fx is the amount of element x in total forest floor (kg ha−1 yr−1).
Because the analyzed litter fractions cover 79.8% of annual total litter fall at GE and 76.1%
at CS, it is therefore possible that we slightly underestimated the fractional annual losses of
macronutrients from forest floor in this study.

k1 x = Lx/Fx (3)

k2 x = Lx/(Lx + Fx) (4)

3. Results
3.1. Macronutrient Fluxes at the Monitoring Sites in Bulk Precipitation, Throughfall, and
Stemflow between 2001–2018

Hydrological data recorded between 2001 and 2018 exhibited that throughfall at GE ICP
amounts to 76% and at CS ICP to 65% of mean annual bulk precipitation (680 ± 141 mm),
causing an annual interception loss of 24% (GE ICP) and 35% (CS ICP). Total nitrogen (∑
NH4-N, NO3-N and Norg) depositions in bulk precipitation remained relatively constant at
a moderate level of 6.8 ± 0.9 kg ha−1 yr−1 since 2011 (Figure 3A). The throughfall Nt flux
between 2001 and 2018 decreased (−4.2 kg ha−1) for GE ICP, whereas it slightly increased
(+1.4 kg ha−1) for CS ICP. The forest-type-specific critical loads for N (CLeutN; kg ha−1 yr−1)
were exceeded for throughfall fluxes over the whole investigation period at CS ICP but
not after 2012 at GE ICP. The mean flux of Nt in stemflow (GE ICP) decreased over time
(Figure 3C). Mean bulk precipitation Nt fluxes were mostly composed of NH4-N and NO3-
N in equal parts until 2008, turning into a slight dominance of NH4-N afterwards. As shown
in Figure 3, throughfall Nt fluxes at GE ICP as well as at CS ICP were dominated by NO3-N
(GE ICP: 51.5%; CS ICP: 49.2% of Nt), followed by NH4-N (GE ICP: 32.7%; CS ICP: 38.9%).
The mean annual throughfall Nt flux was 43% higher at CS ICP (18.4 ± 1.7 kg ha−1 yr−1)
compared to GE ICP (12.9 ± 2.6 kg ha−1 yr−1) (Figure 3E,G). The SO4-S fluxes (bulk
precipitation and throughfall at GE/CS ICP) decreased clearly over time by a third to a half
and even by 92% in stemflow of GE ICP (Figure 3A,E,G). Although the throughfall SO4-S
flux in 2001 at CS ICP was still 32% higher than at GE ICP, it decreased sharper over time
and reached similar levels of about 3.6 kg ha−1 yr−1 at GE and CS since 2015 (Figure 3E,G).
The forest-type-specific critical loads for S (CLmaxS; kg ha−1 yr−1) were clearly below
the thresholds considering throughfall fluxes (Figure 3). In summary, there was a higher
annual input of N and S compounds at CS ICP than at GE ICP between 2001–2018 with
67.4% more NH4-N (4.3 to 7.2 kg ha−1), 36.4% more NO3-N (6.6 to 9.0 kg ha−1), 10.0%
more Norg (2.0 to 2.2 kg ha−1), and 20.9% more SO4-S (4.3 to 5.2 kg ha−1). At GE ICP an
additional annual input of in average 0.4 kg ha−1 NH4-N, 0.6 kg ha−1 NO3-N, 0.3 kg ha−1

Norg, and 0.7 kg ha−1 SO4-S must be taken into account due to stemflow fluxes (Figure 3C).
Nevertheless, total input of N and S compounds was even higher at CS ICP.

Total base cation (∑ K+, Ca2+, Mg2+) deposition via bulk precipitation decreased since
2001 to a level of 4.9 kg ha−1 in 2018 (Figure 3B). The yearly throughfall fluxes of base
cations decreased for GE ICP (−4.1 kg ha−1) as well as for CS ICP (−6.7 kg ha−1) (Figure 3).
Stemflow base cation fluxes of GE ICP also showed a decreasing trend (−5.1 kg ha−1).
Annual fluxes of base cations in bulk precipitation were mostly composed of Ca2+ and to a
lesser extent of K+ and Mg2+ (Figure 3B). The throughfall fluxes of GE ICP as well as of CS
ICP were dominated clearly by K+ (64.9% and 65.0%), followed by Ca2+ (27.9% and 26.7%)
and Mg2+ (7.2% and 8.3%). The throughfall and stemflow base cation flux (2001–2018) was
slightly higher at GE ICP (30.1 ± 5.3 kg ha−1) than at CS ICP (24.0 ± 4.2 kg ha−1).
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Figure 3. Deposition patterns of NH4-N, NO3-N, Norg, SO4-S and base cations (K+, Ca2+, Mg2+) of bulk precipitation
(A,B), stemflow (C,D), and throughfall (E–H) within the forest hydrological cycle at the plot-pair GE/CS ICP between
2001 and 2018. The site was observed in the framework of the ICP Forests Intensive Monitoring Programme (Level-II;
ThüringenForst). Forest-type-specific critical loads [17] for eutrophying nitrogen (CLeutN; kg ha−1 yr−1) and acidifying
sulfur (CLmaxS; kg ha−1 yr−1) were calculated after the simple mass balance model [55,56]. Total N-depositions in throughfall
reach ecological relevant values (CLeutN is exceeded mostly before 2012 for GE and is exceeded in the whole investigation
period for CS), whereas SO4-depositions are permanently clearly below the CLmaxS (GE CLmaxS: 17.5 kg ha−1 yr−1; CS
CLmaxS: 26.0 kg ha−1 yr−1). GE: Groups of European beech within stands of Norway spruce and Scots pine (CS) near
Hummelshain (Thuringia, Central Germany).
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3.2. Solution Chemistry at the Monitoring Sites
3.2.1. pH and Electrical Conductivity

The bulk precipitation (2001–2018: pH 5.8 ± 0.4) was classified as moderately acidic [90],
as well as the stemflow of GE ICP (pH 5.6 ± 0.4; Table 3). The pH of throughfall solution
was slightly acidic (GE ICP) and strongly acidic (CS ICP) (Table 3). While forest floor
seepage water showed no differences in pH between GE ICP and CS ICP (pH < 4.4 ± 0.4),
mineral soil solutions of GE ICP (slightly decreasing with depth) were less acidic with
34.2% (20 cm), 17.1% (50 cm), and 14.6% (100 cm) higher pH values compared to CS ICP
(Table 3). The electrical conductivity of throughfall between 2001–2018 at GE ICP was
32% lower compared to CS ICP, while the electrical conductivity of forest floor seepage
water was similar between GE ICP and CS ICP (electrical conductivity < 84.2 ± 21.6).
Differences between the forest type became apparent with depth (up to 65–79% lower
electrical conductivity values at GE ICP than at CS ICP), especially below the rooting zone
(100 cm depth; Table 3).

Table 3. Solution data (amount, pH, electrical conductivity) of bulk precipitation, stemflow (GE)
and throughfall (GE and CS) as well as seepage water of forest floor and mineral soil (20 cm, 50 cm
and 100 cm depth) at the plot-pair GE/CS ICP between 2001 and 2018. The site was observed in
the framework of the ICP Forests Intensive Monitoring Programme (Level-II; ThüringenForst). GE:
Groups of European beech within stands of Norway spruce and Scots pine (CS) near Hummelshain
(Thuringia, Central Germany).

Plot
Solution Amount

pH
Electrical Conductivity

(mm) (µS cm−1)

Bulk precipitation

680 (141) 5.8 (0.4) 19.1 (2.4)

Stemflow (SF)
GE 1 61 (38) 5.6 (0.4) 54.4 (10.4)

Throughfall (TF)
GE 1 514 (112) 6.1 (0.3) 45.8 (7.4)
CS 1 440 (122) 5.2 (0.2) 67.0 (12.2)

Forest floor solution
GE 1 NA 4.4 (0.4) 77.9 (24.8)
CS 1 NA 4.3 (0.3) 84.2 (21.6)

Soil solution 20 cm
GE 1 NA 5.1 (0.6) 63.7 (12.0)
CS 1 NA 3.8 (0.1) 182.1 (81.1)

Soil solution 50 cm
GE 1 NA 4.8 (0.2) 59.4 (13.2)
CS 1 NA 4.1 (0.1) 177.1 (69.5)

Soil solution 100 cm
GE 1 NA 4.7 (0.2) 88.9 (30.8)
CS 1 NA 4.1 (0.4) 431.6 (245.8)

1 Based on biweekly data (2001–2018) from GE ICP and CS ICP. Standard deviation (SD) in brackets.

3.2.2. Macronutrient Concentrations in Forest Floor and Soil Solution between 2001–2018

The NO3
− concentration of GE ICP cascaded downwards with highest values in forest

floor (2.8 µmolc L−1) and lowest at 100 cm depth (1.8 µmolc L−1). NO3
− only reached

a level of 0.4–2.7% of the SO4
2− concentration at GE ICP, which showed an increasing

concentration with depth with highest concentrations (100 cm: 491.9 µmolc L−1) below
the main rooting zone (Figure 4A). Compared to GE ICP, the seepage water of CS ICP was
characterized by up to sixfold higher NO3

− concentrations (except of 20 cm depth with
slightly higher concentrations at GE ICP). NO3

− concentrations at CS ICP were highest
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in forest floor and lowest at 20 cm depth with increasing concentrations from 50 cm to
100 cm depth. Nevertheless, the NO3

− concentration at CS ICP was small compared to
SO4

2− (forest floor: 14.9%, mineral soil: 0.2–0.3% of the SO4
2− concentration). SO4

2−

at CS ICP showed lowest concentrations in forest floor (115.4 µmolc L−1) and highest
at 100 cm depth (3672.0 µmolc L−1) (Figure 4B). The mineral soil depth trend in SO4

2−

concentration of CS ICP was similar to GE ICP, but the SO4
2− concentration was five to

sevenfold (755–3672 µmolc L−1) higher at CS ICP (Figure 4A,B). High SO4
2− concentrations

in the mineral soil solution of CS ICP were mainly caused by the time period between
2001–2010 (mostly > 1000 µmolc L−1), whereas a decrease in SO4

2− concentrations was
observable between 2011–2018 (mostly < 1000 µmolc L−1) (Figure S1). For GE ICP, no clear
trend was noticeable over time for NO3

− or SO4
2− mineral soil solution concentrations

(Figure S1).

Forests 2021, 12, x FOR PEER REVIEW 15 of 27 

 

 

 

Figure 4. Depth patterns in macronutrient concentration (µmolc L−1) of forest floor and soil solu-

tion (20 cm, 50 cm, 100 cm depth) divided into anions (NO3−, SO42−) and cations (NH4+, K+, Ca2+, 

Mg2+) at the plot-pair GE/CS ICP. The rooting zone of main tree species covers a depth of 70 cm 

(GE) and 55 cm (CS) [90]. Nitrate (GE: < 3.5 µmolc L−1; CS: < 17.2 µmolc L−1) and ammonium (GE: < 

7.4 µmolc L−1; CS: < 12.6 µmolc L−1) concentrations are low and not feasible. The site was observed 

in the framework of the ICP Forests Intensive Monitoring Programme (Level-II; ThüringenForst). 

GE: Groups of European beech within stands of Norway spruce and Scots pine (CS) near Hum-

melshain (Thuringia, Central Germany). 

3.3. Canopy Characteristics and Litter Fall at the Exploration Sites 

The investigated forest stands exhibited closed canopies conditions in the late 1990s, 

resulting in a dense foliage cover in 2018, especially for GE. Mean weighted (by coverage) 

ecological indicator values for light classified the CS as partly shaded and the GE as shady. 

The leaf area index (LAI) and the related solar direct (DirRad [MJ m−2 yr−1]) and solar dif-

fuse (DifRad [MJ m−2 yr−1]) radiation below the tree canopy showed, that brighter condi-

tions occurred at CS (Table 2). During the growing season DirRad (t F: 37 = 4.9, p < 0.001) 

was significantly lower at GE (474 ± 171 MJ m−2 yr−1) than at CS (925 ± 470 MJ m−2 yr−1), as 

well as DifRad (t F: 57 = 8.9, p < 0.001), which was significantly stronger at CS (283 ± 51 MJ 

m−2 yr−1) than at GE (133 ± 74 MJ m−2 yr−1). 

The total annual litter fall at GE was dominated by beech leaves (43.7%), beech husks 

(20.7%) and beechnuts (10.8%), whereas twigs and bark had only a minor proportion (dry 

matter; Figure S6). At CS, total annual litter fall was mainly composed of needles of Scots 

pine and Norway spruce (33.9%), followed by cones (27.3%), twigs (9.8%), and bark 

(5.1%). Based on the analyzed litter, the annual input of organic matter via litter fall at GE 

(5.47 Mg ha−1) was twice as high as at CS (2.67 Mg ha−1) (p < 0.0001; Table S3). The annual 

macronutrient return at GE exceeded double or threefold the input at CS for Ca2+ and N 

and was even five to six times higher for K+ and S (p < 0.0001; Figure S7). These patterns 

occurred at all investigated sites. The limed plots (GE/CS 2, GE/CS 4) showed no anoma-

lies, except a slightly higher base cation litter flux at CS 4. The macronutrient input fluxes 

to forest floor via litter fall at GE were highest for N (61.7 ± 5.0 kg ha−1 yr−1) and descended 

in the order N > Ca2+ > K+ > S > Mg2+ (CS: N with 16.9 ± 1.4 kg ha−1 yr−1 > Ca2+ > K+ > Mg2+ > 

S). Most of the nitrogen returned through leave litter (53%) and reproductive parts (46%) 

at GE as well as through needle litter fall (79%) at CS (Table S5). Foliar litter fall (leaves or 

needles) turned out to be the main pathway for litter base cation return at GE (>59%) and 

Figure 4. Depth patterns in macronutrient concentration (µmolc L−1) of forest floor and soil solution
(20 cm, 50 cm, 100 cm depth) divided into anions (NO3

−, SO4
2−) and cations (NH4

+, K+, Ca2+,
Mg2+) at the plot-pair GE/CS ICP. (A): GE; (B): CS. The rooting zone of main tree species covers a
depth of 70 cm (GE) and 55 cm (CS) [47]. Nitrate (GE: < 3.5 µmolc L−1; CS: < 17.2 µmolc L−1) and
ammonium (GE: < 7.4 µmolc L−1; CS: < 12.6 µmolc L−1) concentrations are low and not feasible. The
site was observed in the framework of the ICP Forests Intensive Monitoring Programme (Level-II;
ThüringenForst). GE: Groups of European beech within stands of Norway spruce and Scots pine (CS)
near Hummelshain (Thuringia, Central Germany).

Mean total base cation concentrations in seepage water of forest floor and mineral soil at
GE ICP stayed predominantly constant with depth (ranging between 446.0–632.0 µmolc L−1)
and showed highest concentrations in forest floor solution (Figure 4A). Contrary to GE
ICP, base cation concentrations in seepage water of CS ICP were lowest in the forest floor
solution, followed by slightly increased concentrations in the upper mineral soil and
threefold higher total base cation concentrations (2224.0 µmolc L−1) below the rooting
zone at 100 cm depth (Figure 4B). This increase in mineral soil solution at CS ICP was
highest for the Ca2+ concentration, which was nearly sixfold higher at 100 cm than at 50 cm
depth (Figure 4B). Compared to GE ICP, the concentration of base cations was similar at
CS ICP in forest floor and upper mineral soil solution (20–50 cm depth). At 100 cm depth,
concentrations were threefold higher for Mg2+ and up to nearly five times higher for K+

and Ca2+ at CS ICP (Figure 4). The base cation concentrations in mineral soil solution at
GE/CS ICP showed lower concentrations in the last decade (Figure S1). High total base
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cation concentrations in seepage water were mainly caused by the time period between
2001–2009/10 (mostly > 600 µmolc L−1), whereas afterwards a decrease was observable
(mostly < 600 µmolc L−1) (Figure S1).

Total base cation concentrations in seepage water between 2001–2018, showed a
negative—but insignificant—correlation with NO3

− concentrations (Figures S2–S5, except
for GE at 100 cm depth). They were significantly positive correlated at most depth incre-
ments with SO4

2− concentrations, especially in mineral soil of CS ICP (Figures S2–S5). At
CS ICP and GE ICP, electrical conductivity (GE ICP: r > 0.696 and CS ICP: r > 0.766) was
significantly (p < 0.01) positively correlated with base cation concentrations (primarily
Ca2+ and Mg2+) as well as SO4

2− concentrations (Figures S2–S5). SO4
2− concentrations

correlated negatively with pH of forest floor and soil solution at GE ICP and CS ICP
(Figures S2–S5, except for GE at 20 cm depth). Positive correlations between SO4

2− and
the sum of K+, Ca2+, and Mg2+ concentrations in mineral soil were stronger for CS ICP
(r = 0.948–0.979) than for GE ICP (r = 0.288–0.937). They were mainly caused by Ca2+

and Mg2+, whereas K+ concentrations showed no clear trend and were even negatively
correlated with SO4

2− concentrations (e.g., GE ICP: 20 cm and 50 cm depth).

3.3. Canopy Characteristics and Litter Fall at the Exploration Sites

The investigated forest stands exhibited closed canopies conditions in the late 1990s,
resulting in a dense foliage cover in 2018, especially for GE. Mean weighted (by coverage)
ecological indicator values for light classified the CS as partly shaded and the GE as
shady. The leaf area index (LAI) and the related solar direct (DirRad [MJ m−2 yr−1])
and solar diffuse (DifRad [MJ m−2 yr−1]) radiation below the tree canopy showed, that
brighter conditions occurred at CS (Table 2). During the growing season DirRad (t F:
37 = 4.9, p < 0.001) was significantly lower at GE (474 ± 171 MJ m−2 yr−1) than at CS
(925 ± 470 MJ m−2 yr−1), as well as DifRad (t F: 57 = 8.9, p < 0.001), which was significantly
stronger at CS (283 ± 51 MJ m−2 yr−1) than at GE (133 ± 74 MJ m−2 yr−1).

The total annual litter fall at GE was dominated by beech leaves (43.7%), beech husks
(20.7%) and beechnuts (10.8%), whereas twigs and bark had only a minor proportion
(dry matter; Figure S6). At CS, total annual litter fall was mainly composed of needles of
Scots pine and Norway spruce (33.9%), followed by cones (27.3%), twigs (9.8%), and bark
(5.1%). Based on the analyzed litter, the annual input of organic matter via litter fall at
GE (5.47 Mg ha−1) was twice as high as at CS (2.67 Mg ha−1) (p < 0.0001; Table S3). The
annual macronutrient return at GE exceeded double or threefold the input at CS for Ca2+

and N and was even five to six times higher for K+ and S (p < 0.0001; Figure S7). These
patterns occurred at all investigated sites. The limed plots (GE/CS 2, GE/CS 4) showed
no anomalies, except a slightly higher base cation litter flux at CS 4. The macronutrient
input fluxes to forest floor via litter fall at GE were highest for N (61.7 ± 5.0 kg ha−1 yr−1)
and descended in the order N > Ca2+ > K+ > S > Mg2+ (CS: N with 16.9 ± 1.4 kg ha−1 yr−1

> Ca2+ > K+ > Mg2+ > S). Most of the nitrogen returned through leave litter (53%) and
reproductive parts (46%) at GE as well as through needle litter fall (79%) at CS (Table S5).
Foliar litter fall (leaves or needles) turned out to be the main pathway for litter base cation
return at GE (>59%) and at CS (>66%) (Table S5). Reproductive parts were important for
Ca2+ (15.8% of considered litter fall Ca fluxes), Mg2+ (31.1%) and K+ (39.3%) fluxes at GE
(Table S5).

3.4. Macronutrient Stocks in Tree and Herb Layer Biomass, Forest Floor and Mineral Soil at the
Exploration Sites

The predicted above-ground biomass of the whole-tree was higher at GE than at CS
(Table 2). European beech stored more N in above-ground biomass than the coniferous tree
species (median GE: 559 ± 286 kg ha−1; median CS: 368 ± 137 kg ha−1), while predicted
whole-tree S stocks were on a similar level for GE and CS (Table S6). On average, the
predicted total base cation stocks in above-ground biomass were higher for GE, but they
varied with site (Table S6). The predicted whole-tree stocks of Ca2+ were similar in both
forest types, but predicted K+ and Mg2+ storage was higher for GE (Table S6). The share of
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K+ (GE: 43.9%; CS: 35.0%) in total base cation stocks was almost as big as the share of Ca2+

at GE (GE: 45.6%; CS: 55.5%). GE stored proportionally more K+ in above-ground biomass
than CS, whereas Ca2+ storage was higher at CS.

In most GE, ground vegetation was missing or consisted of only a few species in
the herbaceous layer with a low biomass (GE: 3.7 kg ha−1; CS: 245.1 kg ha−1). At CS,
the predicted above-ground biomass of the herbaceous layer was 0.11% of the predicted
tree biomass, whereas at GE, the proportion was substantially lower (0.01%). Thus, the
predicted macronutrient storage in the herbaceous layer was considerably higher at CS
(Table S6). The predicted herbaceous layer base cation stocks of GE as well as of CS were
dominated by K+ (GE: 70.0%; CS: 75.5%).

The cumulative forest floor organic matter stock (∑ Oi, Oe, Oa) at GE (51 ± 7 Mg ha−1)
was half of the stock of CS (104 ± 14 Mg ha−1) (p < 0.0001; Figure S8). The same was
hold true for forest floor N stocks (GE: 641 ± 89 kg ha−1; CS: 1358 ± 188 kg ha−1;
p < 0.0001), whereas S stocks were nearly threefold higher at CS (GE: 57 ± 8 kg ha−1;
CS: 157 ± 23 kg ha−1; p < 0.0001) (Table S6). Forest floor stocks of Ca2+, Mg2+, and K+ were
higher at CS, following the trend of dry matter stocks (Table S6). Forest floor base cation
stocks were highly affected by the site (Table S6). Omitting the limed exploration plots
(GE/CS 2, GE/CS 4), forest floor Ca2+ and Mg2+ stocks of the un-limed plots were slightly
higher at GE than at CS (Table S6). There were no differences between the forest types
for mineral soil macronutrient stocks (∑ 0–10 cm, 10–20 cm, 20–40 cm) (Tables S6 and S7;
Figure S8). Furthermore, they showed no clear trend between the different sites, except at
the limed plots (GE/CS 2, GE/CS 4), which were characterized—contrary to the trend in
mineral soil nitrogen stocks—by higher N stocks at GE (Table S6).

3.5. Forest Floor Organic Matter Turnover and Related Macronutrient Residence Time at the
Exploration Sites

The calculated turnover rates (k) of forest floor organic matter (Table S8) were higher
for GE with a mean k value of 0.09 (0.09 ± 0.02 yrs−1) and smaller for CS with k < 0.03
(0.03 ± 0.01 yrs−1) (p < 0.01). The related fractional annual losses of N (p < 0.0001) and
base cations (p < 0.01) stored in the forest floor showed a similar trend with nearly three to
six times higher loss rates at GE (Figure S9). The turnover of S was even 14 times higher
at GE (but differs stronger with site than the other nutrients; Table S8; p < 0.0001). The
mean residence time for forest floor material and macronutrients was < 13 years at GE
and lasted longer (>21 years) at CS (Table S8; Figure S9). The high residence time for S
at CS was mainly affected by the site and caused by forest floor organic matter stocks
(Table S9). Organic matter and macronutrients were retained nearly three times longer at
CS 1, CS 2, and CS 6 than at the other coniferous sites. The respective sites were classified
as the wettest (CS 1/2; seasonal wet) or the driest (CS 6; moderately dry) sites [36]. The
accumulation of organic matter and related S stocks (and other macronutrients) at these
sites was highest in the Oe and Oa horizons (Table S9). In general, dry matter stocks of
Oi and Oa at CS were at a similar magnitude than at GE, but mean Oe DM stocks at GE
were quite different with half of the stock of the CS (GE Oe: 23.0 ± 5.8 kg ha−1; CS Oe:
54.6 ± 13.6 kg ha−1).

3.6. Predicted Weathering Rate, Predicted Tree Uptake, and Input–Output Balances

The predicted annual base cation release from weathering processes in the main root-
ing zone of the soil matrix was similar between the forest types (Table S10). Nevertheless,
slightly higher amounts of base cations—dominated by K+—were released at GE (median:
21 ± 5 kg ha−1 yr−1) compared to CS (median: 17 ± 6 kg ha−1 yr−1). The estimated annual
macronutrient uptake into tree stemwood and bark at the monitoring plot-pair GE/CS
ICP, showed a twofold higher N (GE: 6.9 kg ha−1 yr−1; CS: 3.4 kg ha−1 yr−1) and an up to
threefold higher base cation uptake at GE than at CS (Table S10). The uptake was higher
for Ca2+ and K+ than for Mg2+ (Table S10).

Forest stand input–output balances for N, Ca2+, Mg2+, and K+ indicated, that tree
macronutrient uptake at GE and CS was balanced by mean annual deposition (throughfall
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and stemflow), mean annual weathering of soil matrix and especially yearly macronutrient
return via litter fall (Table S10). In case of Ca2+, balances considering the input due to
deposition or weathering and the output via tree uptake were negative for GE (Table S10).
Nevertheless, in summary the approximately calculated budget was positive for N, Ca2+,
Mg2+, and K+ at GE and CS, indicating growing macronutrient pools, especially in forest
floor and topsoil. Due to missing seepage fluxes, the possible macronutrient storage can be
overestimated, although forest floor and mineral soil solution data (e.g., depth patterns in
macronutrient concentration) showed no pronounced leaching losses.

4. Discussion
4.1. Moderate N Deposition at GE and CS

Results from joint European monitoring programs [15,91] and other studies [12]
express concern, that moderate to high N bulk depositions still threaten soil chemistry
and quality, alter herbaceous flora and may lead to declines in forest productivity. Since
2011, Nt bulk deposition in the studied area was relatively constant at a moderate level of
6.8 ± 0.9 kg ha−1 yr−1. The higher mean annual throughfall Nt deposition between 2001–
2018 at CS ICP can be explained by the stronger filtering effect of coniferous canopies [32]
and throughfall at CS is more enriched with N compounds due to canopy exchange
processes like the leaching of accumulated deposits or the leaching from internal plant
tissues [92,93] than at GE.

Our results offer only little evidence for herbaceous layer diversity losses or distinct
mineral soil base cation losses concerning the moderate N bulk deposition at the investi-
gated forest stands. The present study may have a certain validity for Central European
forests under comparable climatic, topographic and geological settings as well as under
a similar atmospheric deposition and forest history. The GE and CS form part of a con-
tiguous forest area (Thuringian Holzland) and our results are in line with recent studies,
which reviewed the influence of N deposition on European forests [3,9,12,94]. There it was
reported that low to moderate N bulk depositions (<7–13 kg N ha−1 yr−1) currently do
not affect most European forests on a large-scale in terms of tree growth, tree vitality, soil
chemistry, or soil water quality [9,94–96].

A strong effect of N deposition on the herbaceous layer of GE and CS cannot be
exhibited by plant species occurrence or richness as well as ecological indicator values
(EIV N). An increase in eutrophication indicators such as Urtica dioica, Galium aparine, and
Epilobium angustifolium was limited to CS 4 and not widespread, indicating a response to
site-specific regeneration-oriented liming rather than to extensive eutrophication through N
depositions. The herbaceous layer plays an important role for the forest ecosystem stability
and within the macronutrient cycle, besides its small biomass [7]. The importance for
regulating forest ecosystem processes is in detail unknown [97], but the herbaceous layer
seems to enhance forest floor organic matter decomposition rates, due to its production of
short-lived (often with annual turnover) and easily degradable aboveground biomass [7,98].
Depending on the species composition and the degree of cover, the herbaceous layer can
represent a significant source or even a sink of macronutrients (e.g., for moderate or high
N deposition) [99]. Most of the GE are characterized by a low to very low predicted herb
layer biomass and at some GE the herbaceous layer is even missing (Table 2). Thus, the
macronutrient regulatory function is rather low at GE and the predicted nutrient storage
in the herbaceous layer is greater at CS (Table S6), expressed, for example, by a 23-fold
higher predicted N storage in the herbaceous biomass at CS. Nevertheless, compared to
the predicted macronutrient storage in the tree biomass (Table S6), the predicted storage
in the herbaceous layer is low and the predicted herbaceous biomass at GE is only 0.01%
of the predicted tree biomass and 0.11% at CS, respectively. This proportion is typically
higher (~0.1–1%) for northern hemisphere deciduous forests [7], indicating that the herba-
ceous layer at GE and CS do not exert a strong influence on macronutrient storage (or N
retention) there.
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4.2. Forest Floor Organic Matter and Macronutrient Turnover

GE are characterized by more bioactive humus forms than CS (mull, moder at GE
and moder, mor at CS) [36], underlined by half of the size of forest floor organic matter
stocks (Table S6) and despite a litter fall that is twice as high than at CS (Table S10). A low
residence time of organic matter and macronutrients, also expressed in higher turnover
rates (fractional annual losses; Table S8) at GE, indicate a higher biomass or activity of
decomposers and detritivores as well as better decomposition conditions at GE. A less
acidic pH in forest floor [36], topsoil, and soil seepage water (Table 3), probably favored the
presence of a decomposing soil fauna at GE (e.g., epigeic/endogeic earthworms) [100,101].
The forest type effect can be masked by site as well as forest management, visible in case of
the fractional annual loss of organic matter at GE 1, GE 6, and CS 4 (Table S8). GE 1 (Dystric
Planosol) is one of the wettest, whereas GE 6 (Podzol) is one of the driest sites and both
site conditions may delay decomposition [102], even under deciduous tree species [28].
Conversely, lime applications can favor the organic matter turnover at CS, leading to a
higher fractional annual loss similar to that of the GE (Table S8). The degradation of organic
matter is diminished at CS, although the amount of light during the growing season is
higher at CS (Table 2). The soil-biological activity, as well as the rate of litter decomposition
during the vegetation period, is a function of temperature at the local scale [103] and thereby
of solar direct radiation below the tree canopy [104]. A lower water supply within the CS
(higher mean annual interception loss at CS, Table 3) and a high polyphenol content of the
needle litter [105] may hamper turnover at CS. The needle litter is not per se decay resistant,
but the biochemical transformations during the decomposition process form novel stable
compounds [106], that contribute to recalcitrant forest floor organic matter stocks. In CS,
the litter decomposition is expected to be facilitated primarily through microorganisms
like fungi or bacteria [102], since the abundance of earthworms at CS might be very low
due to soil acidity [33,101]. Coinciding, the annual throughfall Nt flux is increasing at CS
and higher than under the canopy of European beech (Figure 3). Knorr, et al. [107] showed,
that litter decomposition is stimulated by minor N fluxes (<5 kg ha−1 yr−1), but hampered
by higher N depositions (>5 kg ha−1 yr−1). It is at least conceivable that the decomposition
of the coniferous litter is further inhibited at the CS due to the higher throughfall N fluxes,
leading to a suppressed activity of fungal and microbial extracellular oxidative enzymes
(lignolytic enzymes) [5,108,109].

4.3. Soil Acidification and Its Modulation at GE and CS
4.3.1. The Role of Litter Fall, Forest Hydrology and Weathering Processes

In a former study [36] we observed no significant change in forest floor pH values
between 1999 and 2018, in both the GE and CS. We suggested, that in the case of GE, the
supply of base cation-rich litter buffer forest floor acidification, which may occur during
decomposition and organic matter turnover processes [32]. The present study supports
this hypothesis and shows that GE are characterized by twofold (Ca2+) to even fivefold
(K+) higher annual macronutrient return via litter fall than CS (Table S10), especially due to
leaves and reproductive parts (Table S5). This annual return of base cations likely feedbacks
to the forest floor and topsoil acid neutralizing capacity. Additionally, throughfall fluxes
directly provide base cations to the available macronutrient pool of the forest floor [93,110]
and hence buffering decreasing pH values. Between 2001 and 2018, the mean annual base
cation input via throughfall and stemflow was slightly higher at GE (30.1 ± 5.3 kg ha−1)
than at CS (24.0 ± 4.2 kg ha−1) and the mean throughfall fluxes are dominated by K+ and
Ca2+ (Figure 3).

In contrast to the forest floor, the mineral soil of GE and CS acidified during the last
19 years by 0.2 to 0.5 pH units [36]. Weathering processes of the soil matrix in the main
rooting zone of GE and CS contribute to a higher acid neutralizing capacity in the mineral
soil and the predicted annual base cation flux (Table S10) is almost similar between the
forest types with slightly higher amounts at GE. The base cation release is dominated by
K+ (Table S10). Nevertheless, we found slightly lower total base cation stocks in mineral
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soil of GE (Table S6; Figure S8), matching the result of a stronger mineral soil acidification.
Independently, Großherr [48] found that the exchangeable base cation mineral soil pool
in a depth of 15–28 cm, is also smaller at the plot GE ICP (234.0 kg ha−1) than at CS ICP
(334.4 kg ha−1). This is especially true for Ca2+ and K+.

4.3.2. The Role of Seepage Water and Nitrate

Nitrate is considered as a critical ion for the process of base cation depletion (counter
ion for Ca2+, Mg2+, and K+ in soil solution) through leaching from the mineral soil via
seepage water [13]. Nevertheless, our results suggest an existing, but minor risk for base
cation leaching losses associated with NO3

− at GE and CS. Unfortunately, macronutrient
seepage fluxes were not determined at the investigated monitoring sites in the past and we
estimate the role of NO3

− for mineral soil acidification with the use of different predictors
for N seepage fluxes at GE and CS in our study.

The depth curve of the NO3
− seepage water concentration cascades downwards

for GE with highest concentrations in the forest floor (Figure 4), indicating that most of
the NO3

− from mineral soil solution is consumed by European beech. N is required in
large amounts by higher plants as a constituent of proteins, nucleic acids, coenzymes
or secondary metabolites [111] and it is taken up by tree roots as NO3

− as one major
inorganic N source [11,111,112]. The NO3

− seepage water concentration is up to sixfold
higher at CS, increases below 50 cm depth and it seems, that at CS—where throughfall
Nt fluxes are higher—not all of the deposited NO3

− is consumed by Norway spruce and
Scots pine. The N uptake rate into tree coarse wood and bark is only half the size of GE
(Table S10). The remaining NO3

− may reduce soil base cation stocks, but nevertheless
the base cation concentration in seepage water, show a negative correlation with NO3

−

concentration (Figures S2–S5). Other indicators for NO3
− leaching in European forests

confirm a lower risk for nitrate seepage water losses at CS. The forest floor C:N ratio can
function as such an indicator for coniferous stands [113,114]. The mean forest floor C:N
ratio at the exploration sites is between 26–36 (Oa-Oi) at CS and between 22–35 (Oa-Oi) at
GE [36], pointing on an intermediate N status with a low or at most moderate risk for NO3

−

leaching [113]. Throughfall Nt fluxes can serve additionally predictive, using a relationship
relating N leaching fluxes to throughfall N fluxes, which provide good overall predictions
of seepage N fluxes for European forest sites [115]. However, throughfall fluxes are a weak
predictor at sites with low leaching fluxes [115] but throughfall Nt fluxes at GE and at CS
indicate possible seepage Nt fluxes of 2 kg ha−1 yr−1 (GE) respectively 4 kg ha−1 yr−1

(CS). As annual leaching rates of 2–4 kg N ha−1 yr−1 (temperate deciduous forests) and
1–3 kg N ha−1 yr−1 (intensive coniferous plantations) are set as a threshold for acceptable
leaching of inorganic N [56], the estimated seepage Nt fluxes at CS might be sometimes
above the critical limits and may be an indicator for nutrient imbalances caused by nitrate
leaching. Nevertheless, an assignment of the investigated GE and CS to the N accumulation
type with growing N stocks or at least unchanged N stocks (quasi-steady-state Type) in
forest floor and mineral soil [116] seems plausible based on the predicted N input–output
balance (Table S10) and the estimated seepage N fluxes [114,115,117]. A synthesis of the
predicted N status classification [116] and the N saturation stage [94] supply evidence that
GE and CS are not N saturated hence being of minor risk for N-induced distinct herbaceous
layer biodiversity losses, strong soil acidification, soil base cation losses, and soil water
quality degradation [94]. Plausible N seepage water fluxes of < 4 kg ha−1 yr−1, group in
the lower range of N fluxes usual for Europe (1–30 kg ha−1 yr−1) [114].

4.3.3. The Role of Seepage Water and Sulphate

Besides NO3
−, SO4

2− function as a counter ion for base cations in soil solution and can
contribute to strong mineral soil base cation losses [10,20,21]. In some European and North
American forested catchments, SO4

2− accounts even for 68–100% of the acid leaching from
forest soils [118]. Because atmospheric S deposition decreased strongly over time (Figure 3),
the desorption of water-soluble SO4

2− from Fe and Al sesquioxides seems to be responsible
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for the high SO4
2− concentrations in mineral soil seepage water at GE and CS, with higher

concentrations at CS (Figure 4). The desorption process in acidic mineral soil is probably
stimulated through dissolved organic matter seepage fluxes [22,119]. Organic anions and
dissolved organic carbon (DOC) compete with SO4

2− for adsorption sites [120] at acidic
soil pH with DOC adsorption being preferred over that of SO4

2− [120]. This assumption is
confirmed by lower DOC concentrations in mineral soil solutions at GE and CS at 50 cm
and 100 cm depth, than at 20 cm depth, which may indicate DOC adsorption (GE/CS
ICP, data not shown). In contrast to NO3

−, base cation concentrations are significantly
positive correlated with SO4

2− concentrations in seepage water of most mineral soil depth
increments, especially in those of the CS (Figures S2–S5), suggesting a remobilization
of previously retained historic SO4

2− which in turn causes base cation leaching losses.
This process might decrease pH at the deeper mineral soil and delay a recovery from soil
acidification. Nevertheless, a decrease in SO4

2− concentrations is observable between
2011–2018 (Figure S1). Base cation concentrations in mineral soil solution at the GE and the
CS also show a similar trend over time like SO4

2−, with lower concentrations in the last
decade (Figure S1).

4.3.4. The Role of the Tree Species: Base Pump Effect and Base Cation Depletion

Tree macronutrient uptake affect the chemical conditions and nutrient distribution in
forest soils [11]. At sites under nutrient deficiency and acidic soil conditions, this process
contributes to a further mineral soil acidification, as free acid is produced during the base
cation uptake via the tree fine root system and the acid neutralizing capacity of the mineral
soil is depleted [29,121]. This “bio-acidification” [30] is a main process for decreasing pH
values in forest mineral soil [29] as long as the sequestrated cations are not returned to the
topsoil by litter and wood decomposition [11] and mineral soil base cation stock losses
are not balanced. At GE and CS, mineral soil acidification traces the main rooting zone
typical for European beech, Norway spruce, and Scots pine and the strongest acidification
occurred for GE, which were characterized by an up to threefold higher estimated annual
uptake of base cations into tree stemwood and bark than CS (Table S10). Although our
study did not directly determine the fate of base cations from mineral soil via root uptake
and biomass formation to the forest floor, the base pump effect serves as one explanation for
the observed soil acidification combined with a relatively low base cation pool restoration
by rock weathering (Table S10). Recent input–output balances for Ca2+, Mg2+, and K+

indicate, that the calculated budgets for GE and CS are positive (Table S10). Nevertheless,
the base cation balance seems to be depth-dependent with growing stocks in forest floor
and topsoil contrary to base cation losses from deeper mineral soil.

5. Conclusions

Our results offer no evidence for herb layer diversity losses and little evidence for
distinct mineral soil base cation losses resulting from the moderate N bulk deposition at
the investigated forest stands. The application of predictors for NO3

− leaching showed,
that neither GE nor CS are N saturated and that both only bear low risks for soil base cation
(Ca2+, Mg2+, K+) depletion or soil water quality degradation induced by N depositions.
Nevertheless, processes like nitrification can contribute to a soil acidification and thus to a
decrease in base cation saturation. An ongoing pressure from N deposition inputs on the
forest soil at GE and CS can change the role of nitrogen compounds to become the main
driver for forest soil acidification at the investigated stands.

In contrast to NO3
−, SO4

2− seems to be more important for the status of soil base
cation pools at GE and CS, although S depositions decreased strongly over the last decades.
The remobilization of previously specifically adsorbed SO4

2− into soil solution causes base
cation leaching losses at the investigated forest stands. This process might decrease the
pH at deeper mineral soil and delay a recovery from soil acidification. Nevertheless, high
SO4

2− concentrations in mineral soil solution mainly occurred in the time period between
2001–2010, whereas a decrease in SO4

2− and base cation concentrations is observable
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between 2011–2018. Based on this observation, base cation leaching losses from mineral
soil as counter ions for SO4

2− associated with an acid neutralizing capacity depletion and
mineral soil acidification may be of lesser relevance for GE and CS, today. This points to
tree growth and the uptake of Ca2+, Mg2+, and K+ into tree biomass, likely before sulphate
and nitrate leaching occur, as one main driver for recent mineral soil acidification under
the current N deposition conditions at GE and CS. The “bio-acidification” traces the main
rooting zone typical for European beech, Norway spruce and Scots pine at GE and CS. The
base cation balance as well as soil acidification seems to be depth-dependent with growing
base cation stocks and unchanged pH values over time in forest floor and topsoil contrary
to base cation losses and decreasing pH values at deeper mineral soil. Due to the natural
process of soil acidification and tree macronutrient uptake, it is questionable whether the
investigated soils will recover in the long-term if the assimilated cations are not released to
the topsoil by litter decomposition, even if the input of acidifying air pollutants is reduced.

The plantation of Green Eyes provides positive effects on the forest floor quality. The
high rate of nutrient return via litter fall and the intensified turnover processes at GE may
contribute to vital and stable forest ecosystems due to the activated nutrient cycling in
forest floor and topsoil. Nevertheless, our results suggest that the bio-acidification of the
mineral soil at 20–40 cm depth is higher at GE, which can affect future ecosystem dynamics
and processes. In a wider sense and to predict nutrient imbalances (especially for Ca2+,
Mg2+, and K+), we recommend to forest managers that fine and coarse woody debris
should remain in the forest and accumulate to function as a temporary reservoir or even a
base cation source during its decomposition and as a hotspot for biodiversity at the forest
sites. It remains a field of further research to determine the extent to which the effects of
GE impinge on the surrounding CS and in which ways GE can be a part of future, vital
forests in Germany and Central Europe.
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Dry matter stocks (in forest floor) and macronutrient stocks (in forest floor and mineral soil) for Green
Eyes and coniferous sites. Figure S9. Fractional annual loss (turnover rate) and residence time in
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aboveground biomass and macronutrient stocks with the estimation model PhytoCalc 1.4 at GE and
CS. Table S3. Summary statistics and ANOVA results of the linear mixed-effects models. Table S4.
Soil data used for the prediction of the annual base cation release (Ca2+, Mg2+, K+; kg ha−1) from
weathering processes in the main rooting zone of the soil matrix at GE and CS according to the soil
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coniferous sites. A steady state condition was assumed. Table S9. Forest floor organic matter (OM)
stocks (dry matter) at Green Eyes and coniferous sites. Table S10. Macronutrient fluxes (deposition,
litter fall, predicted weathering in soil matrix) and predicted macronutrient budgets for Green Eyes
and coniferous sites.
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