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Abstract Primary productivity of forest ecosystems depends on the availability of plant‐essential mineral
nutrients. Because nutrient demand of trees often exceeds nutrient supply from rock, tree nutrition is
sustained by efficient reutilization of organic‐bound nutrients. These nutrients are continuously returned
from trees to the forest floor in litterfall. However, over millennia nutrient limitation may develop in
landscapes from which nutrients are permanently lost by drainage and erosion. Such a deficit is prevented if
advection of unweathered bedrock toward the surface as driven by erosion continuously supplies fresh
nutrients. Yet the mechanisms and the depth range over which this deep nutrient resource is accessed are
poorly known. We show that in two montane temperate forest ecosystems in the Black Forest and Bavarian
Forest the geogenic source of nutrients was found within a depth zone of several meters. This deep zone
contains a large pool of biologically available nutrients. We applied isotope ratios as proxies for nutrient
uptake depth, and we tracked the regolith depth at which the isotope ratios of 87Sr/86Sr and 10Be(meteoric)/
9Be match the respective values in plant tissue. We mapped the depth distribution of the biologically
available calcium‐bound form of the most plant‐essential mineral nutrient phosphorus and found that the
depth of phosphorus availability is as deep or even deeper as the range defined by the isotope ratios. We
conclude that nutrient supply from a regolith depth of several meters is critical for forest ecosystem function
in landscapes of moderate hillslopes and rainfall that are affected by permanent nutrient loss.

1. Introduction

A key regulator of primary productivity in forest ecosystems is the availability of nutrients (Fernández‐
Martínez et al., 2014). Because uptake fluxes of plant‐essential mineral nutrients such as phosphorus (P),
potassium (K), calcium (Ca), and magnesium (Mg) into forest trees often exceed nutrient supply fluxes from
mineral weathering (e.g., Cleveland et al., 2013; Newman, 1995; Uhlig & von Blanckenburg, 2019a), forest
trees have evolved strategies to prevent nutrient limitation. For example, nutrients that are continuously
returned from trees through litterfall to the forest floor can be efficiently reutilized or, in other words, are
recycled from plant litter and soil biomass (called here “organic” sources) (Jobbagy & Jackson, 2000; Lang
et al., 2016; Turner et al., 2013; Vitousek & Farrington, 1997). Indeed, the magnitude of this organic mineral
nutrient turnover exceeds geochemical release fluxes from primaryminerals by a factor of between 5 and 100
(e.g., Riotte et al., 2014; Schuessler et al., 2018; Uhlig et al., 2017; Wilcke et al., 2017). This cycle has been
called the “organic nutrient pathway” (Uhlig & von Blanckenburg, 2019a).

Even though recycling of nutrients minimizes their loss from the forest ecosystem (e.g., Jobbágy &
Jackson, 2001, 2004), a minor fraction is nevertheless continuously lost by solute export, erosion, or both.
For example, for the most plant‐growth limiting mineral nutrient P, the dissolved (Bol et al., 2016) or colloi-
dal (Gottselig et al., 2020; Missong et al., 2016) loss caused by dissolution of minerals or by plant litter leach-
ing (Cleveland et al., 2006) typically amounts to 1–60 mg m−2 year−1 and can be as much as
240 mg m−2 year−1 (Bol et al., 2016). In addition, due to the tight binding of P to organic matter and soil
minerals, 90% of total P loss may actually occur via particulate export (Tiessen, 2008), where fine particulate
export amounts to losses of up to 800mg Pm−2 year−1 (Meyer & Likens, 1979). Finally, P loss may also occur
through erosion of plant litter (e.g., Heartsill Scalley et al., 2012; Scatena & Lugo, 1995). Such dissolved or
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particulate losses are not restricted to the mineral nutrient P. Estimates of the loss of other mineral nutrients
from temperate forest ecosystems were recently provided by Uhlig et al. (2017) and Uhlig and von
Blanckenburg (2019a). Importantly, however, while mineral nutrient losses from the forest floor are too
small to affect tree nutrition within annual timescales, the continuous deficit from nutrient loss means that
the mineral nutrient pool in forest floor material should diminish significantly after ~10 to 100 years,
depending on pool sizes (e.g., Uhlig & von Blanckenburg, 2019a) and in the absence of additional input.
Since this is equal to or less than the lifetime of a tree, nutrient limitation would in this scenario inevitably
inhibit plant‐growth.

To balance this continuous loss of mineral nutrients over millennial timescales and sustain primary produc-
tivity, external supply from atmospheric wet deposition and dust deposition have been suggested (Chadwick
et al., 1999). However, in mountainous settings, typical atmospheric deposition rates of, for example, P
(Aciego et al., 2017) are mostly much smaller than P losses (Uhlig et al., 2017). Similarly, studies from
Likens et al. (1977) in the Hubbard Brook Experimental Forest and from Johnson (1989) in the Walker
Branch Watershed showed a net deficit of the plant‐essential mineral nutrients K, Ca, and Mg when atmo-
spheric deposition is considered as the only input fraction. The existence of a negative nutrient balance sug-
gests that atmospheric inputs are lower than outbound fluxes from organic forest floor materials or from
weathering. If atmospheric inputs fail to replenish mineral nutrients, one means suggested to prevent a
decline phase in forest ecosystem development are catastrophic disturbances such as mass wasting events
like landslides (e.g., Stallard, 1995; Wardle et al., 2004), which expose fresh, nutrient‐richmaterial that is less
weathered than the soil removed. These events are limited to tectonically active landscapes of high‐relief,
and thus such episodic mass wasting is not a viable replenishment mechanism in the majority of Earth's
mountainous forest ecosystems.

Porder et al. (2007) suggested that the development of nutrient limitation is countered over millennial time-
scales by the advection of nutrients locked in primary minerals across the weathering front, driven by ero-
sion. The process causing this transfer is chemical weathering that converts bedrock into regolith
(Graham et al., 2010)—where regolith is defined here to comprise mobile soil and immobile saprolite (che-
mically weathered bedrock that is in situ and has retained its original fabric; Becker, 1895). This mechanism
pertains to landscapes that are slowly but permanently eroding such that the surface material depleted in
mineral nutrients is replaced by fresh material from below. For example, half of the terrestrial surface slopes
by more than 5° (Larsen et al., 2014), and simply by the forces of gravity, experiences permanent loss of
mineral nutrients through erosion or drainage. In such eroding settings nutrient availability in the weather-
ing zone varies vertically (Porder et al., 2007) rather than temporally (Walker & Syers, 1976). A corollary of
this idea is that the source from which nutrients are supplied is shifted into the weathering front. This front
is located at sometimes considerable depth and certainly below the depth of soils that are commonly consid-
ered to encompass all sources of plant nutrition.

Another mechanism suggested to supply nutrients from depth is nutrient uplift by biota. Jobbágy and
Jackson (2004) provided evidence for nutrient uplift through an increase in concentration of soil exchange-
able K, Na, and Mg at topsoil. Bullen and Chadwick (2016) demonstrated by means of Ca, Sr, and Ba stable
isotopes that there is an upward flux of nutrients from depth via plant uptake that is subsequently returned
to the topsoil as litterfall. Moreover, increasing evidence currently emerges that the deeper subsoil is an
important source for water and nutrients to plants (Dawson et al., 2020). For example deep fine roots do
indeed take up both water and nutrients from up to 12 m depth (Germon et al., 2020). Thus, nutrient uplift
by plants is the mechanism we explore in this study.

To do so we build on previous findings by Uhlig and von Blanckenburg (2019a) which show for the two
mountainous, temperate forest ecosystems explored further in this study that the deep saprolite hosts a reser-
voir of biologically available mineral nutrients and that this nutrient reservoir is in turn continuously replen-
ished by rock weathering over thousands of years. This replacement flux was called the “geogenic nutrient
pathway” and is instrumental in satisfying the “geogenic nutrient supply” (De Oliveira Garcia et al., 2018)
required in many forest ecosystems. Yet the Uhlig and von Blanckenburg (2019a) study lacked direct evi-
dence that nutrients are indeed taken up from the deep saprolite. Here we fingerprint the mean depth from
whichmineral nutrients are sourced to compensate loss of organic‐bound nutrients and to ultimately sustain
forest growth. To this end we explored nutrient sources in cores that were drilled up to 30 m deep through
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regolith into unweathered bedrock. We used radiogenic strontium isotope ratios (87Sr/86Sr) to bracket the
depth of mineral nutrient uptake. For the same purpose we established a second and independent isotope
system, namely, the cosmogenic meteoric beryllium isotope ratio (10Be(meteoric)/9Be) as a novel proxy
for the depth of mineral nutrient sources. Finally, we determined the depth distribution of the different che-
mical forms in which the most plant‐essential mineral nutrient P is bound. A geochemical background data-
set measured on these drill cores was provided by Uhlig and von Blanckenburg (2019a, 2019b).

2. Conceptual Framework
2.1. Using Element and Isotope Ratios as Fingerprints of Nutrient Uptake Depth

The overarching rationale of using element or isotope ratios as conservative proxy of nutrient uptake depth is
that a given element or isotope ratio varies with regolith depth. The depth‐dependent ratios of a biologically
available regolith compartment are compared with those found in living plant tissue, to estimate the average
nutrient uptake depth, above and below which nutrient uptake may take place (e.g., Coble et al., 2015;
McCulley et al., 2004). This depth has been identified in previous studies by means of element ratios, isotope
labeling experiments, or radiogenic isotope ratios, each approach having strengths and weaknesses.

Element ratios such as Ca/Sr or Ge/Si are relatively simple to measure, but as it turns out, are unsuitable
because they often shift during plant uptake and during translocation within plants. For example, Sr is dis-
criminated as compared to Ca during the translocation from the belowground to the aboveground plant
organs (e.g., Blum et al., 2008, 2012; Drouet & Herbauts, 2008; Pett‐Ridge, Derry, & Barrows, 2009;
Poszwa et al., 2000), and Ge is discriminated against Si during plant uptake (e.g., Blecker et al., 2007;
Delvigne et al., 2009; Derry et al., 2005). Isotope labeling is an alternative approach, in which a specific soil
horizon is labeled with artificially enriched isotopes of a plant‐essential element (e.g., Chapin & Van
Cleve, 2000) such as 15N (e.g., Ackermann et al., 2015), 44Ca or 26Mg (e.g., van der Heijden et al., 2013).
For this application, the isotope ratio of the label applied is suitably anomalous that the effect of any isotope
fractionation during plant uptake is negligible. The reliability of this procedure for assessing the depth of
nutrient uptake is questionable, however, because the addition of an isotope tracer inevitably entails fertili-
zation. Moreover, isotope labeling experiments are cost‐intensive and the injection of the isotope tracer into
a specific soil horizon can be challenging, as the label may move through preferential flow pathways or react
with unlabeled nutrient pools.

A third class of depth indicators makes use of naturally occurring radiogenic isotopes. A prerequisite is that
the radiogenic isotope ratio varies with depth. For the radiogenic strontium isotope ratio (87Sr/86Sr), for
example, a depth gradient develops if parent bedrock comprises multiple Sr‐containing primary minerals
of different mineral solubility and with distinct 87Sr/86Sr ratios. Measured 87Sr/86Sr ratios are thought to
serve as a proxy for the depth of Ca uptake, due to the similar chemical properties of Sr and Ca, and have
successfully been used to fingerprint the Ca source in boreal forest ecosystems (e.g., Åberg et al., 1990;
Bailey et al., 1996; Bélanger et al., 2012; Blum et al., 2002; Bullen & Bailey, 2005; Miller et al., 1993), tempe-
rate forest ecosystems (e.g., Bedel et al., 2016; Drouet et al., 2005, 2005; Kennedy et al., 2002;Meek et al., 2016;
Schmitt et al., 2017), and tropical forest ecosystems (e.g., Pett‐Ridge, Derry, & Kurtz, 2009; Pett‐Ridge, Derry,
& Barrows, 2009). 87Sr/86Sr ratios have also been used to trace the depth of nutrient uptakemore generally in
arid and semiarid ecosystems (e.g., Coble et al., 2015; Jackson et al., 2002; McCulley et al., 2004), boreal forest
ecosystems (e.g., Poszwa et al., 2004), temperate forest ecosystems (e.g., Berger et al., 2006; Poszwa
et al., 2003), and tropical rainforests (e.g., Poszwa et al., 2002, 2009). We utilize this established method
for our study sites and thus discuss it in more detail in section 2.2.

Taking advantage of early geomorphic studies on meteoritic 10Be (Bacon et al., 2012; Brown et al., 1992;
McKean et al., 1993), we introduce a new system here: the 10Be(meteoric)/9Be isotope ratio. It uses the rare
radioactive cosmogenic fallout nuclide 10Be(meteoric) in combination with the stable isotope 9Be that is
released in trace amounts during rock weathering. This isotope system was originally developed to quantify
total denudation rates from soil and bedload sediment (von Blanckenburg et al., 2012) and has been success-
fully applied to forest ecosystems in very small and very large watersheds (e.g., Dannhaus et al., 2018;
Wittmann et al., 2015, respectively). Here we leverage the strong depth dependency of the 10Be(meteoric)/
9Be ratio in regolith (detailed later in section 2.3) to devise a new method to trace nutrient uptake depth.
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2.2. Radiogenic Strontium (87Sr/86Sr) as Tracer for Nutrient Sources

Natural Sr consists of four stable isotopes: 84Sr, 86Sr, 87Sr, and 88Sr. Among them 87Sr is a so‐called radiogenic
isotope, as 87Sr is the product of the radioactive β− decay of 87Rb with a half‐life of ~4.88 × 1010 years
(Holden, 1990). In contrast to stable isotope systems, isotope fractionation is not measured with radiogenic
Sr, because any natural or instrumental isotope shifts are corrected for during mass spectrometry by the nor-
malization of the measured 87Sr/86Sr ratio to the known natural ratio of 88Sr/86Sr ¼ 8.375209 (e.g., Faure &
Mensing, 2005).

Strontium is a trace element in the continental crust and due to its high solubility during chemical weath-
ering Sr is strongly partitioned into water. Although Sr is a non‐nutritive element, plant roots nevertheless
take up Sr along with Ca via non‐selective cation channels, due to their identical valency and similar elec-
tron configurations. Even though the chemical properties of the macronutrients K, Mg, and P differ from
those of Sr and Ca we regard it as likely that the uptake depth of K, Mg, and P can also be traced by radio-
genic Sr provided that during weathering these elements are released from primary minerals into the dis-
solved pore water fraction at similar depth. Depth profiles of elemental loss in our cores have shown that
this is a reasonable assumption (Uhlig & von Blanckenburg, 2019a). To use 87Sr/86Sr as nutrient source tra-
cer we compared the 87Sr/86Sr ratio of living wood and foliage with the “biologically available” fraction of Sr
in the drill‐cores. Here, this biologically available fraction is operationally defined and is thought to repre-
sent the most loosely held mineral nutrients in the soil. These comprise the water‐soluble and the easily
exchangeable fraction (e.g., Bacon & Davidson, 2008; Filgueiras et al., 2002) that are assumed to be in equi-
librium with soil pore water and are steadily replenished by primary mineral dissolution. Moreover, the
exchangeable fraction forms weak electrostatic bonds with the negative surfaces of phyllosilicates and clay
minerals or organic matter. Using the operationally defined biologically available fraction instead of directly
analyzing Sr from soil water offers considerable advantages: The biologically available fraction can be
extracted with high depth resolution from a sampled regolith depth profile, whereas lysimeters sample soil
water only at few depth intervals, and their installation likely disturbs the integrity of soil and generates pre-
ferential flow pathways leading to perturbed and unrepresentative infiltration of water. We assume that the
biologically available fraction of Sr in the forest floor and organic‐rich topsoil is mainly sourced from decom-
posed organic matter and in themineral soil and saprolite primarily stems from in situ dissolution of primary
minerals.

2.3. Cosmogenic Meteoric Beryllium (10Be(meteoric)/9Be) as Tracer for Nutrient Sources

Beryllium has one stable isotope, namely, 9Be. As cosmic radiation enters the Earth's atmosphere spallation
reactions take place and produce so‐called cosmogenic nuclides, such as meteoric 10Be. Due to its geologi-
cally short half‐life of 1.4 Myr, meteoric 10Be is not an original constituent of rocks. Instead, meteoric 10Be
is scavenged by rainwater after production and infiltrates into soil. Conversely, 9Be occurs in trace amounts
in rock (von Blanckenburg et al., 2012), specifically in the minerals plagioclase, mica, and K‐feldspar (e.g.,
Navrátil, 2000; Skřivan et al., 2000), and is released by rock weathering into soil solution. Both
meteoric‐derived 10Be and mineral‐derived 9Be mix in soil water from which they are coprecipitated into
amorphous and poorly crystalline oxides (am‐ox). However, 10Be and 9Be may also be as passively taken
up by plants as Mg by transporters of the MGT family (Maathuis, 2009) to substitute for Mg (Kabata‐
Pendias, 2011). Thus, the 10Be(meteoric)/9Be isotope ratio of amorphous and poorly crystalline oxides repre-
sents that of the operationally defined biologically available fraction of regolith fluids. Because of the reac-
tive nature of hydrolyzed Be (e.g., BeOH+ or Be (OH)2) and the distinct sources of these two isotopes, the
10Be(meteoric)/9Be ratio follows a bulge‐shaped depth profile and below the bulge decreases strongly with
regolith depth (Maher & von Blanckenburg, 2016). Isotope fractionation effects can be neglected for Be
because the analytical uncertainty of typically 5% exceeds any isotope fractionation effect expected for
10Be/9Be that from the similarity of the neighboring 7Li/6Li and 11B/10B systems is typically 101 per mil
(Faure & Mensing, 2005). Thus, the depth distribution of the 10Be(meteoric)/9Be ratio represents a promis-
ing tracer to fingerprint the depth of nutrient uptake, for which it is used in this study for the very first time.

2.4. Phosphorus

Phosphorus fulfills diverse life‐sustaining functions in all living organisms. Among the essential mineral
nutrients, P commonly limits plant growth (Augusto et al., 2017; Du et al., 2020; Vance et al., 2003). Yet P
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is present in only trace amounts in host rock (e.g., Porder & Ramachandran, 2013), and over millennia, the
inventory of mineral‐bound P in soil decreases by mineral dissolution. Water flow and ensuing soil chemical
reactions also reduce the availability of P to trees by the transformation of biologically available P (e.g.,
dissolved P and P adsorbed onto soil minerals) into P forms that are not readily biologically available (e.g.,
P occluded within sesquioxides) (e.g., Helfenstein et al., 2018; Walker & Syers, 1976). An established
method to compartmentalize soil P is the Hedley sequential phosphorus fractionation (Hedley
et al., 1982). Operationally defined P forms examined in this study are resin‐extractable P, 0.5 M NaHCO3‐

extractable P, 0.1 M NaOH‐extractable P, 1 M HCl‐extractable P, and concentrated HCl‐extractable P.
These P forms are assumed to mirror organic bound P, biologically available non‐occluded P, potentially
biologically available Ca‐bound P, and biologically unavailable occluded P. According to the classical
Walker and Syers (1976) model the inventory of P forms depends on soil age. In sloping landscapes, in
contrast to the models from Wardle et al. (2004) and Walker and Syers (1976), gradients in chemical
weathering develop vertically rather than with time (Porder et al., 2007, Figure 1). Thus, we assume a

Figure 1. Hypothesized depth distribution of extractable phosphorus (P) with depth and nutrient uptake pathways. The
left‐hand part of this figure is redrawn from Walker and Syers (1976) by rotating the Walker and Syers figure by 90° to
illustrate P fractions with depth. In permanently eroding settings the P forms depend on uplift and erosion of soil
particles in the weathering zone (Porder et al., 2007). Phosphorus uptake pathways shown here are: deep rooting,
dimorphic root systems, capillary rise (blue arrows), symbiotic relationship between roots, and mycorrhizal fungi (yellow
network). Phosphorus fractions shown here are organic‐bound P (Porg) corresponding to the P Hedley fractions resin‐
Po + NaOH‐Po + NaHCO3‐Po (Table 1), labile P (Plab) corresponding to the P Hedley fraction resin‐Pi, occluded and
secondary P (Pocc + Psec) corresponding to the P Hedley fractions NaHCO3‐Pi + NaOH‐Pi + HClconc‐Ptotal + Residual
Ptotal (Table 1), primary mineral‐bound P (Pprim) corresponding to the P Hedley fraction HCldil‐Pi. A, B: Soil horizons.
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depth gradient in the P forms that allows conclusions on the availability and thus possible uptake depth of
potentially biologically available P to be drawn.

3. Study Sites

Nutrient uptake depths were determined in two southern German upland forest ecosystems, which are mon-
itored by the International Co‐operative Program on assessment and monitoring of air pollution effects on
forests (ICP Forests) and are study sites of the DFG priority program SPP 1685 “Ecosystem Nutrition –

Forest Strategies for limited Phosphorus Resources.” Neither site was glaciated during the last glacial max-
imum (LGM). The Black Forest (Conventwald, site CON, 48°1.20222′N, 7°57.93996′E) is characterized by a
moderate hillslope of 17°, mean annual precipitation (MAP) of 1,400 mm, mean annual temperature (MAT)
of 7.9°C, and by a Hyperdystric skeletic folic Cambisol (Baxter, 2007). The Bavarian Forest (Mitterfels, site
MIT, 48°58.54860′N, 12°52.49388′E) is characterized by a gentle hillslope of 10°, MAP of 1,300 mm, MAT
of 4.5°C and by a Hyperdystric chromic folic Cambisol (Baxter, 2007). European beech (Fagus sylvatica)
and Norway spruce (Picea abies) of about 130 years age (Lang et al., 2017) dominate the tree species at
CON and MIT. Both study sites are underlain by paragneiss, while the Cambisols developed on periglacial
slope deposits formed during the LGM, as is common in the northern hemisphere (Kleber &
Terhorst, 2013). The presence of periglacial slope deposits of typically less than 3 m thickness (Kleber &
Terhorst, 2013) implies that no substantial mass wasting events such as landslides occurred at our study sites
since the LGM. Total denudation rates from in situ cosmogenic nuclides, which integrate physical erosion
and chemical weathering losses over several thousands of years, are 125 t km−2 year−1 at CON and
57 t km−2 year−1 at MIT (Uhlig & von Blanckenburg, 2019a). Because the mineralogical composition of
the paragneiss is shifted toward more soluble minerals at CON than at MIT the chemical weathering rate
is with 71 t km−2 year−1 much higher at CON than at MIT (8 t km−2 year−1). Thus, the regolith at CON
is substantially more depleted in mineral nutrients than at MIT.

4. Methods
4.1. Sampling

Forest floor samples originate from soil pits sampled by Lang et al. (2017) near the drill sites at each study
site. Regolith was sampled at depth increments of 20 cm from a 3 m deep trench. Regolith beyond 3 m depth
and unweathered parent bedrock were sampled from 20 m (CON) and 30 m (MIT) deep drill cores. Living
wood, leaves, and needles were sampled from representative mature trees of the prevailing species Fagus syl-
vatica and Picea abies. A more detailed description of the sampling is provided in Uhlig and von
Blanckenburg (2019a).

We note that the combination of drilling, chemical extraction of elements from soil and saprolite, and the
application of two isotope systems, fromwhich the Be system represents an entirely new tracer for the nutri-
ent uptake depth, represents considerable methodological development. The labor‐intensive nature of these
initial tests precluded the employment of these systems to multiple sample replicates.

4.2. Analytical Methods

Sample preparation, radiogenic Sr isotope measurements, 9Be concentration measurements, sample purifi-
cation prior to 10Be analysis, and soil pH analysis were performed at the Helmholtz Laboratory for the
Geochemistry of the Earth Surface (HELGES) at GFZ‐Potsdam (von Blanckenburg et al., 2016). Hedley
sequential phosphorus fractionation was performed at the University of Bonn, Institute of Crop Science
and Resource Conservation INRES. Cosmogenic 10Be analyses were performed at the University of
Cologne – Centre for Accelerator Mass Spectrometry.
4.2.1. Extracting the Biologically Available Fraction of Strontium
The biologically available fraction of Sr comprises the water‐soluble fraction and the exchangeable fraction.
Each extraction was performed on a suspension of 2 g of bulk soil (dried, sieved to <2 mm) in 14 ml of reac-
tant, where deionized water (Milli‐Q, 18 MΩ) was used for the water‐soluble extraction and 1 M NH4OAc at
neutral pH for the exchangeable fraction. The suspension was first dispersed in an ultrasonic bath for 1 hr
and then gently shaken on a hotdog roller at 7 rpm for 24 hr (water‐soluble extraction) and 2 hr (exchange-
able extraction), respectively. After shaking the suspension was centrifuged at 4,200 rpm for 30 min, and the
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supernatant was pipetted off into a syringe and filtered through a 0.2 μm acetate filter. The entire sequential
extraction method was repeated once for each sample. Both individual supernatants were combined, treated
as one sample with concentrated acid mixtures (HF, HCl, and HNO3), and redissolved prior to radiogenic Sr
analyses.
4.2.2. Analyzing the Radiogenic Sr (87Sr/86Sr) Ratios
Prior to radiogenic Sr analysis rock and regolith samples and reference materials were dissolved by a silicate
digestion method using ultrapure concentrated acid mixtures (HCl, HNO3, HF, and H2O2) in PFA vials.
Vegetation samples and the plant reference material SRM 1515 (apple leaves, NIST) were digested using a
microwave method (MLS start) with ultrapure acid mixtures (H2O2, HNO3, HCl, and HF) in PFA vials.
After sample digestion Sr was separated from matrix elements using inverted disposable pipettes packed
with 200 μl TrisKem SR‐B50‐S (50–100 μm) resin (Sr‐Spec). Matrix elements were removed by elution with
5.5 ml 7.5 M HNO3 and Sr was eluted with 2 ml deionized water (Milli‐Q water, 18.2 MΩ). To destroy any
organic crown‐ether released from the Sr‐Spec resin, the Sr fraction was dried, redissolved and treated in
closed PFA vials for more than 12 hr in a concentrated acid mixture (H2O2 and HNO3) at 85°C and then
in concentrated HNO3 at 170°C. The purity of the Sr fraction was monitored by ICP‐OES (Varian 700E) ana-
lysis. Impurities were negligible except in the case of Ba, which was kept below a Ba/Sr ratio of less than 5,
below which doping tests with SRM 987 demonstrated no resultant analytical bias. 87Sr/86Sr was measured
on a multi collector inductively coupled plasma mass spectrometer (MC‐ICP‐MS, Thermo Neptune) using
an APEX‐Q (ESI) as sample introduction system, a low mass resolution slit and 40 ng g−1 pure Sr solutions
in 0.3 M HNO3. The blank to sample ratio on 88Sr was less than 0.4%. Simultaneously to the signals of 84Sr
(L2), 86Sr (central Faraday Cup), 87Sr (H1), and 88Sr (H2) we monitored the signals of 82Kr (L4), 83Kr (L3),
and 85Rb (L1) to correct for Kr and Rb interferences on the masses 84 and 87 with the Kr and Rb isotope
ratios measured prior to the sequence run. The measured 87Sr/86Sr ratio was normalized to the 88Sr/86Sr
ratio of 8.375209 using an exponential law to correct for natural and instrumental isotope fractionation.
Repeat analyses of SRM 987 both processed through chemistry andwithout chemistry was used to determine
the long‐term accuracy of the method. Averages and two standard deviations are SRM
987¼ 0.71029 ± 0.00001 (N¼ 240, without chemistry) and SRM 987¼ 0.71026 ± 0.00011 (N¼ 32, including
chemistry) and are identical to published values for SRM 987 ¼ 0.71029 ± 0.00033 (N ¼ 247; Jochum
et al., 2005) measured with MC‐ICP‐MS.
4.2.3. Extraction and Analyses of Amorphous and Poorly Crystalline Oxides
Amorphous and poorly crystalline oxides (am‐ox) were separated following the procedure described in
Wittmann et al. (2012). The method is based on Fe isotope studies where the biologically available fraction
of Fe, which includes the pools of water‐extractable, exchangeable Fe, organically bound or adsorbed Fe,
and poorly crystalline Fe oxides, were sequentially extracted (Guelke et al., 2010). Although not analyzed,
we separated the adsorbed exchangeable fraction prior to the am‐ox extraction step to allow optimal compar-
ison of the chemical composition of leachates from the Be extraction and Sr extraction procedure. The Be
concentration of the exchangeable fraction of Be is typically negligible when compared to the am‐ox fraction
(Wittmann et al., 2012). We added 10ml 1MMgCl2 to 0.5 g bulk soil (dried and sieved to <63 μm), shook the
suspension for more than 12 hr, centrifuged for 20 min at 4,200 rpm and pipetted off the supernatant. We
then washed the sample three times using 10 ml deionized water at pH 9 (Milli‐Q, 18.2 MΩ, pH adjusted
with ammonia) and discarded the wash solutions. Finally, the amorphous and poorly crystalline oxides were
separated by adding 10 ml 0.5 M HCl and by mild shaking for 24 hr. The supernatant was pipetted off as the
exchangeable fraction and treated with concentrated acidmixtures (HF, HCl, and HNO3). Next, two aliquots
were taken for separate analyses of 9Be and 10Be.

The 9Be concentration of amorphous oxides was measured with ICP‐OES in 0.3 M HNO3 and matrix
matched calibration standards with a relative uncertainty of 5% based on accuracy of repeat analyses of
the international reference materials GA (granite, CNRS) and RGM‐1 (rhyolite, USGS).
4.2.4. Analyzing the 10Be(meteoric)/9Be Ratio
9Be concentrations were analyzed as described in Uhlig, Goldberg, et al. (2020). In summary, 9Be of plant
matter was measured on an iCAP‐Q with fast pump system (ESI Fast DX, 1 ml loop) with uncertainties bet-
ter than 16% relative based on repeat digestion and analyses of SRM 1515 (apple leaves, NIST). Prior to 9Be
analyses of plant matter the sample matrix was reduced by several orders of magnitudes by cation‐exchange
chromatography using inverted disposable pipettes packed with 3 ml AG50W‐X12 resin (200–400 mesh).
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After cation‐exchange chromatography, the 9Be aliquot was sufficiently purified to avoid matrix effects
during iCAP‐Q analysis.
10Be(meteoric) aliquots were spiked depending on the natural 9Be concentration with 400 to 550 μg of our
in‐house 9Be “phenakite” carrier (9Be: 372.5 μg g−1). The matrix elements were separated from the spiked
10Be aliquot using anion and cation chromatography methods and alkaline precipitation described in detail
in von Blanckenburg et al. (1996, 2004). 10Be(meteoric)/9Be analyses were performed by accelerator mass
spectrometry (AMS) at University Cologne. Procedure blanks were subtracted from the samples.
4.2.5. Determining the P Forms by the Hedley Fractionation Method
To identify P forms that are plant available, sieved, and ground aliquots from the cores were extracted
sequentially in duplicate according to a modified Hedley procedure (Tiessen &Moir, 1993). The Hedley pro-
cedure entails a stepwise chemical extraction of P forms from 0.5 g soil at a 1:60 soil:solution ratio (w/v).
Resin‐P was extracted in the presence of an anion‐exchange resin and deionized water; NaHCO3‐P in
0.5 M NaHCO3, NaOH‐P in 0.1 M NaOH and HCldil in 1 M HCl, each at an extraction time of 16 hr in an
overhead shaker, followed by centrifugation and filtration through ashless quantitative paper filters (Albet
LabScience, Dassel, Germany). Subsequently, the HClconc‐Ptotal fraction was extracted with hot concen-
trated HCl (80°C, 20 min). For the final extraction of “residual P,” we used aqua regia following Lauer
et al. (2013). For each fraction, we determined inorganic‐bound P (Pi) by the molybdenum‐blue method
(Murphy & Riley, 1962) and total P by ICP‐OES (Ultima 2, HORIBA Jobin Yvon, Longjumeau, France);
organic‐bound P (Po) was calculated as the difference of total P and Pi. As the HClconc and residual P frac-
tions of weathered bedrock are usually devoid of significant amounts of organic‐bound P (Lauer et al., 2013;
and references in Cross & Schlesinger, 1995), these extracts were analyzed by ICP‐OES only. A detailed
description of the sequential extraction scheme of P and the fraction properties is provided in Table 1. We
note that the total P concentrations derived from XRF analyses of bulk regolith differ from the sum of P frac-
tions derived from Hedley fractionation by on average ~10%. The disparities may arise from the low sensi-
tivity of XRF for P, or the possibility of non‐quantitative Hedley extraction steps (e.g., Lauer et al., 2013
and unpublished data). Nevertheless, we used both methods for the assessment of weathering depth.
4.2.6. Analyzing the Soil pH
The pH of soil and saprolite was assessed on a suspension of 1 g oven dried (60°C, 24 hr) bulk soil (<2 mm
fraction) and 5 ml 0.01 M CaCl2 with a WTW pH meter. Prior to soil pH measurements the suspension was
dispersed for 10 min in an ultrasonic bath and shaken for 20 min on a Stuart rocker and roller mixer. For
quality control, the Merck pH 4 buffer solution and the international reference material IRMM‐443‐7
(Cambisol, BCR/IRMM representing the same soil type as those at our study sites) were analyzed after

Table 1
Sequential Fractionation Scheme and Resulting P Fractions and Their Properties (Slightly Modified From Barej et al., 2014)

Fraction Extraction procedurea Fraction propertiesb

Resin‐Pi Anion exchange resin, 16 hr Labile Pi, biologically most available P form
Resin‐Po Water‐soluble organic Po, usually present in only trace amounts
NaHCO3‐Pi 0.5 M NaHCO3 pH 8.5, 16 hr Labile Pi, likely to be biologically available, associated with Fe and Al oxides
NaHCO3‐Po Easily mineralizable Po
NaOH‐Pi 0.1 M NaOH, 16 hr Moderately labile Pi, associated with secondary Fe and Al oxides
NaOH‐Po Stable Po, resulting from long‐term transformation of P forms
HCldil‐Pi 1 M HCl, 16 hr Moderately stable Pi, Ca‐bound P, associated with primary minerals

(e.g., apatite), considered as potentially biologically available
HCldil‐Po Rarely present, Ca‐precipitated Po and Po associated with sesquioxides (e.g., Al2O3

and Fe2O3) dissolving in HCl
HClconc‐Ptot HClconc, 80°C 10 min Very stable P, covers recalcitrant P occluded in sesquioxides (e.g., Al2O3 and Fe2O3)
Residual Ptot Aqua regia digestion Highly refractory and occluded P forms

Summed fractions

Org‐P Sum of Po: NaHCO3‐Po, NaOH‐Po, resin‐Po
HCldil‐Ptot Sum of HCldil‐Pi and HCldil‐Po

Note. Pi denotes inorganic P forms (measured by the molybdenum blue method). Po denotes organic‐bound P (measured from Ptotal minus Pi).
aAccording to Tiessen and Moir (1993) and Hedley et al. (1982). bBased on Tiessen and Moir (1993) and Cross and Schlesinger (1995).
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every tenth sample. The soil pH analyses were stable and accurate, and the reproducibility was better than
±1.5%. Soil pH data are presented in Table S1.
4.2.7. Estimating Atmospheric Dust Deposition Fluxes

Atmospheric wet deposition fluxes (DepXwet , Table 2)—defined here as comprising dissolved atmospheric
constituents deposited by rain, snow or fog above the tree canopy—were routinely monitored at CON by
the Forstliche Versuchsanstalt Baden‐Wuerttemberg (FVA) and at MIT by the Bayerische Landesanstalt

für Wald und Forstwirtschaft (LWF). External atmospheric dust deposition fluxes (DepXdust , Table 2)—
defined here as comprising mineral dust particles sourced from external locations such as deserts—were
not monitored at either study site. We thus estimated external atmospheric dust deposition fluxes of element
X by multiplying published total dust deposition rates with element concentrations typical of dust. Minima
and maxima of total dust deposition rates (Table S2) were taken from global dust deposition maps provided
by Jickells et al. (2005) and Zender et al. (2003), both of which rely on modeled data. Concentration data of
atmospheric dust were compiled from Avila et al. (1998), Castillo et al. (2008), Goudie andMiddleton (2001),
Hladil et al. (2008), Lawrence and Neff (2009), and Vanderstraeten et al. (2008). To provide a representative

estimate of DepXdust we used this comparison set of concentrations along with the composition of the upper
continental crust (UCC, data from Taylor & McLennan, 1995). We multiplied the minima and maxima of
total dust deposition rates with these concentrations. Notably, the weighted mean concentrations of atmo-
spheric dust and UCC differ by only 25%. We preferred this use of compiled data over using measured data
from a single location (such as from the nearby Strengbach catchment or the Alps) because the considerable
spatiotemporal variability of eolian dust input means no one site is necessarily representative of our study

sites' dust deposition flux. However, to assess whether the magnitude of our estimates of DepXdust is reason-
able, we also tabulated measured atmospheric dust deposition fluxes from European sites in the Alps and
Northern Italy and globally distributed sites and found that these are in the same range (Table 2).

Table 2
Fluxes of Atmospheric Deposition (Wet and Dust) and Chemical Weathering

K Ca Mg P Reference

External atmospheric dust deposition flux estimates (mg m−2 year−1)
DepXdust (min) dust‐derived 37 59 21 1.6 See section 4.2.7.

DepXdust (max) dust‐derived 110 180 63 4.8 See section 4.2.7.

DepXdust (min) UCC‐derived 50 54 24 1.3 See section 4.2.7.

DepXdust (max) UCC‐derived 150 170 73 3.9 See section 4.2.7.

DepX
dust (min) 37 54 21 1.3

DepX
dust (max) 150 180 73 4.8

Compiled atmospheric dust deposition fluxes (mg m−2 year−1)
Min Max Min Max Min Max Min Max

Atmospheric dust 11 30 82 171 6 9 — — Morselli et al. (2008)
Atmospheric dust 23 226 36 361 12 123 1 11 Lawrence and Neff (2009)
Atmospheric dust — — — — — — 5 10 Mahowald et al. (2008)
Atmospheric dust — — — — — — 0.7 11 Aciego et al. (2017)
Atmospheric dust — — 230 — — — — De Angelis and Gaudichet (1991)
Atmospheric wet deposition fluxes (mg m−2 year−1)
DepXwet (CON)

a 160 380 53 7.1 Uhlig and von Blanckenburg (2019a)

uncertainty 57 79 11 5.5
DepXwet (MIT)b 340 380 73 46 Uhlig and von Blanckenburg (2019a)

uncertainty 220 79 27 35
Chemical weathering fluxes (mg m−2 year−1)
WX

regolith (CON) 1,000 5,500 2,000 84 Uhlig and von Blanckenburg (2019a)

uncertainty 160 480 210 10
WX

regolith (MIT) 240 980 400 65 Uhlig and von Blanckenburg (2019a)

uncertainty 130 150 33 12

Note. DepXdust: External atmospheric dust deposition flux of element X. DepXwet: Atmospheric wet deposition flux of element X.WX
regolith: Chemical weathering flux

of element X (release flux of X fromminerals minus the flux of incorporation of X into secondaryminerals and regolith oxides). Italic values denote uncertainties.
aData provided by the Forstliche Versuchsanstalt Baden‐Wuerttemberg (FVA). bData provided by the Bayerische Landesanstalt für Wald und Forstwirtschaft
(LWF).
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5. Results
5.1. Radiogenic Strontium Isotope Ratio

The radiogenic strontium isotope ratio (87Sr/86Sr) of bulk regolith shifts at CON from low ratios of 0.7094 to
0.7109 in bedrock to high ratios of 0.7245 to 0.7327 in regolith (Figure 2, Table S3). At MIT, in contrast, 87Sr/
86Sr of bulk regolith ranges from 0.7148 to 0.7205 which is similar to bulk parent rock with 87Sr/86Sr from
0.7136 to 0.7230 (Figure 2, Table S3). The difference in these patterns can be explained with the higher
degree of chemical weathering at CON than at MIT. At CON plagioclase, which is typically relatively high
in the concentration of Sr but shows low 87Sr/86Sr ratios (e.g., Hewawasam et al., 2013; Pett‐Ridge, Derry,
& Kurtz, 2009), is almost entirely lost from the regolith, whereas biotite, which is typically relatively low
in Sr concentration but has a high 87Sr/86Sr ratio (e.g., Hewawasam et al., 2013; Pett‐Ridge, Derry, &
Kurtz, 2009), remains in the regolith (Uhlig & von Blanckenburg, 2019a). The paragneiss at MIT is domi-
nated by a more Na‐rich plagioclase which has lower solubility upon weathering and is hence retained in
the profile (Uhlig & von Blanckenburg, 2019a) resulting in less weathering impact on the 87Sr/86Sr of bulk
regolith.

The biologically available fraction of Sr at CON has much lower 87Sr/86Sr (0.7160 to 0.7212) than bulk rego-
lith, and its depth distribution mirrors the 87Sr/86Sr depth distribution of bulk regolith (Figure 2, Table S3).
At MIT, in contrast, the 87Sr/86Sr depth distribution of the biologically available fraction ranges from 0.7109
to 0.7244, which is similar to that of bulk regolith, yet it does not show a systematic correlation with the pat-
terns seen in bulk regolith (Figure 2, Table S3). The difference between the profiles can also be explained by
the difference in weatherability: At CON, Sr with low 87Sr/86Sr primarily released fromCa‐rich plagioclase is
found in the biologically available fraction. The systematic gradients in the 87Sr/86Sr ratio of the NH4OAc‐
extractable fraction and its mirroring of the 87Sr/86Sr of bulk regolith within the uppermost 3 m indicate

Figure 2. Depth distribution of 87Sr/86Sr in plants, regolith, rock and the biologically available fraction comprising the
water‐soluble (deionized water, pH 5) and 1 M NH4OAc extractable fraction at CON (panel a) and MIT (panel b). hw:
heartwood, sw: sapwood. L: litter layer, Of: organic fermented layer, Oh: organic humic layer. A, Bw, Cw: soil
horizons. Horizontal stippled lines subdivide soil horizons (A into Ah and Ah+Bw, B into Bw1 and Bw2). Gray vertical
bar: range of vegetation 87S/86Sr. Colored bars at the right side of panels (a) and (b) assign data to soil (brown),
saprolite (beige), weathered rock (light gray), unweathered rock (dark gray). Note that y‐axis spacing changes with depth
for ease of display.
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that Sr solubilization from upper layers and its translocation to deeper layers is not a predominant process.
Rather its gradients reflect variations in the release and isotope composition of Sr from remaining primary
minerals. This assumption is supported by the concentrations of all major elements in the biologically
available fraction at both study sites (Uhlig & von Blanckenburg, 2019a). Most of these are higher at >3 m
depth than above, suggesting release at depth rather than transport from above.

The Sr isotope composition of plant material reveals two important results. The first is that 87Sr/86Sr ratios of
leaf foliage (CON: 0.7170–0.7179, MIT: 0.7142–0.7158) and wood (CON: 0.7173–0.7186, MIT: 0.7150–0.7163)
are roughly identical to the ratios in the L and Of horizon (CON: 0.7179, MIT: 0.7158–0.7168) in the forest
floor (Figure 2, Table S4) at both sites. This isotope matching confirms the dominance of an “organic nutri-
ent cycle” (Uhlig & von Blanckenburg, 2019a) because Sr and other organic‐bound mineral nutrients are
efficiently reutilized from the forest floor. This recycling process is most efficient for P and K at both sites
(Uhlig & von Blanckenburg, 2019a). The second important result is relevant to the identification of the initial
geogenic Sr source. 87Sr/86Sr of living plant matter is identical to 87Sr/86Sr of the biologically available frac-
tion over the deeper sections of the weathering zone, namely, from 2 to 7m depth at CON and from 3 to 17 m
depth at MIT (Figure 2, Table S3). This finding indicates that the Sr found in the forest floor and organic soil
layers is initially sourced from these deep regolith layers demonstrating a slow but permanent “geogenic
nutrient pathway” (Uhlig & von Blanckenburg, 2019a). Such a nutrient uptake depth is deeper than pre-
viously found in temperate and boreal forest ecosystems (e.g., Berger et al., 2006; Poszwa et al., 2003,
2004), but as deep as in arid to semiarid grass‐ and shrublands (Coble et al., 2015; Jackson et al., 2002;
McCulley et al., 2004).

5.2. Cosmogenic Meteoric Beryllium Isotope Ratio

At both sites, the depth distribution of the cosmogenic meteoric beryllium isotope ratio (10Be(meteoric)/9Be)
in amorphous and poorly crystalline oxides (am‐ox) follows a bulge shape. Maximum values of 12 × 10−9 at
CON and 23 × 10−9 at MIT are found in 10Be(meteoric)/9Be of the Bw soil horizon, and minimum values of
2.9 × 10−9 at CON and 0.02 × 10−9 at MIT are found in the saprolite (Figure 3, Table S5). 10Be(meteoric)/9Be
ratios in leaf foliage are about 11 × 10−9 at CON and to 13 × 10−9 (Fagus sylvatica) and 21 × 10−9 (Picea abies)
at MIT. 10Be(meteoric)/9Be ratios found in leaf foliage exceed those found in wood (CON: 5.0 × 10−9 (Picea
abies) and 7.8 × 10−9 (Fagus sylvatica), MIT: 7.7 × 10−9 (Fagus sylvatica)) with the exception for Picea abies at
MIT, where 10Be(meteoric)/9Be found in wood are 19 × 10−9 (Figure 3, Table S4). That the 10Be(meteoric)/

Figure 3. Fingerprinting nutrient uptake depth by comparing 10Be(meteoric)/9Be in vegetation with the depth profile of
10Be(meteoric)/9Be in amorphous oxides (representing the potentially biologically fraction of Be) at CON (panel a)
and MIT (panel b). Vertical bars: range of 10Be(meteoric)/9Be of stem wood from Fagus sylvatica (light brown) and Picea
abies (dark brown). A, Bw, Cw: soil horizons. Horizontal stippled lines subdivide soil horizons (A into Ah and
Ah+Bw, B into Bw1 and Bw2). Colored bars at the right side of panels (a) and (b) assign data to soil (brown) and saprolite
(beige).
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9Be ratio of foliage exceeds the 10Be/9Be ratio in wood is due to the direct uptake of wet deposition, which is
rich in 10Be(meteoric), through leaf stomata. This effect is more pronounced for coniferous than for decid-
uous species due to the higher relative surface area and the longer lifetime of its foliage. We thus compare
the wood 10Be(meteoric)/9Be ratio with the am‐ox ratio to fingerprint the nutrient uptake depth. The
10Be(meteoric)/9Be of Fagus sylvatica matches the am‐ox ratio at 1.5 to 2.0 m depth at CON and at 0.0 to

Figure 4. Depth distribution of selected extractable phosphorus (P) fractions relative to total P at each depth (Hedley
fractionation, see section 4) at CON (panel a) and MIT (panel b). Extracted P fractions correspond to figure legends
(see Table 1 for detailed descriptions). Left‐hand panels show (potentially) biologically available fractions and right‐hand
panels show less and non‐biologically available fractions. The NaHCO3‐extractable Pi form is not shown. A, Bw, Cw:
Soil horizons. Stippled lines subdivide soil horizons (A into Ah and Ah + Bw, B into Bw1 and Bw2). Colored bars at the
right side of panels (a) and (b) assign data to soil (brown), saprolite (beige), weathered rock (light gray), unweathered
rock (dark gray). Note the change in y‐axis spacing with depth, yet all data are shown continuously. One sample
from 1.6 m depth at CON was excluded after performing a Grubbs outlier test.
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1.5 m depth at MIT, and Picea abies at 2.0 to 3.5 m depth at CON and 1.5 to 2.5 m depth at MIT (Figure 3,
Tables S4 and S5). Given these differences, the uptake depth of Be is apparently species dependent.

5.3. Phosphorus Availability With Depth

Hedley sequential phosphorus fractionation was performed to evaluate the biological availability of P with
depth. The depth distribution of P forms show that P in soil regolith consists mainly of P in the occluded form
(relative to total P up to 42% at CON and up to 28% atMIT) and recalcitrant form (relative to total P up to 29%
at CON and 35% at MIT) (Figure 4, Table S6) that are essentially unavailable to direct utilization by forest
trees. A potentially biologically available form of P (calcium‐bound HCldil‐Pi) is the dominant extractable
P form only in deep saprolite and weathered bedrock at 7 m and 17 m depth at CON and MIT. Thus, at both
study sites, a considerable fraction of potentially biologically available calcium‐bound P is present only in the
deep saprolite (in situ bedrock that has experienced strong weathering) and bedrock that was weathered
along fractures.

6. Discussion
6.1. Nutrient Uptake Depth

We compared the 87Sr/86Sr ratio and, for the first time, the 10Be(meteoric)/9Be ratio in forest trees to the bio-
logically available fraction in the regolith as a fingerprint of uptake depth. We interpret these to denote the
uptake depth of the mono‐ and divalent mineral nutrients. The uptake depth differs between Sr and Be,
likely caused by the differential mobility of these elements within the regolith depth profile. In the presence
of organic compounds that resemble humic acid, Be is strongly bound to solid surfaces at a soil pH above 4
(Willenbring & von Blanckenburg, 2010). In the absence of humic acid, Be is bound at a soil pH above 6
(Willenbring & von Blanckenburg, 2010). Beryllium is thus predicted to be retained in the organic
carbon‐rich topsoil up to ~1.5 m where soil pH is >4 at both sites. Beryllium is also retained below ~3 m
depth at CON and ~8 m at MIT where the soil pH is >6 (Figure 5, Table S1). These predictions allow us
to infer that Be is mobile only in the depth range of 1.5 to 3 m at CON and to 8 m at MIT. In contrast, Sr
is mobile at both acidic and neutral pH. This pH range is found at both sites throughout the soil‐saprolite
profile (Figure 5). Thus, Sr tracks a deeper uptake depth for the metals Ca, K, and Mg (see section 2.2) than
beryllium. The uptake depth obtained from 10Be(meteoric)/9Be hence presents a minimum depth for their
uptake depth. The deep uptake indicated by Sr is likely also indicative for P uptake because a soil pH of 6
to 7 provides the highest solubility of the potentially biologically available calcium phosphate in the regolith
(Brady & Weil, 2002). Recent data by Rodionov et al. (2020, in press) indicate biologically mediated oxygen

Figure 5. Depth distributions of soil pH at CON (panel a) and MIT (panel b). A, Bw, Cw: Soil horizons. Horizontal
stippled lines subdivide soil horizons (A into Ah and Ah + Bw, B into Bw1 and Bw2). Colored bars at the right side of
panels (a) and (b) assign data to soil (brown) and saprolite (beige). Note that for ease of display, y‐axis scaling at MIT
changes beyond 7 m depth.
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isotope exchange in PO4 up to a depth of 3.4 at MIT and to 4.7 m at CON. We can confirm conditions favor-
able to mobilization of both P and Sr deep in the profiles. The soil pH ranges between 6 and pH 7 at ~3 m and
5–7 m at CON, and at 7–17 m at MIT (Figure 5, Table S1). Thus, the uptake depth of Be at MIT and for Fagus
sylvatica at CON is shallower than that of Sr (Figure 5). In any case we find evidence for the upward trans-
location of mineral‐sourced K, Ca, and Mg from 2–17 m depth, and it is likely that P is among them as P
occurs in potentially biologically available form only in substantial amounts at depths below 2 m (Figure 4).

6.2. Atmospheric Dust Deposition—An Alternative Nutrient Source?

An alternative explanation for forest ecosystems to sustain millennial scale nutrition is nutrient utilization
from atmospheric dust deposition. For example, Aciego et al. (2017) suggested that for the most
plant‐essential mineral nutrient P supply by atmospheric dust deposition outpaces P supply from local bed-
rock, a conclusion contested for the P‐rich bedrock site in that study by Uhlig et al. (2017). Arvin et al. (2017)
underpinned the Aciego et al. (2017) argument by comparing P release from regolith with P input from Last
Glacial Maximum (LGM) dust that is thought to having exceeded the modern dust flux in many parts of the
Earth. However, using erosion rates reported in Uhlig and von Blanckenburg (2019a) and bulk soil densities
(Bw soil horizon) provided by F. Lang (personal communication, reported in Uhlig & von
Blanckenburg, 2019a) from CON and MIT reveals that since LGM about 60 cm of soil would have been
eroded at CON and about 75 cm at MIT, which means that any remaining solid LGM P would have been
eroded since then.

Apparently in favor of the dust hypothesis, the radiogenic Sr isotope composition of forest trees at CON and
MIT fall within the range found for potential source areas of atmospheric dust in the Sahara and Asian
desert. Specifically, at both sites 87Sr/86Sr of living leaf foliage and wood ranges from 0.714 to 0.718, whereas
87Sr/86Sr of Saharan dust ranges from 0.711 to 0.754 (Gross et al., 2016) and Asian dust ranges from 0.715 to
0.748 (Grousset & Biscaye, 2005). Despite this isotope match, three lines of evidence still suggest it is unlikely
that atmospheric dust contributes substantially to long‐term forest ecosystem nutrition at CON and MIT.
First, neither the distribution of element concentrations (provided in Uhlig & von Blanckenburg, 2019a)
nor 87Sr/86Sr ratios with depth show a clear indication for substantial atmospheric dust deposition at both

study sites. Second, estimates of dust deposition fluxes (DepXdust , section 4.2.7, Table 2) of plant essential
mineral nutrients (K: 37–150, Ca: 54–180, Mg: 21–73, P: 1.3–4.8; all in mg m−2 year−1) are much lower than
nutrient supply fluxes by rock weathering (CON: K: 1,000, Ca: 5,500, Mg: 2,000, P: 84; MIT: K: 240, Ca: 980,
Mg: 400, P: 65; all in mgm−2 year−1; Table 2). Also atmospheric wet deposition fluxes (CON: K: 160, Ca: 380,
Mg: 53, P: 7.1; MIT: K: 340, Ca: 370, Mg: 73, P: 46; all in mg m−2 year−1; Table 2) are lower than nutrient
supply by rock weathering at CON and at MIT (where measured atmospheric deposition is likely dominated
by anthropogenic inputs today, Uhlig & von Blanckenburg, 2019a). Hence, dust deposition is insufficient to

balance the annual loss fluxes of mineral nutrients at our study sites. Third, the data for DepXdust represent
likely an overestimate because it contains local soil material (e.g., Lequy et al., 2012), which should be con-
sidered as an internal rather than an external input to the forest ecosystem.

Given these arguments we believe that nutrient utilization from depth is a more likely process to sustain
long‐term forest ecosystem nutrition than the supply of atmospheric dust at CON and MIT and possibly at
other sites globally with similar dust fluxes, denudation rates, and parent lithology.

6.3. Nutrient Uplift Pathways

Given the collective evidence provided above we suggest that the balance of permanent loss of
organic‐bound mineral nutrients over their residence time in soil is achieved by nutrient uptake from depth,
that is, nutrient uplift (Bullen & Chadwick, 2016; Jobbágy & Jackson, 2004). The differences in the uptake
depth of the elements Sr and Be (interpreted to constrain the range of uptake depth of the
mineral‐derived nutrients K, Ca, Mg, and P) provide an insight into the uplift pathways that we infer to
be several meters long. The most obvious mechanism is direct uptake by roots. Picea abies is known to root
shallowly, particularly in mixed stands with Fagus sylvatica (Schmid & Kazda, 2002), where Fagus sylvatica
acts as a Ca‐pump for Picea abies (Berger et al., 2006). Our results suggest nutrient uptake from a depth
beyond the mean rooting depth of Picea or Fagus (0.74 ± 0.47 m [N ¼ 80] and 0.83 ± 0.46 m [N ¼ 8] respec-
tively; Fan et al., 2017), and beyond the estimated maximum rooting depth of Picea abies and Fagus sylvatica
in European forests of less than 2 m (e.g., Canadell et al., 1996; Claus & George, 2005; Drexhage &
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Gruber, 1998; Schmid & Kazda, 2005). Hence, this nutrient uplift would need to be mediated by a few roots
that grow much deeper than the maximum root length suggests. Indeed, it has previously been suggested
that for water storage and uptake into the shallow rooting zone trees may rely on the few roots reaching
much deeper, which in surveys of rooting depth are likely undersampled (Fan et al., 2017). Plant rooting
depth is regulated hydrologically and is often strongly correlated with the depth of the groundwater water
table (Fan et al., 2017). Dimorphic root systems (comprising shallow horizontal roots and deep taproots)
allow trees to tap into the capillary fringe near the water table (Fan et al., 2017). In doing so, for example,
during summer droughts, they likely simultaneously take up mobilized mineral nutrients. Although varying
seasonally, the water table lies at 7.5 m depth at site CON and at 8 m depth at site MIT, which is consistent
with the uptake depth inferred from 87Sr/86Sr (Figure 2) as well as with the most significant increase of
potentially biologically available calcium‐phosphate with depth (Figure 4). Hydraulic redistribution by roots
(Lambers et al., 2006; McCulley et al., 2004) reallocates deep water (potentially carrying dissolved nutrients)
from deep soil horizons to shallow roots.

Despite the good agreement between nutrient source depth and the position of the water table at our sites,
since we still lack visual evidence for the presence of roots at depths of ~8 m within our drill cores, it is pos-
sible that capillary rise and diffusion are additional nutrient uplift mechanisms. This abiotic lift may further
be supported by hyphae of endomycorrhiza fungi that can bridge deep nutrient sources and shallow tree
roots by more than a meter (Graham et al., 2010). Such hyphae have been found to extend in oak woodland
down to 4 m depth (Bornyasz et al., 2005; Querejeta et al., 2007) and up to 6 m in Eucalypt plantation
(Santana et al., 2016). At that depth, hyphae take up nutrient‐rich pore waters or in the case of P penetrate
directly into mineral grains, such as apatite, for nutrient uptake (Bornyasz et al., 2005; Schmitt et al., 2017).
We suggest therefore that a combination of root‐mycorrhizal symbiosis, dimorphic root systems, and capil-
lary rise (Figure 1) may be involved in nutrient uplift from depth. This finding provides evidence that
organic‐bound nutrient losses from an ecosystem can be balanced through nutrient uptake from a deep
reservoir that is rich in biologically available nutrients (for P see Figure 4; for Ca, K, and Mg see Uhlig &
von Blanckenburg, 2019a) and which can then be cycled multiple times through the forest floor and trees.

6.4. Global Implications and Limitations

Cleveland et al. (2013) estimated that up to about 6% of plant P uptake takes place from so‐called “new” P,
defined as P that is not recycled from organic matter, but is instead taken up freshly from regolith. Given our
isotope‐derived evidence that organic‐bound nutrients originally entered the organic nutrient cycle after
uptake from a deep and biologically available nutrient reservoir, we suggest that some of this “new” uptake
might also stem from a deep source (in regions where atmospheric inputs are insufficient to balance the geo-
genic nutrient cycle). This deep nutrient uptake may be particularly relevant in the half of the terrestrial sur-
face in which slopes exceed 5°, and thus experience slow, but permanent erosion. Such erosion ensures that
fresh minerals are advected into a regolith depth that is in principle, as we show, accessible to forest trees.

This deep nutrient uptake mechanism is likely significant in temperate forest ecosystems with gentle to
moderate hillslopes and rainfall but may not necessarily play a key role in forest ecosystems with very steep
hillslopes in areas of high rainfall, for example, in steep sloping tropical rainforests. These ecosystems are
frequently affected by mass wasting events such as landslides or soil avalanches (e.g., Larsen, 2012;
Stallard, 1995, 2012), meaning that rejuvenation of weathering‐derived nutrient supply takes place fre-
quently enough that re‐established forest trees would not need to access deep, less weathered regolith layers
to sustain forest ecosystem function. Yet, in many tropical areas also, root systems may reach up to 18 m
depth (Nepstad et al., 1994). Thus, quantifying nutrient uplift from depth in such areas may warrant atten-
tion too.

Finally, deep nutrient uptake may not prevail in forest ecosystems located on very flat or non‐sloping land-
scapes. These settings are characterized by intensely weathered regolith of up to 100 m thickness (e.g.,
Richter & Markewitz, 1995). In this case the nutrient‐rich weathering front would almost certainly be
beyond the reach of tree roots. However, a key difference between very flat or non‐sloping landscapes and
gently or moderately sloping landscapes is that annual nutrient loss by erosion and drainage is likely very
low and that recycling of organic‐bound nutrients is very efficient (Chadwick et al., 1999; Lambers et al., 2011;
Schuessler et al., 2018; Wilcke et al., 2002). In such settings, nutrient inputs by atmospheric deposition
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sustain primary productivity on the millennial timescale (e.g., Chadwick et al., 1999), thereby continuously
balances the only minor nutrient loss from the ecosystem.

7. Conclusions

We applied the isotope ratio of radiogenic Sr (87Sr/86Sr) and, for the first time, the isotope ratio of cosmo-
genic meteoric Be (10Be(meteoric)/9Be) as proxies for nutrient uptake depth. These proxies indicate two dis-
tinct nutrient uptake depths. On the one hand, the 87Sr/86Sr isotope ratios in living tree tissue and organic
matter matched the biologically available fraction in the forest floor and topsoil. This agreement implicates
the “organic nutrient pathway,” that is, the efficient recycling of nutrients from the forest floor as largest
supplier of mineral nutrients to forest trees. However, flux balances indicate that the forest floor pool will
be depleted by nutrient losses within centuries. This loss must be balanced by uptake from regolith. We thus
used these tracers to explore from what depth the compensatory source of, for example, phosphorus and
other mineral nutrients is acquired. 10Be(meteoric)/9Be revealed this depth to lie within the top 2.5 m,
and to differ between species. For the radiogenic 87Sr/86Sr ratio, which refers to the uptake depth of K, Ca
and Mg, we found this depth to lie below 2 m and potentially up to 17 m. Because potentially biologically
available calcium phosphate is also present in substantial amounts from about 3 m depth down to parent
bedrock, we regard it as likely that P is also sourced from this depth interval. These findings provide evidence
that organic‐bound nutrient losses from the forest floor are not necessarily balanced by supply from external
atmospheric dust deposition, but rather through nutrient uptake from a deep reservoir that is rich in biolo-
gically available mineral nutrients—the “geogenic nutrient pathway.” We suggest that biogeochemical and
linked hydrological transfers taking place in subsoil and the deep saprolite are an important missing link in
ecosystem nutrition and that these pathways warrant greater consideration within the field.

Data Availability Statement

The data set including Tables S1–S6 of this study is accessible in the data repository under the reference
Uhlig et al. (2020).
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