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A B S T R A C T

The influence of parent material mineralogy on nutrient release rates in wood production forests remains poorly 
understood, despite its importance for sustainable forest management. This study investigated how parent ma
terial mineralogy impacts soil nutrient abundance and release rates. We studied three forests in Vermont and 
New Hampshire across a Ca and Mg richness gradient within the soil parent material. We found that both 
exchangeable and total nutrient concentrations followed the nutrient richness gradient with exchangeable Ca 
concentrations highest at the rich (758 mg/kg) and lowest at the poor (51.3 mg/kg) sites. Exchangeable Mg 
concentrations were higher at the rich (41.5 mg/kg) and moderate (42.9 mg/kg) sites relative to the poor (7.04 
mg/kg) sites. Total concentrations of Ca were highest at the rich sites (13 mg/g) compared to the moderate (5.73 
mg/g) and poor (5.89 mg/g). Total Mg concentrations were higher at the rich (27.3 mg/g) than the moderate 
(9.47 mg/g) and poor (3.07 mg/g) sites. Using τ values throughout the soil profile compared to the parent 
material, we found that all three forests were moderate to weakly depleted in Ca, Mg, and K in the upper 30 cm, 
but P was slightly enriched due to biological uplift. Additionally, we found that calculated field nutrient release 
rates did not significantly differ among forest nutrient status (p > 0.05), indicating the limited effects from across 
parent materials. We also conducted a follow up batch reactor experiment at varying pH conditions (4, 5, 6) with 
organic acids (NaCl, catechol, and citric acid). As expected, pH 4 had the highest Mg release rate (2.19 mg/m2/ 
day) compared to pH 5 (1.27 mg/m2/day), and pH 6 (0.888 mg/m2/day), but surprisingly no effect on Ca release 
rates, suggesting the more acidic soils of the base cation poor soils results in higher release rates. Our results 
highlight the dominant contributions of parent material mineralogy has on Ca and Mg release rates, but also that 
weathering of primary minerals can sustain forest ecosystem productivity.

1. Introduction

The sustainability of forest harvesting in many regions, including 
northern New England USA, relies on the nature and abundance of soil 
minerals as primary factors influencing site nutrient richness (Oursin 
et al., 2023). Soil mineralogy is key to nutrient sustainability as timber 
harvesting causes the direct removal of nutrients within woody biomass 
and also increases the export of nutrients from the soil causing decreases 
in the nutrient richness of the site (Augusto et al., 2015; Garrett et al., 
2021; Hornbeck et al., 1990) The removal of nutrients with whole-tree 
biomass has been found to decrease site fertility and forest 

productivity (i.e. tree growth; Cleavitt et al., 2018; Morris et al., 2014; 
Richard et al., 2022; Richardson et al., 2017; Roy et al., 2021; Walmsley 
et al., 2009). More specifically, one study across three biomes (sub
tropical, temperate, and boreal) found that intensive management 
practices such as whole-tree harvest significantly decreased tree height, 
diameter, and biomass as well as soil calcium (Ca) concentrations (Achat 
et al., 2015). Inorganic nutrients (Ca, Mg, K, P, Fe) in soils are vital for 
plant growth and development. Calcium supports cell development 
(White and Broadley, 2003), Mg regulates energy storage and photo
synthesis (Wang et al., 2020), potassium (K) is involved in driving sto
matal pore opening and closing (Kaiser, 1982), and phosphorus (P) is 
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essential for forming genetic, structural, and regulatory molecules 
(Schachtman et al., 1998). Additionally, iron (Fe) is important in the 
synthesis of chlorophyll as well as maintaining the function of the 
chloroplast (Rout and Sahoo, 2015). While not a direct plant essential 
element, aluminum (Al) in soil does influence the availability of essen
tial nutrients by binding with them especially at low pH 
(Bojórquez-Quintal et al., 2017). The depletion of soil inorganic nutri
ents is expedited as whole tree harvesting frequency increases because 
nutrients cannot be replenished via mineral weathering within that 
short period of time (Vadeboncoeur et al., 2014). Nevertheless, there is a 
limited understanding of differences in rates of weathering across 
diverse forest sites to inform sustainable harvesting guidelines.

Soil parent material is an integral aspect of site index productivity as 
it governs many aspects from forest species composition (Coile, 1952; 
Van Breemen et al., 1997), growth rates (St. Clair et al., 2008), and 
hydrologic dynamics (Adams et al., 2019). In northern New England, 
parent materials are commonly granitic and metamorphic rocks (e.g. 
mica schists, greenschist, phyllite) from the Taconic and Alleghanian 
orogenies. The primary Ca and Mg bearing minerals in granitic and 
metamorphic rocks include calcite, hydrothermally altered carbonates, 
plagioclase, chlorite and mica. Additionally, K is primarily sourced from 
K-orthoclase and P from apatite (Nezat et al., 2004). Therefore, soils rich 
in aluminosilicate minerals such as K-orthoclase, plagioclase and micas 
will have lower nutrient concentrations than soils with diverse mineral 
compositions, especially in Mg and Fe. It is worth noting that dissolution 
rates of silicate minerals are orders of magnitude lower than those of 
apatite and carbonates (Heřmanská et al., 2022; Velbel, 1993).

Soil inorganic nutrients are replenished from a combination of 
aboveground inputs and mineral weathering processes within the soil 
profile. Despite the importance of aboveground inputs in contributing to 
soil nutrients, the main contributor to soil nutrient richness is mineral 
weathering and precipitation (Jenny, 1941; Kelly et al., 1998). The rate 
of mineral weathering is dependent upon climate conditions, such as 
precipitation and temperature, and mineral composition within the soil 
profile, which collectively govern dissolution rates. The stability of 
minerals is well known, with minerals that were formed under high 
temperatures and pressures exhibiting greater susceptibility to weath
ering compared to minerals formed under lower temperatures and 
pressures (Goldich, 1938; April and Newton, 1992). The dissolution of 
minerals and their abundances directly regulate the availability of cat
ions and buffering capacity of the soil (Manning, 2022).

Soil parent material also controls the retention and availability of 
base cations in forest soils through inheritance and formation of clay 
minerals, organic matter, and pH buffering minerals. Both clay particles 
and organic matter feature negatively charged surface sites that adsorb 
base and acid cations which contributes to the soil’s capacity to retain 
plant essential nutrients, therefore enhancing overall soil fertility 
(McKenzie et al., 2004). Additionally, the negatively charged sites act as 
exchange sites for base cations into soil solution, making them available 
for uptake by plants. The availability of these nutrients is dependent on 
soil acidity, as increased soil acidity lowers the exchange sites occupied 
by base cations, which increases the solubility of these nutrients 
(Kaupenjohann et al., 1989). In acidic soils, acidity (H+ ) occupies 
sorption sites, leading to an increased leaching of nutrients from the soil 
(Federer and Hornbeck, 1985; Jackson and Thomas Meetei, 2018). 
Carbonate minerals, such as calcite, play a role in buffering soil pH as 
their dissolution via carbonation consumes soil protons contributing to 
partially neutralize soil pH (Dijkstra et al., 2003). Therefore, soil with a 
high buffering capacity resists changes in soil pH, promoting the avail
ability of essential nutrients to plants.

Studies on mineral and rock weathering have employed various 
approaches, including modeling (Casetou-Gustafson et al., 2019; White 
and Brantley, 2003) and in-laboratory batch reactor experiments (Goyne 
et al., 2006; Richardson and Zuñiga, 2021; Velbel, 1993; Zhang et al., 
2019). A comprehensive study examining the dissolution of various 
minerals, particularly apatite and aluminosilicates, found that apatite 

was the primary mineral weathered with 1 M HNO3 in granitic-derived 
parent material (Nezat et al., 2007). Nazet et al. (2007) also indicated 
that carbonate minerals from soils derived from carbonate rocks were 
weathered with 1 M HNO3, suggesting that apatite and carbonate min
erals weather more rapidly and readily than aluminosilicate minerals. 
Therefore, the more soluble minerals will be depleted faster than 
aluminosilicate minerals, leading to nutrient depletion in the upper 
mineral soils compared to the parent material. Understanding the extent 
to which the soils are depleted in inorganic nutrients provides a baseline 
for determining the sustainability of forest management practices.

While other studies have assessed the roles of parent material on soil 
organic carbon (Pichler et al., 2021), physicochemical properties along a 
forest productivity gradient (Barnes et al., 2018), and modeled nutrient 
losses across various harvesting methods (Achat et al., 2018), our study 
is the one of the first to assess the impact of glacial till parent material, 
and soil solution chemistry on soil total and available nutrients along a 
naturally occurring nutrient richness gradient. The overarching goal of 
the study was to use a nutrient richness gradient to evaluate how parent 
material mineralogy influences soil nutrient abundance and release. For 
our first objective, we examined if nutrient rich (e.g. Ca and Mg) parent 
materials generated soils with greater exchangeable and total nutrients. 
We hypothesized that the soil of nutrient rich sites would have greater 
exchangeable and total Ca, K, Mg, and P concentrations because of the 
high abundance of phyllite and their physicochemical properties pro
moting nutrient retention. The exchangeable pools are nutrients that are 
readily available for plant uptake, whereas total nutrients are important 
for determining longer scale nutrient sustainability of a site. For our 
second objective, we determined if the enrichment or depletion of soil 
nutrients throughout the soil profile was influenced by forest nutrient 
richness. We calculated mass transfer (τ) values and hypothesized that 
these values would show either more soluble minerals at the rich site 
and greater depletion of Ca, K, and Mg or that there would be a greater 
depletion at the nutrient poor site due to the loss of low abundance 
minerals bearing these nutrients. Further, we hypothesized that the site 
with lower pH and greater DOC, which promote chemical weathering, 
would show a greater depletion of nutrients. For our third objective, we 
tested if parent material and solution chemistry affected nutrient release 
rates. To meet this objective, we compared dissolution rates with in-situ 
forest soil leachate and utilized batch reactors across the nutrient- 
richness gradient. We hypothesized that in-field and batch reactor Ca, 
K, Mg release rates would be greatest at the nutrient rich site in agree
ment with solution chemistry composition (e.g. pH).

2. Methodology

2.1. Study areas

2.1.1. Regional characteristics
For this study, we utilized three managed U.S. New England forests 

with a documented harvest history: Bartlett Experimental Forest in 
Bartlett, NH, Second College Grant in Coos County, NH, and Clement 
Woodlot near Corinth, VT (Table 1). Overall, the soils are poorly to 
somewhat excessively drained Spodosols and Inceptisols derived from 
glacial till. Through the use of Zr/Ti ratios, soil profiles were determined 
to be derived from uniform parent materials as coefficients of variation 
within forest nutrient richness were less than 30 % (Marsan et al., 1988; 
Supplemental Table 1).

In each forest, five circular plots 22.6 m in diameter were established 
within three developmental stages for a total of 15 plots per forest. This 
plot area was specifically chosen so that our results can be used in 
conjunction with or compared to long-term studies in the region (Rogers 
et al., 2021). The plot developmental stage (young, intermediate, or 
mature) was determined by the species composition, tree diameter and 
time since last recorded harvest. The dominant overstory vegetation is 
American beech (Fagus grandifolia), sugar maple (Acer saccharum), and 
yellow birch (Betula alleghaniensis) in mature forest plots. The 

A.M. Rice et al.                                                                                                                                                                                                                                 Geoderma 451 (2024) 117081 

2 



intermediate plots were partially defined by the additional presence of 
red maple (Acer rubrum), and white ash (Fraxinus americana). The 
presence and prevalence of pin cherry (Prunus pensylvanica) and striped 
maple (Acer pensylvanicum) helped define the young forest plots.

2.1.2. Natural soil Ca-Mg richness gradient
These three forests represent a natural soil Ca-Mg gradient with 

Clement Woodlot as the “Rich” site, Second College Grant as the 
“Moderate” site and Bartlett Experimental Forest as the Ca “Poor” site. 
This gradient is due to the range in parent material composition 
(Ratcliffe et al., 2011). Because this region of the US was glaciated until 
quite recently (ca. 14,000 yrs ago), the soil parent material does not 
directly correspond to the bedrock but reflects instead a range of 
neighboring materials carried by the Laurentide ice-sheet. While it is not 
possible to clearly pinpoint the origin of this surficial material, the di
rection of low and typical distances covered by the sediments in the 
region allows us to approximate the parent material as resulting from 
local bedrock extending about 1.5 km NW of the sites (Koteff and Pessl, 
1981). The rich site is the most different of the three forests because of 
the high abundances of apatite and carbonate in the glacial till parent 
material. This rich site is part of the Connecticut Valley Trough, spe
cifically the Waits River Formation with limestone and phyllite as the 
major lithologic constituents (Lyons et al., 1997). The limestone is dark 
bluish-gray in color and micaceous rich whereas the phyllite is dark to 
silvery gray with muscovite, biotite and quartz with occasional chlorite 
(U.S. Geological Survey, 2023b). Additionally, while this area is pre
dominantly mapped as Colrain Series, a coarse-loamy, mixed, active, 
frigid Humic Dystrudept (Soil Survey Staff, 2023), field and laboratory 
measurements suggest that the sampled site is more accurately classified 
as an Oxyaquic Eutrudept. The moderate site, Second College Grant, is 
part of the Central Maine Trough, specifically the Aziscohos Formation 
with metapelitic schists containing coticule laminations, quartz lenses, 
and feldspathic metatuff as the major lithological constituents (Lyons 
et al., 1997; U.S. Geological Survey, 2023a). Additionally, this area is 
mapped predominantly as Peru Series which is a coarse-loamy, isotic, 
frigid Aquic Haplorthod. The poor site, Bartlett Experimental Forest, is 
predominantly Conway Granite which is a coarse-grained granite with a 
distinct pink hue. The Conway granite is composed of biotite, plagio
clase, and perthic feldspar (Liese, 1973). Additionally, this area is pre
dominantly mapped as Marlow Series which is a Coarse-loamy, isotic, 
frigid Oxyaquic Haplorthod.

2.2. Field sampling

One soil pit (~0.5 m wide) was excavated per plot within each of the 
three forests for a total of 45 soil pits (Supplemental Fig. 1). The pits 
were dug to expose a new, unaltered face for sampling and size varied 
due to physical restrictions from roots and rocks. The pits were dug to a 
depth of 1 m, or until a restrictive layer such as a fragipan was 
encountered. The deepest soils were found at the Ca rich site, with 14 

out of the 15 pits reaching a depth of 90 cm or more below the surface of 
the mineral soil. Additionally, a soil bulk density sample was taken at the 
top of the mineral soil and ~ 50 cm deep for two samples per pit using a 
metal soil corer 7.30 cm in diameter and 10.8 cm long.

Soil samples were collected in 5 cm increments from the surface to 
30 cm depth and in 10 cm increments from 30 cm to the base of the soil 
pit. A core was used to sample the underlying parent material or 
confining layer. A total of 621 soil samples were collected across the 45 
plots. This sampling strategy aimed to capture intra-horizon variability 
and identify depth-related changes in physicochemical properties, 
which may be obscured by horizon-based sampling. Depth specific 
sampling also enables us to use this data in a forest nutrient cycling 
model (Orton et al., 2016; Sulieman et al., 2018).

Additionally, zero tension lysimeters were installed 50 cm below and 
parallel to the top of the mineral soil to collect soil water (Jordan, 1968). 
The lysimeters are 348 cm2 and drain into a 2 L bottle buried at the 
bottom of each soil pit. Each spring and fall water was collected from the 
bottles for elemental analyses and a subsample was frozen for dissolved 
organic carbon analyses.

2.3. Sample processing and inorganic nutrient analysis

2.3.1. Parent material mineral abundance
One representative soil sample collected at a depth of 30 cm from 

each of the three forest sites was selected for in-depth Electron Probe 
Micro Analysis (EPMA). Samples were prepared commercially by Min
eral Optics Laboratory (Wilder, VT) where approximately 5 g of sample 
was impregnated with epoxy and polished to submicron levels suitable 
for hyperspectral mapping. Epoxy resin samples were then analyzed 
using Cameca SX-Five-Tactis electron microprobe located in the Uni
versity of Massachusetts Amherst Department of Earth, Geographic, and 
Climate Sciences (Amherst, MA). Five elements (Na, Fe, Ca, Al, Si) were 
mapped using Kα fluorescence on dedicated wavelength-dispersive 
spectrometer (WDS) detectors and five elements (Mg, P, K, Ti, Mn) 
using Kα fluorescence on two electron-dispersive spectrometer (EDS) 
channels. Column conditions were set at 15 keV, 249nA and dwell time 
set at 0.02 s.

2.3.2. Physical processing and characteristics
Mineral soil samples were air dried, passed through a 2 mm sieve and 

a subsample of the < 2 mm fraction was homogenized using a mortar 
and pestle. Physical characteristics were determined using the homog
enized < 2 mm fraction for analyses of texture, pH, and organic matter 
content. Particle size distribution of sand (< 2 mm to 63 µm), silt (63 µm 
to 2 µm), and clay (< 2 µm) was analyzed following Bouyoucos hy
drometer method (Gee and Bauder, 1986) where the fraction of each 
particle size was recorded by mass.

For soil pH, 10 g of 0.01 M CaCl2 was added to about 4 g of soil and 
shaken for at least 12 h. Once settled, the pH of the supernatant was 
measured using a Fisher Scientific pH meter. Soil organic matter (%) was 

Table 1 
Site characteristics for each of the three forests used in this study. Soil texture is the dominant texture classification at 30 to 40 cm below the surface of the mineral soil.

Forest Nutrient 
Richness 
Level‡

Lat. Long. Mean elevation 
(a.s.l.)

Mean Annual 
Temp. (℃)

Mean 
Annual 
Precip. (mm)

Bedrock Geologya Soil 
Texture

Bartlett 
Experimental 
Forest

Poor 44.048 − 71.272 408 6.6 1300 Granitea Sandy 
loam

Second College Grant Moderate 44.887 − 71.130 550 3.2 1180 Metapelite containing feldspathic 
metatuff, and quartza

Loam

Clement Woodlot Rich 44.049 − 72.311 398 5.3 1100 Carbonaceous phyllite and 
limestoneb

Sandy 
loam

‡ Nutrient richness is based upon Ca and Mg concentrations within bedrock.
a Bennett et al., 2006. Bedrock Geologic Map of New Hampshire.
b Ratcliffe et al., 2011. Bedrock Geologic Map of Vermont.
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estimated through loss-on-ignition (LOI) by combusting ~ 5 g of soil at 
550 ◦C for at least 12 h. Every 30 samples included a standard reference 
material and a blank.

For soil dissolved organic carbon, soil water samples were filtered to 
< 0.45 µm and acidified to a pH 2 with 10.2 M HCl. Non-particulate 
dissolved organic carbon was measured using a TOC-L series Shi
madzu total carbon analyzer with blanks below detection limits and 
variability within 2 %.

2.3.3. Exchangeable soil nutrients
To quantify the exchangeable inorganic nutrients in mineral soils, we 

followed a modified version of an established extraction procedure 
(Tessier et al., 1979). In this procedure, 2.0 g of < 2 mm soil were 
extracted using 30 mL of 0.1 M NH4Cl and shaken for 24 hrs. The soil 
slurry was then centrifuged at 2800 rpm for 1 h and filtered to < 0.45 
µm. The resulting solution was acidified to 2 % HNO3 to prevent mi
crobial and fungal activity until analyzed.

2.3.4. Total soil nutrients
A total digestion of the mineral soil followed a modified version of 

USEPA Method 3052. Prior to digestion, samples with 8 % or higher 
organic matter underwent combustion at 550 ℃ to remove organic 
carbon. To achieve total digestion, 20 mg of sample was placed in a 30 
mL perfluoroalkoxy alkane (PFA) vial, along with 2.5 mL of 15.6 M 
HNO3 and 2.5 mL of 28.9 M HF. The vials were heated at 170 ℃ for 48 
hrs. After 48 hrs, the mixture was dried down to a moist paste, resus
pended with 2 mL of 15.6 M HNO3, and dried down again. This process 
was repeated once more before the final paste was resuspended in 5 mL 
of 7.8 M HNO3 and heated at 170 ℃ for 48 hrs. The solution was then 
diluted to 50 mL using 18.2 MΩ•cm deionized water. A procedure blank, 
along with two standard reference materials were included with every 
25 samples.

2.3.5. Elemental concentration analysis
Concentrations of macroelements and nutrients (Al, Fe, Ca, K, Na, 

Mg, Si, P) in soil exchangeable, total, soil solution, and batch reactor 
samples were determined using an Agilent 5110 Inductively Coupled 
Plasma-Optical Emissions Spectrometer (ICP-OES; Agilent, Santa Clara, 
CA, USA). A nine-point multi-element standard curve was used for 
calibration. To ensure measurement accuracy, a Standard Reference 
Material (NIST 2709a San Joaquin Soil) and an in-house Bs horizon soil 
standard were analyzed every 25 samples. Measured recovery rates for 
the San Joaquin soil were within 80–11 % of certified values, and in- 
house Bs concentrations only varied 1–25 % of the average in-house 
value. Elemental concentrations in the blanks were below 0.01 mg/L 
for all elements analyzed.

2.4. Batch reactors for weathering rates

We conducted a batch reactor experiment to determine how mineral 
release rates may be influenced by pH among the dominant rock types 
within each nutrient richness. In this laboratory experiment, 3.00 (±
0.01) g of each soil sample from the depth ranges 5 to 10 cm, 30 to 40 
cm, and the parent material were immersed in a 40 mL solution 
composed of 0.01 M NaCl, 0.01 M catechol, and 0.01 M citric acid. The 
pH of the solutions was adjusted to 4, 5, or 6 using concentrated trace 
metal grade HCl and NaOH, since the pH of the field soil solution varied 
from 4.8 to 6.7 among the three forest nutrient richness levels. The 
samples were shaken for two-week intervals for a total of 10 weeks. After 
shaking, the solutions were centrifuged at 2600 rpm for 1 hr, superna
tant was decanted, and a new solution of the same pH was added. A new 
solution was added after every two weeks to avoid precipitation and 
oversaturation of elements in solution, to provide discretized replication 
for the time series and to provide adequate sample mass for elemental 
analyses. The pH of the supernatant was measured to determine changes 
in pH following the 2 weeks of weathering. The supernatant was then 

acidified with HNO3 for stability and a subsample aliquot was diluted for 
elemental analyses using the same ICP-OES procedure as the soil and 
rock nutrients.

To calculate release rates of the elements, surface area was 
measured. Soil surface area for two depths from each forest nutrient 
richness was analyzed using the Brunauer-Emmett-Teller method by the 
particle technology labs (https://particletechlabs.com/).

2.5. Data processing

2.5.1. Parent material mineral abundance
Three areas were mapped on each prepared sample using decreasing 

beam sizes of 20, 10 and 5 µm. The resulting data were plotted for 
graphical representation and multivariate analysis at all resolutions. At 
the finest resolution (5 µm), single pixel data were subjected to hierar
chical clustering analysis using JMP® Pro. Characteristic groupings of 
elemental relative intensity ratios were used to identify specific minerals 
within the various clusters, including pixels representing void space. A 
large portion of each sample consisted of pixels characteristic of phase 
overlaps or ‘edges’, where two or more minerals contributed to the 
signal and could not be definitively identified. Following mineral iden
tification, we calculated mineral coverage of the map area (µm2) based 
on the size of the pixel (25 µm2), excluding void space. Quantification 
error for individual mineral groups was determined to be linearly 
correlated to the area covered by “edges” so that the total error was 
distributed with equal weight across the various mineral area fractions.

2.5.2. Field: Soil nutrients and base saturation
Exchangeable and total soil nutrient concentrations were standard

ized to elemental mass per mass of soil using the amount of soil used for 
each sample. The cation exchange capacity (CEC) was estimated by 
summing the milliequivalents (meq) of exchangeable cations including 
Al, Fe, Ca, Mg, K, and Na. Base saturation (%) was then calculated by 
taking the sum of the base cation (Ca, Mg, K, Na) concentration divided 
by each elements charge and dividing by the CEC.

2.5.3. Field: Soil to solution nutrient release rates calculation
Elemental concentrations of the soil solution were used to estimate 

the in-field nutrient release rates of soil among the nutrient-richness 
gradient. Estimates of soil nutrient release rates (g/cm2/yr) were 
calculated using the following formula: 

Soil nutrient release =
SS

Bd*Depth*LA*SA
(1) 

where SS is the elemental concentration leaching rate (g/yr), Bd is the 
bulk density of the soil from the profile (g/cm3), Depth is the depth (cm) 
of soil from the top of the mineral soil to the top of the lysimeter, LA is 
the area of the lysimeter that is collecting soil water (cm2), SA is the 
average surface area of the soil (cm2/g). Soil nutrient release rates were 
calculated for each plot within each soil nutrient richness (n = 45).

2.5.4. Soil chemical index of alteration
Since feldspars are a major component of rocks and soil, determining 

the changes in chemical composition associated with feldspar weath
ering provides insight to the extent of weathering the soil has under
gone. The chemical index of alteration was used to determine the 
relative degree of weathering throughout the soil profile (Nesbitt and 
Young, 1982): 

Chemical Index of Alteration =
Al2O3

(Al2O3 + Na2O + CaO + K2O)
(2) 

where molar values for each oxide were calculated from total digest 
cation concentrations. The assumption in this calculation is that all the 
Ca at these sites is in CaO.
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2.5.5. Soil base depletion index
In addition to the chemical index of alteration, we calculated the 

base depletion index to determine the ratio of oxides of base cations 
compared to oxides that comprise clay and secondary minerals in soils. 
We used the following equation to calculate the base depletion index 
(Anda et al., 2023; Jien et al., 2016): 

Base Depletion Index =
(CaO + MgO + Na2O + K2O)

(Fe2O3 + Al2O3 + TiO2)
(3) 

where molar values for each oxide were calculated from total digest 
cation concentrations. The assumption in this calculation is that all the 
Ca at these sites is in CaO.

2.5.6. Soil tau profile plots
A mass transfer coefficient (τ) was calculated throughout the soil 

profile for each inorganic element to determine the depletion or 
enrichment of elements relative to the parent material (Brimhall and 
Dietrich, 1986) using the following equation adapted from Wacket et al. 
(2018): 

τj,soil =
Cj,soil * CTi, pm

Cj,pm * CTi,soil
− 1 (4) 

where the element of interest (j) in the weathered soil (soil) or parent 
material (pm) were normalized to Ti (Ti), an immobile element. Con
centrations (C) for the soil were used for each depth within each plot 
among nutrient richness. Concentrations for the pm were the j and Ti 
concentration of the deepest depth horizon sampled for each plot among 
the nutrient richness gradient. Tau was calculated for each depth within 
each plot among the nutrient richness gradient. A positive τ value rep
resents an enrichment of a target element in the soil compared to the 
parent material, whereas a negative τ value represents a depletion (e.g. 
Bonar et al., 2023; Brantley and Lebedeva, 2011; Richardson and King, 
2018).

2.6. Statistical analyses

To address the assumption of normality, the physicochemical vari
able, and all exchangeable nutrient and total Ca, K, and Mg concentra
tions were log-transformed prior to analysis. A multivariate mixed- 
effects analysis of variance (MANOVA) was used to investigate the in
fluence of soil physicochemical characteristics (i.e. clay content, organic 
matter, pH) on exchangeable and total nutrient concentrations.

To assess the impact of nutrient richness and depth on soil nutrient 
concentrations and physical characteristics, we used two-way MAN
OVA. Nutrient richness and depth were treated as categorical fixed ef
fects, while nutrient concentrations served as the response variable. To 
ensure independence, each plot (n = 15) within each nutrient richness 
was considered an independent sampling unit and modeled as a random 
effect.

Weathering indices (i.e. soil nutrient release rates, chemical index of 
alteration, base depletion index), tau plots, and soil solution elements 
were analyzed using mixed-effects ANOVAs to determine differences 
among forest nutrient richness and depth. Nutrient richness and depth 
were treated as categorical fixed effects while solution concentration, 
weathering indices and tau values served as response variables. Again, 
each plot was modeled as a random effect to ensure independence. No 
transformation was needed for these analyses to meet the assumption of 
normality.

Elemental concentrations in soil solutions were analyzed using 
ANOVA to determine differences among forest nutrient richness. All 
elements were log-transformed to meet the assumption of normality 
prior to analyses. Also, soil nutrient release rates were analyzed using 
ANOVAs to determine differences among forest nutrient richness and 
the influence of soil physicochemical characteristics. Tukey’s Honest 
Significant Difference (HSD) tests were used to identify pairwise 

differences within factors exhibiting statistically significant overall 
effects.

For the soil weathering experiment, an ANOVA was conducted to 
determine the influence of forest nutrient richness, pH, and depth on 
nutrient release rates. A logarithmic transformation was used on Al, Ca, 
Mg, and P concentrations to meet the normality of residuals assumption.

All statistical analyses were performed using R version 4.2.3 (R Core 
Team, 2023).

3. Results and discussion

3.1. Soil properties across nutrient richness gradient

Forest soil characteristics including clay content, soil organic matter, 
pH, and base saturation play critical roles in nutrient sorption and 
retention within the ecosystem. Examining the physicochemical prop
erties along the nutrient richness gradient as part of our first objective, 
we observed significant differences in soil organic matter, pH, and base 
saturation, but not clay content (Fig. 1; Supplemental Table 2). We 
found that clay content was not influenced by nutrient richness (p =
0.71) even though the moderate sites had a higher clay content (15.3 %), 
than the rich (7.34 %) and poor (9.06 %). Although not significant, this 
observation agrees with previous studies on young granitic soils having 
low clay content such as at the poor site and young micaceous and 
schists having high clay content such as at the rich site (Righi and 
Meunier, 1991). Clay content did not change with depth across the 
nutrient gradient (p = 0.15), indicating that pedogenesis has not formed 
strongly contrasting horizons across the varying soil materials.

Soil organic matter content decreased significantly with depth, 
which was expected due to diminished biological inputs in deeper soil 
horizons (p < 0.01; Fig. 1). Overall, soil organic matter differed among 
forest nutrient richness (p < 0.01). Moderate sites exhibited the highest 
organic matter content (6.73 %), followed by poor sites (6.66 %), and 
rich sites having the lowest (6.02 %). This pattern aligns with expecta
tions, as higher clay content, although not significantly different be
tween sites, can enhance organic matter retention through increased 
mineral protection and surface area sorption (Paul, 2016). This trend 
was consistent across all nutrient richness levels, with rich sites 
consistently displaying lower clay and organic matter content.

Despite pH being significantly higher at the rich sites (p < 0.01; 
Fig. 1) than the poor and moderate sites, the measured pH values of 4.92 
would be considered strongly acidic, which decreases even further at the 
moderate site with pH 4.27 and poor site with pH 4.11. This range in pH 
values are similar to other studies in the region that report pH ranging 
from about 3 to 7 (Armfield et al., 2019; Hazlett et al., 2020; Schattman 
et al., 2023). The acidity of the soil is likely attributed to a combination 
of soil mineralogy and calcium content. The weathering of aluminosil
icate minerals increases the acidity (decreases pH) of the soil while the 
parent material containing calcium (i.e limestone) is a buffering agent, 
resisting changes in pH. The calcium content of the soil over time many 
have been affected by factors such as acid rain, diminishing the buffering 
capacity of the soil and allowing the mineral weathering and organic 
matter decomposition to have a greater impact on soil pH. Additionally, 
the observed increase in pH with depth (p < 0.01) is likely attributed to 
the input of organic acids from decomposition of organic matter in the 
surface horizons, which can contribute to acidification.

Similar to pH, base saturation varied significantly along the forest 
nutrient richness gradient (p < 0.01), with rich sites exhibiting the 
highest values (54.4 %), followed by moderate (19.6 %) and poor (4.79 
%). At the rich site, base saturation increased with depth (p < 0.01), 
mirroring the depth-dependent pattern observed in pH. Soil pH and 
mineralogy directly influence base saturation by affecting the avail
ability of cation exchange sites and the types and abundance of clay 
minerals. The observed base saturation values in these forests are 
comparable to those reported in other regional studies (5–25 %; Hazlett 
et al., 2020). Base saturation levels below 15 % has been linked to 
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inhibited tree growth (Cronan and Grigal, 1995; Walthert et al., 2013), 
suggesting potential growth restrictions in nutrient poor and moderate 
sites. These results support our initial hypothesis and objective, indi
cating that despite similar climate and vegetation, the soil parent ma
terial has generated lasting effects on the soil acidity and nutrient status. 
This underscores the importance of considering site-specific nutrient 
conditions for sustainable management.

3.2. Soil nutrients across nutrient richness gradient

3.2.1. Parent material mineral abundance
Mapping by EPMA of the major soil elements revealed differences in 

the texture and general mineral composition of the soils across sites. The 
soil of the poor site appeared to be dominated by sand-size Si, Na, and Al 
rich phases embedded in a matrix of fine sand (Fig. 2; Supplemental 
Figs. 1 and 2). The moderate site was dominated by aggregates of Al-rich 
elongated minerals (i.e. micas) with small Si-rich and Na rich phases 
(Fig. 2). The presence of a typical garnet porphyroblast in the sample is 
notable, and points to the metamorphic nature of the parent material at 
the moderate site. The rich site was dominated by micrometric Si-rich 
minerals with smaller Na, Al and Mg rich phases and few sub
micrometric minerals (Fig. 2).

To further characterize the parent material mineralogy, we identified 
and quantified the mineral phases in the parent material from each 
forest to provide a baseline for future nutrient availability (Table 2). 
Quantitative analysis by EPMA confirms that the soils from all sites were 
dominated by quartz and plagioclase. For Ca-bearing minerals in all 
sites, Ca was principally present in plagioclase and apatite with the poor 
site exhibiting the lowest total abundance in these minerals (4.8 %). 
Interestingly, there was no clear mineralogical trend that follows the site 
nutrient richness index. However, it appears that the nutrient bearing 
minerals varied across the gradient, with Na and K in feldspars in the 
poor site, fine clay minerals in the moderate site, and large amphiboles 
in the rich site. These results partially support our hypothesis for 
objective 1, as we did not observe a clear difference in the total amount 
of nutrient bearing minerals across the site. However, each site showed 
specific characteristics such as different grain sizes and different domi
nant nutrient-bearing mineral types.

3.2.2. Total concentrations of soil elements
We investigated if the total nutrient concentrations of soil provide 

information on the overall edaphic nature of a site and is a strong in
dicator of the long-term sustainability of the soil fertility for multiple 
harvests as part of our first objective. Overall, total elemental concen
trations aside from P varied significantly along the forest Ca-Mg nutrient 
richness gradient (p < 0.01; Fig. 3; Supplemental Table 3). Total Ca 
concentrations were highest (p < 0.01) at rich sites (13.0 mg/g) 
compared to the moderate (5.73 mg/g) and poor (5.89 mg/g) sites and 
concentrations increased with depth (p < 0.01). The soil total Ca con
centrations in these forests were similar to other studies in the region, 
that ranged from 2.5 to 24 mg/g (Dijkstra and Smits, 2002; Finzi et al., 
1998; Richardson and Friedland, 2016). This large range is attributed to 

differences in parent material compositions. The total soil Ca concen
trations across the nutrient richness gradient is attributed to plagioclase 
mineral abundance in the parent material, also found by other studies in 
the region (Bower et al., 2023; Likens et al., 1998; Table 2). Total Mg 
followed a similar trend where the rich site was significantly (p < 0.01) 
higher (27.3 mg/g) than the moderate (9.47 mg/g) and poor (3.07 mg/ 
g) and increased with depth (p < 0.01). These sites fall within the natural 
total Mg concentration range in this region (2 mg/g to 168 mg/g; 
Woodruff et al., 2015), and the Mg concentrations correspond to 
amphibole abundance (Eberl and Smith, 2009; Fig. 2; Table 2). The total 
Ca and Mg concentrations highlight the natural nutrient richness 
gradient of the studied forests, supporting that parent material miner
alogy does control nutrient soil nutrient concentrations.

We expected the total soil K concentrations to be inverse to the Ca 
and Mg concentration trends as their host aluminosilicate minerals (e.g. 
K- feldspar, and micas) vary with lithologic formation (Safonov et al., 
2011) and our results support this hypothesis. We found that total K 
concentrations were significantly higher (p < 0.01) at the poor site (28.8 
mg/g) and lower at the moderate (10.8 mg/g) and rich (6.05 mg/g) 
sites. There were no significant differences in K concentrations with 
depth (p = 0.32). These total K concentrations fall within the observed 
range (4.2 mg/g to 51 mg/g; Woodruff et al., 2015) for this region. Total 
soil K concentrations strongly corresponded to parent material K-feld
spar, and mica abundance (Fig. 3; Table 2; Eberl and Smith, 2009). 
Unlike Ca and Mg, which are more mobile due to their presence in 
weathering susceptible minerals like plagioclase and amphiboles, K is 
less likely to be mobilized due to the greater resistance of micas to 
weathering.

Total P concentrations did not significantly vary among forest 
nutrient richness levels (p = 0.75), with moderate (1.29 mg/g) and rich 
sites (1.23 mg/g) exhibiting slightly higher P concentrations than poor 
sites (1.17 mg/g). Although these values are lower than those reported 
in other regional studies (5–27 mg/g; Woodruff et al., 2015), they are 
comparable. While apatite was detected in trace amounts across all sites 
using EPMA, they were detected in trace amounts, contributing to the 
overall lower P content of these soils compared to previous studies.

Total Al concentrations varied significantly among the forest 
nutrient richness gradient (p < 0.01). The highest concentrations were 
observed at the moderate sites (70.1 mg/g), followed by the rich sites 
(64.5 mg/g) and the poor sites (56.7 mg/g). These concentrations were 
strongly correlated with clay content, which in these sites, is directly 
linked to the abundance of Al-rich minerals in the parent material 
(Table 2). Also, the elevated Al concentrations contribute to the acidic 
nature of the soils at these sites. This suggests that the weathering of 
aluminosilicate minerals in the soil is a primary driver of soil acidity. 
Total Al concentrations did not vary significantly with depth (p = 0.48), 
indicating that Al is primarily bound in recalcitrant minerals, such as 
clays, rather than being readily exchangeable.

Additionally, we examined the potential sorption of inorganic nu
trients to secondary Fe oxyhydroxides, which we approximate with total 
Fe concentrations. We found that Fe varied significantly with forest 
nutrient richness (p < 0.01) with rich (33.2 mg/kg) and moderate (34.3 

Fig. 1. The average soil clay content, soil organic matter, pH, and base saturation through the soil profile spanning a nutrient richness gradient. The estimated soil 
horizons for the sites are delineated by a dashed gray line on the right. Each point represents the mean with error bars indicating the standard error.
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mg/kg) sites having higher total Fe compared to poor (19.1 mg/kg). Soil 
total Fe concentrations are attributed to amphibole, mica, and clay 
mineral abundances in the soil (Fig. 3; Table 2; Eberl and Smith, 2009). 
Total Fe was also significantly increased with depth (p < 0.01) where 
concentrations were depleted in the E horizons, and significantly 
increased with depth into a diagnostic Bs horizon (spodic horizon) for 
the poor site. This highlights that the formation of secondary Fe oxides 
in the spodic horizon either did not increase sorption capacity for nu
trients or that chemical weathering and sourcing of nutrients throughout 
the rest of the soil profile is a more dominant controlling factor (Fink 
et al., 2016).

3.2.3. Exchangeable soil elements
Exchangeable nutrients are the most readily available for tree uptake 

and were investigated to assess how parent material mineralogy in
fluences their availability their influence from parent material miner
alogy. We observed significant effects that followed the forest nutrient 
richness gradient (p < 0.01) with the highest average Ca concentration 
of at the rich site (758 mg/kg) and the lowest at the poor site (51.3 mg/ 
kg; Fig. 4; Supplemental Table 3). The moderate sites (194 mg/kg) fell in 
between the other two sites. These soil concentrations are similar to 
other studies, where the typical range for exchangeable Ca is between 30 
and 200 mg/kg, with the exception of the rich site, which was more than 

Fig. 2. Electron microprobe elemental maps of representative soils from each site and results of the clustering characterization of the maps using hierarchical 
agglomerative clustering. Clustering characterizations identify minerals based on relative elemental compositions.
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3x’s higher than the range extent observed in non-calcareous literature 
(Asmare et al., 2023; Bowden et al., 2019; Dijkstra and Smits, 2002; 
Oursin et al., 2023). According to the NRCS and other studies, 
exchangeable soil Ca concentrations within this range are unlikely to be 
detrimental to non-woody and woody plants (Ericsson, 1994; Soil Sur
vey Staff, 2023). However, studies have noted reduced basal area 
growth in sugar maple (Schaberg et al., 2006) and diminished tree 
height in various species (Li et al., 2023) growing on soils with 
exchangeable Ca values at the lower end of this range. Therefore, we 
expect forest productivity should not be significantly hindered in our 
studied forests even though they are on a natural nutrient gradient.

Similarly, exchangeable soil Mg concentrations were significantly 
higher in the rich (41.5 mg/kg) and moderate (42.9 mg/kg) sites 
compared to the poor sites (7.04 mg/kg; p < 0.01; Fig. 3). Mica and 
amphibole minerals are the main source of Mg in these soils and the 
exchangeable Mg concentrations correspond to the abundance of these 
minerals at each forest (Fig. 4; Table 2). Exchangeable Mg 

concentrations along the nutrient richness gradient were below the 
typical range (60 to 300 mg/kg) for adequate nutrient availability to 
support growth (Hornbeck et al., 2019). Other studies have reported Mg 
concentrations ranging from 11 to 266 mg/kg in forest soils which fall 
within this range (Oh et al., 2007; Olorunfemi et al., 2018; Schaberg 
et al., 2006). The study with the lowest values saw varying growth rates 
but these rates were attributed to the Ca and P availability since Mg 
availability was relatively similar among the stands they examined 
(Schaberg et al., 2006).

We expected that exchange K concentrations would not directly 
correspond with the Ca-Mg gradient, as K-bearing aluminosilicate 
minerals are distinct from Ca-Mg bearing ones. However, we found the 
exchangeable K concentrations were significantly higher in the rich 
(38.8 mg/kg) and moderate (35.6 mg/kg) sites compared to the nutrient 
poor site (18.9 mg/kg; p < 0.01; Fig. 3). This observed range falls within 
the range reported in other studies of forest soil exchangeable K (50 to 
429 mg/kg; Boerner et al., 2003; Bowden et al., 2019; Olorunfemi et al., 
2018). According to previous studies, exchangeable K concentrations 
exceeding 150 mg/kg should support productivity of both non-woody 
and woody plants (Ericsson 1994; Hornbeck et al., 2019).

Exchangeable P concentrations did not significantly vary among 
forest nutrient richness (p = 0.07). Although not significant, a trend was 
observed, with the moderate nutrient richness sites exhibited the highest 
concentrations (1.31 mg/kg), followed by the poor (0.735 mg/kg) and 
rich sites (0.570 mg/kg; Fig. 4). Despite variations in soil extraction 
procedures used to evaluate exchangeable P (e.g. Mehlich-3 vs Olsen vs 
Bray-P1), our measured concentrations are consistent with other studies 
that ranged from 0.8 to 4.0 mg/kg (Liu et al., 2014). Notably, Gradowski 
and Thomas (2006) found that forest productivity may be P-limited 
when exchangeable P falls below 5 mg/kg, suggesting that P availability 
could be a tree productivity constraint across the forest nutrient 
gradient. Additionally, exchangeable P concentrations can be influenced 
by clay content and Al concentrations. Given that total Al concentrations 
followed a similar pattern to exchangeable P concentrations, it is likely 

Table 2 
Parent material mineral abundance for each forest nutrient richness. Mineral 
phases were identified using electron probe microanalysis. Micas refers to the 
combination of muscovite, biotite, and chlorite. The error associated to each 
mean is based on the linear propagation of the area coverage uncertainty.

Mineral Phases Bulk Mineral Abundance of Parent Material (%)

Poor Moderate Rich

Quartz 41.1 (4.8) 33.4 (7.6) 45.9 (8.0)
Ca-Plagioclase* 4.6 (0.5) 7.2 (1.6) 6.6 (1.1)
Na-Plagioclase 24.0 (2.8) 13.4 (3.0) 10.1 (1.8)
K-feldspar 13.0 (1.5) 0.2 (0.1) 4.5 (0.8)
Amphibole 6.9 (0.8) − 14.8 (2.6)
Micas 8.5 (1.0) 18.9 (4.3) 8.3 (1.4)
Clay Minerals 1.7 (0.2) 23.3 (5.3) 6.1 (1.1)
Apatite 0.2 (0.1) 0.1 (0.1) 0.3 (0.1)
Other 0.3 (0.1) 3.4 (0.8) 3.4 (0.6)

* Ca-plagioclase comprise all plagioclase with a Ca:Na ratio over 1:4.

Fig. 3. Total nutrient profiles (Ca, K, Mg, Al, Fe, P) across forest nutrient richness. The y-axis corresponds to the depth below the top of the mineral soil. The 
estimated soil horizons for the sites are delineated by a dashed gray line on the right. Each point represents the mean with error bars indicating the standard error.
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that clay content plays a more dominant role in controlling exchange
able P availability than P mineral abundance in these forests.

Exchangeable Al concentrations varied significantly among the for
est nutrient richness gradient (p < 0.01; Fig. 4). The highest concen
trations were observed at the poor sites (59.1 mg/kg), followed by the 
moderate sites (51.4 mg/kg) and the rich sites (16.1 mg/kg). While our 
measures values fall within the typical range of 10–300 mg/kg for 
exchangeable Al, the concentrations varied substantially among sites, 
likely reflecting the clay mineral abundances and their control on Al 
concentrations in the soil (Dragun, 1988; Álvarez et al., 2005). In 
contrast, exchangeable Fe did not significantly vary across the forest 
nutrient richness gradient (p = 0.54). While moderate sites had slightly 
higher Fe concentrations (15.1 mg/kg) compared to poor (14.1 mg/kg), 

the rich sites had the lowest concentrations (3.17 mg/kg). However, 
exchangeable Fe concentrations decreased significantly with depth (p <
0.01), likely due to the weathering of Fe-bearing minerals such as am
phiboles and micas. As weathering progresses, Fe may be released from 
these minerals and transported downwards in the soil profile, leading to 
higher concentrations in deeper horizons and lower towards the surface.

3.2.4. Weathering indices throughout the soil profile
The chemical index of alteration varied significantly among forest 

nutrient richness levels (p < 0.01) and decreased significantly with 
depth (p < 0.01; Fig. 5; Supplemental Table 4). Moderate sites displayed 
the highest chemical index of alteration (72.7 %), followed by rich sites 
(68.0 %), while poor sites had the lowest (52.7 %). The higher chemical 

Fig. 4. Exchangeable elemental profiles (Ca, K, Mg, Al, Fe, P) across a nutrient richness gradient. The y-axis corresponds to the depth below the top of the mineral 
soil. The estimated soil horizons for the sites are delineated by a dashed gray line on the right Each point represents the mean with error bars indicating the 
standard error.

Fig. 5. Weathering indices throughout the soil profile showing the chemical index of alteration by percentage in the first panel and the base depletion index which is 
a unitless number in the second panel. For each index, the three nutrient richness gradient levels are shown in differing colors. Each point represents the average with 
standard error bars.
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index of alteration percentages indicates more advanced silicate 
weathering, suggesting that poor sites have undergone the least silicate 
weathering. However, this is likely attributed to the higher abundance of 
Na plagioclase and K feldspar in these soils which are most present in 
this value range (Nesbitt and Young, 1989). The observed decrease in 
chemical index of alteration with depth is consistent with the expecta
tions that upper horizons experience more weathering than deeper ho
rizons, which are close to the parent material. The percentages in our 
study align with previous reports, which typically indicate lower per
centages (50–60) in recently formed soils (e.g. from glaciation; Nesbitt 
and Young, 1982). Given the climate of these sites, moderate precipi
tation and temperature conditions are likely to have contributed to some 
degree of silicate weathering, resulting in chemical indexes of alteration 
slightly exceeding the typical range for recently formed soils (Fedo et al., 
1995).

Similarly, the base depletion index varied significantly among forest 
nutrient richness levels (p < 0.01) and increased significantly with depth 
(p < 0.01; Fig. 5). Base depletion index values, which are unitless ratios 
of base cation bearing to transition metal oxides, indicate the relative 
abundance of base-bearing minerals compared to the recalcitrant min
erals. Rich sites exhibited the highest base depletion index (1.11), fol
lowed by poor sites (0.887), and moderate sites had the lowest (0.535). 
These values align with those reported in a study of volcanic soils, where 
base depletion indexes ranged from 0.83 to 1.53 (Anda et al., 2023). The 
higher base depletion index at rich sites reflects a greater abundance of 
base cations, likely due to the presence of Ca-plagioclase, apatite, and K 
feldspar minerals. Conversely, the lower base depletion index at nutrient 
poor sites can be attributed to the predominance of recalcitrant alumi
nosilicate minerals. The increase in base depletion index with depth 
suggests that base cations have been preferentially depleted from the 
upper soil horizons, possibly due to biological uptake and weathering 

processes.

3.2.5. Enrichment-depletion of elements throughout the soil profile
Understanding nutrient resupply to soil is important for ensuring 

sustainable forest harvesting and management practices. To investigate 
the influence of parent material mineralogy on nutrient depletion, mass 
transfer (τ) plots were created. These plots evaluate the enrichment or 
depletion of elements relative to their concentrations in uniform parent 
material, leveraging Ti as the reference element (Fig. 6; Supplemental 
Table 5). As previously noted, the uniformity of the parent material was 
determined using Zr/Ti ratios. Calcium τ values were all negative, 
indicating depletion compared to parent material, with the most 
depletion observed at the nutrient rich sites (p < 0.01). Soil Mg τ values 
were depleted in moderate sites but enriched in rich and poor sites 
compared to the parent material (p < 0.01). Soil K τ values were all 
positive, indicating enrichment relative to the parent material with a 
significant difference among forest nutrient richness (p < 0.01).

We expected to observe either a greater depletion of Ca, Mg, and K in 
the nutrient rich site due to the presence of more soluble minerals (e.g. 
Ca-plagioclase) or for the nutrient poor site to show greater depletion 
due to the low abundance and potential loss of minor nutrient-bearing 
minerals (e.g. apatite). Remarkably, the observed enrichment or 
depletion patterns for these elements were consistent across all forest 
nutrient richness levels throughout the soil profile (Fig. 4). We propose 
that the lack of significant Ca, Mg, and K depletion in nutrient rich sites 
can be attributed to the buffering effect of Ca-plagioclase weathering, as 
evidenced by the absence of strongly developed soil horizons like E and 
Spodic horizons, significantly higher pH, and significantly higher 
exchangeable Ca compared to the other richness levels. The base 
depletion index further supports this hypothesis, indicating a high 
abundance of base cations associated with cation-bearing minerals. 

Fig. 6. Tau plots of total nutrients (via hydrofluoric digestion) standardized by the total nutrients of the parent material throughout the soil profile and across a 
nutrient richness gradient. The estimated soil horizons for the sites are delineated by a dashed gray line on the right. Each point represents the mean with error bars 
indicating the standard error.
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Additionally, we hypothesize that the nutrient poor sites did not expe
rience greater base cation depletion due to their predominance of 
recalcitrant aluminosilicate minerals. The lower chemical index of 
alteration in these soils suggests a less severe degree of weathering, but 
biological cycling may also be replenishing lost nutrient from the deeper 
horizons or through more efficient internal cycling.

Soil P τ values were also enriched across the nutrient richness 
gradient, but there were no significant differences among nutrient 
richness levels (p = 0.80). The enrichment of P in surface soils is very 
common in forested ecosystems due to biological uplift by trees, where 
this limited nutrient is tightly cycled compared to other nutrients. 
Within the northeastern United States, similar P enrichment was 
observed in Pennsylvania ranging from − 0.25 to 1 in the A horizon 
(Kraepiel et al., 2015). Much of the A horizon was enriched in P which 
was contributed to from biological uplift or atmospheric inputs.

Overall, τ plot profiles for soil nutrients, except for P, did not follow 
soil organic matter or clay mineral content (Fig. 1; Fig. 6). Tau values for 
P were highest in the upper 20 cm of the mineral soil, which corresponds 
with higher soil organic matter. The enrichment of P and high organic 
matter suggests biological inputs, such as litterfall, are influencing the P 
in the upper mineral soil horizons. This is not surprising as the more 
organic matter in soil, the higher the sorption capacity for nutrients 
(Kang et al., 2009). This process involves active uptake by roots and 
recycling to the surface via litterfall, which contributes to an elevated 
nutrient abundance in the upper mineral soil horizons (Dijkstra and 
Smits, 2002; Xia et al., 2023). The significant interaction between 
nutrient richness and depth indicated that the effect of nutrient richness 
on nutrient concentrations varied depending on depth, with the excep
tion of Al.

Total soil Al concentrations throughout the profile were enriched 
compared to parent material with the rich sites having the highest 
enrichment (p < 0.01). Overall, there were no extreme depletions or 
enrichments in total soil nutrients. Iron was mostly depleted compared 
to the parent material; however, nutrient moderate sites were the most 
depleted (p < 0.01). In the Bs horizon, Fe τ values were positive, indi
cating enrichment in comparison to the parent material. The enrichment 
is due to the accumulation of Fe oxides that are illuviated from the above 
A/E horizon at the poor and moderate sites.

3.3. Field soil weathering rates and batch reactor

3.3.1. Field soil solution
Dissolved organic carbon (DOC) and solution pH are critical factors 

influencing mineral weathering and adsorption processes in soil. To 
investigate the impact of parent material on elemental availability, we 
analyzed in-field soil solution chemistry. We found that DOC concen
trations were significantly higher at the poor (8.66 mg/L) and moderate 
sites (7.35 mg/L) compared to the rich sites (3.57 mg/L; p < 0.01). These 
values fall within the range of similar studies reporting DOC concen
trations (1.0 to 16.8 mg/L; Kerr and Eimers, 2012; Wilson et al., 2022). 
Conversely, soil solution pH was significantly higher at the rich sites 
(6.53) compared to the moderate (5.45) and poor sites (5.38; p < 0.01). 
These pH values fall within reported values that range from 3.5 to 6.9 
(Armfield et al., 2019; Gruba and Mulder, 2008). We observed a nega
tive correlation between DOC and soil solutions pH, suggesting that 
higher DOC concentrations may contribute to lower pH values in the soil 
solutions. This relationship is likely due to the formation of organic acids 
from the decomposition of organic matter, which can increase the 
acidity of the soil solution.

Elemental concentrations in soil solution are an important source of 
mineral nutrition for trees because they are easily drawn up via mass 
flow by tree roots. Overall, elemental concentrations were significantly 
influenced by forest nutrient richness (p < 0.01), except for K (p = 0.37), 
and P (p = 0.71; Fig. 7). Soil solution Ca concentrations were signifi
cantly higher at the rich site (16.0 mg/L) than both moderate (1.42 mg/ 
L) and poor (0.852 mg/L; p = 0.03). Other studies have found Ca 

concentration in soil water ranging from 1.2 to 1.72 mg/L in the region 
(Armfield et al., 2019; McHale et al., 2002; Minocha et al., 2000; Porter 
et al., 2022). Magnesium concentrations were significantly higher at the 
rich (0.668 mg/L) and moderate (0.600 mg/L) sites than poor sites 
(0.217 mg/L; p < 0.01). Other studies have found Mg concentrations in 
soil water ranging from 0.2 to 0.51 mg/L in the region (McHale et al., 
2002; Minocha et al., 2000; Porter et al., 2022). The rich sites are more 
than 10 times the upper extent of this range, most likely due to the high 
abundance of easily weathered Ca bearing minerals. These results are 
not surprising since the pH is buffered by Ca minerals in the soil. As pH 
decreases, Ca minerals are weathered and the hydrogen ions from 
organic acids are adsorbed, resulting in an increased or stable soil so
lution pH (Cincotta et al., 2019; Kerr and Eimers, 2012). Soil solution Ca 
and Mg concentrations were inversely correlated to DOC concentrations 
in the soil solution.

Soil solution K concentrations did not significantly differ across the 
forest nutrient richness gradient (p = 0.36). These results align with the 
soil exchangeable fraction and base cation saturation data, which were 
all higher for the nutrient rich site than the poor site. Other studies have 
found K concentration in soil water ranging from 0.1 to 2.35 mg/L in the 
region (McHale et al., 2002; Minocha et al., 2000; Porter et al., 2022). 
All nutrient concentrations were highest at the rich sites, which corre
lated to higher pH and negatively correlated with clay content (Fig. 1; 
Fig. 4). The low clay content and clay and mica minerals present in these 
soils suggests a reduced capacity to hold onto nutrients, potentially 
leading to higher concentrations of nutrients in the soil solutions. This 
effect may be exacerbated by the higher pH, which can indicate soil 
buffering and the reduced tendency of nutrients to be retained by clay 
minerals.

Soil solution P concentrations remain relatively consistent across the 
forest nutrient gradient, with no significant differences observed (p =
0.71). Concentrations ranged from 0.177 to 0.190 mg/L which are 
comparable to previous findings in the same region (Minocha et al., 
2000). The lack of variation in soil solution P concentrations is consis
tent with the insignificant differences in exchangeable and total P con
centrations across the nutrient richness gradient. This suggests that the 
limited abundance of P-bearing minerals, such as apatite, throughout 
the nutrient richness gradient exerts minimal influence on P availability 
in the soil solution; however it is possible that the apatite content in 
these soils is too low to detect a significant effect. Furthermore, soil 
solution P concentrations did not strongly correlate with soil solution pH 
or DOC concentrations, indicating that these factors have minimal in
fluence on P availability at these sites.

Considering Al and Fe as a proxy for the combined effect of primary 
mineral dissolution and solubility of ions, our results highlight greater 
weathering and soluble ion transport at the poor and moderate site than 
the rich site. Moderate sites had significantly higher soil solution Al 
concentrations (0.714 mg/L) than poor (0.405 mg/L) and rich sites 
(0.101 mg/L; p < 0.01). Solution Al concentrations were greatest at the 
moderate site, despite lower soil pH at the poor site. Moreover, soil 
solution Al was significantly different between poor and moderate sites 
despite not being significantly different for the exchangeable Al soil 
profile. Other studies have found Al concentration in soil water ranging 
from 0.40 to 0.61 mg/L to in the region (Minocha et al., 2000; Porter 
et al., 2022). Soil solution Fe concentrations were significantly higher at 
the moderate sites (71.3 mg/mL) compared to the rich (0.043 mg/L) and 
poor sites (0.158 mg/mL; p < 0.01). Another study found Fe concen
tration in the region much lower at 0.0089 mg/L (Porter et al., 2022). 
We hypothesize the higher pH at the rich site decreased soluble Fe while 
the lower abundance of Fe bearing aluminosilicate minerals at the poor 
site limited soluble Fe at the poor site.

3.3.2. Estimated field nutrient release rates
Quantifying the field elemental release rates is important for un

derstanding the loss of soil nutrients depending on parent material and 
our experimental design allows for an approximation. We estimated 
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elemental release rates by scaling the soil water concentrations with soil 
volume, bulk density, surface area and yearly water fluxes. Our esti
mates (Fig. 8) suggest that elemental release rates did not differ among 
forest nutrient richness (p > 0.05) since there were no significant dif
ferences in nutrient release rates across the forest nutrient richness for 
Ca (p = 0.27), Mg (p = 0.33), K (p = 0.74), and P (p = 0.28). Although 
not significant, rates for Ca were higher for rich sites (6.12 mg/m2/yr) 
than moderate (0.92 mg/cm2/yr) and poor (0.89 mg/m2/yr), which 
follows the same trend observed for soil water concentrations (Fig. 7). 
Release rates of Mg and K had comparable values across the nutrient 
richness gradient, which is a different result compared to soil water Mg 
and K concentrations (Fig. 7; Fig. 8). Estimated P release rates were 
inverse to the soil nutrient richness gradient and do not follow similar 
trends as the soil waters. These differences across the nutrient richness 
gradient were not significant because the variability was large within 
each forest nutrient richness, oftentimes greater than 50 % of the mean. 

The large variability was due to the upscaling of compounding errors 
from nutrient concentration, quantity of soil water collected, and bulk 
density heterogeneity among plots within a forest nutrient richness.

Field weathering rates for Al (p = 0.13) and Fe (p = 0.28) were also 
not statistically different across the forest nutrient richness gradient. 
Estimated Al release rates were highest at the poor site (0.38 mg/m2/yr) 
with moderate sites in the middle (0.37 mg/cm2/yr) and the rich sites 
having the lowest (0.0055 mg/m2/yr). Estimated Fe release rates fol
lowed the same trajectory with rates the highest at the poor sites (0.52 
mg/m2/yr) and lowest at the rich sites (0.018 mg/m2/yr). These rates 
were higher for poor and moderate sites than rich, which matches ob
servations for soil water concentrations and is inverse to DOC concen
trations. Overall, the estimated rates were highest where the soil pH was 
the lowest.

This is one of the first studies to estimate in-field release rates for 
inorganic nutrients by scaling annual soil water concentrations to soil 

Fig. 7. Elemental concentrations in soil water collected from lysimeters. These averages with standard error bars are categorized by forest nutrient richness. Values 
used are from spring and fall 2022.

Fig. 8. In field soil weathering rates calculated from soil water solutions among forest nutrient richness. Error bars represent standard error.
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volume. The majority of published “field” estimated weathering rates 
come from biogeochemical and Monte Carlo models (Futter et al., 2012), 
and laboratory experiments (Kolka et al., 1996) whereas ours uses field 
measurements to calculate the release rates. An assumption that our 
calculation makes is that all the released elements in the soil above the 
lysimeter are being collected, although that is not completely true 
because we do not account for tree uptake or lateral movement of soil 
water.

3.3.3. Batch reactor chemistry
While field-based weathering rate calculations can offer a valuable 

baseline for understanding weathering processes and nutrient avail
ability in an ecosystem, laboratory experiments using batch reactors can 
provide a more controlled environment to assess nutrient release rates 
specifically from soil minerals without the complexities of forest floor 
dynamics and aboveground inputs. We found that nutrient release rates 
were significantly different across the forest nutrient richness gradient 
among soil materials and different depths (p < 0.01; Table 3; Supple
mental Table 3). The Ca and Mg release rates were significantly different 
among the three forests with rich sites having higher rates than mod
erate, and poor sites (p < 0.01). Soil K release rates were significantly 
higher at rich sites (0.778 mg/m2/day) than poor (0.550 mg/m2/day), 
and moderate sites (0.462 mg/m2/day; p < 0.01). The release rates of 
Ca, Mg, and K correspond to the exchangeable elemental concentrations 
of each in the soil, exhibiting the highest concentrations and release 
rates in the rich sites, a trend consistent with findings in a similar study 
(Street et al., 2023).

Contrary to the other elements, P release rates did not follow the 
nutrient gradient. Soil P release rates were highest at poor sites (10.1 
mg/m2/day) compared to rich (6.16 mg/m2/day) and moderate sites 
(4.96 mg/m2/day: p < 0.01). Since P bearing minerals were in low 
abundance in the parent material, our results suggest that P adsorption 
to soil surfaces is more pronounced at the poor sites than the rich and 
moderate, which is supported by another study in the region (Street 
et al., 2023). Additionally, the higher Ca concentrations in the moderate 
and rich sites may induce Ca-P bearing mineral precipitation since this 

reaction is primarily governed by the Ca concentration and pH in the soil 
(Tunesi et al., 1999).

Using Al and Fe as a proxy for aluminosilicate and ferrosilicate 
weathering, we expected higher release rates at the poor site due to 
lower base cation buffering and match our field observations. However, 
we found release rates of Al were significantly higher at rich (6.3 mg/ 
m2/day) and poor (5.9 mg/m2/day) sites than moderate (4.3 mg/m2/ 
day; p < 0.01). Similarly, the Fe release rates were significantly higher in 
poor (13.4 mg/m2/day) and rich (10.3 mg/m2/day) sites compared to 
the moderate sites (7.2 mg/m2/day; p < 0.01). Higher Al release rates at 
the rich site indicated higher aluminosilicate weathering rates, sup
porting the idea of Ca-plagioclase weathering buffering pH and sup
porting the idea that base cation saturation and pH promote nutrient 
adsorption. Higher Fe release rates at the poor site contributed to sec
ondary Fe oxide dissolution due to the low pH.

Overall, we saw greater release rates at the surface rather than with 
depth (Table 3; Supplemental Table 3). Greater release rates at the 
surface may be attributed to the increased exposure and easier weath
ering of already weathered mineral surfaces, despite the deeper soils 
undergoing weathering of more soluble minerals typically hypothesized 
as important elemental sources.

Solution acidity had significant effects on elemental release rates 
from soil. There were no effects of pH on Ca (p = 0.05) or P (p = 0.38) 
release rates from soil. Soil Mg release rates were significantly affected 
by solution acidity, with pH 4 releasing an average of 2.19 mg/m2/day, 
pH 5 at 1.27 mg/m2/day, and pH 6 at 0.888 mg/m2/day (p < 0.01). 
Similarly, K release rates were significantly higher at pH 4 (0.711 mg/ 
m2/day) than at pH 6 (0.510 mg/m2/day), but not at pH 5 (0.568 mg/ 
m2/day; p < 0.01). Soil acidity and Ca concentrations in soils affect the 
precipitation of Ca-P bearing minerals, which might affect the measur
able P in solution (Tunesi et al., 1999), or because of the small ionic 
radius P may be adsorbed to soil surfaces after being released into so
lution (Street et al., 2023). Soil Al release rates were also affected by 
solution acidity, with pH 4 (7.96 mg/m2/day) significantly increasing 
rates compared to pH 5 (4.62 mg/m2/day) and pH 6 (4.02 mg/m2/day; 
p < 0.01). Soil Fe release rates were highest with pH 4 (14.5 mg/m2/ 

Table 3 
Batch reactor average release rates of inorganic nutrients from soils with varying pH among three depth ranges. These averages were calculated from the last 28-days of 
the 70-day total experiment because once steady state had been achieved. Each treatment average consists of six replicates with reported standard error (±).

Soil Nutrient Richness Depth Range 
(cm)

Initial pH Soil Nutrients Release Rate (mg/m2/d)

Al Fe Ca K Mg P

Rich 5–10 4 10.9 (±2.3) 36.6 (±9.4) 0.196 (±0.030) 0.894 (±0.074) 0.785 (±0.19) 11.05 (±4.8)
​ ​ 5 4.95 (±0.66) 19.3 (±4.9) 0.180 (±0.026) 0.658 (±0.13) 0.286 (±0.055) 10.53 (±4.7)
​ ​ 6 3.99 (±0.61) 17.4 (±4.7) 0.152 (±0.026) 0.566 (±0.081) 0.192 (±0.033) 10.2 (±4.5)
​ 30–40 4 9.15 (±1.2) 13.6 (±0.92) 0.158 (±0.014) 0.565 (±0.072) 0.560 (±0.067) 11.0 (±4.8)
​ ​ 5 5.62 (±1.1) 8.65 (±1.3) 0.155 (±0.023) 0.500 (±0.050) 0.236 (±0.023) 11.4 (±5.1)
​ ​ 6 6.46 (±1.5) 7.26 (±1.1) 0.164 (±0.041) 0.587 (±0.081) 0.184 (±0.023) 10.7 (±4.8)
​ 80–90 4 5.78 (±0.85) 8.70 (±0.85) 0.163 (±0.037) 0.433 (±0.042) 0.700 (±0.095) 8.58 (±3.8)
​ ​ 5 3.28 (±0.55) 4.91 (±0.92) 0.213 (±0.079) 0.356 (±0.048) 0.280 (±0.063) 9.26 (±4.1)
​ ​ 6 3.55 (±0.6) 3.79 (±0.65) 0.242 (±0.10) 0.388 (±0.053) 0.177 (±0.038) 8.33 (±3.8)
Moderate 5–10 4 8.55 (±1.2) 13.8 (±2.1) 0.985 (±0.11) 0.381 (±0.076) 2.43 (±0.42) 6.56 (±2.8)
​ ​ 5 6.42 (±0.96) 11.5 (±2.2) 0.824 (±0.068) 0.316 (±0.070) 1.72 (±0.33) 6.63 (±2.8)
​ ​ 6 6.16 (±0.85) 10.8 (±1.7) 0.918 (±0.19) 0.238 (±0.033) 1.22 (±0.26) 5.97 (±2.5)
​ 30–40 4 6.05 (±0.75) 9.39 (±1.2) 1.365 (±0.19) 0.660 (±0.12) 2.967 (±0.27) 6.64 (±2.8)
​ ​ 5 3.51 (±0.43) 6.51 (±0.65) 1.122 (±0.14) 0.551 (±0.075) 1.88 (±0.19) 5.99 (±2.6)
​ ​ 6 3.53 (±0.64) 6.88 (±1.1) 0.870 (±0.076) 0.54 (±0.081) 1.60 (±0.18) 6.11 (±2.6)
​ 80–90 4 10.9 (±1.51) 15.2 (±2.0) 1.721 (±0.26) 1.75 (±0.66) 6.28 (±1.29) 5.76 (±2.4)
​ ​ 5 6.74 (±1.6) 10.4 (±2.1) 1.18 (±0.14) 1.43 (±0.63) 4.41 (±1.26) 6.12 (±2.6)
​ ​ 6 4.95 (±1.0) 8.04 (±1.4) 0.751 (±0.030) 1.14 (±0.46) 3.19 (±0.80) 5.63 (±2.4)
Poor 5–10 4 5.16 (±1.3) 9.82 (±2.7) 0.315 (±0.047) 0.404 (±0.084) 1.26 (±0.31) 5.21 (±2.3)
​ ​ 5 2.77 (±0.41) 5.54 (±1.0) 0.361 (±0.036) 0.319 (±0.062) 0.54 (±0.094) 5.74 (±2.5)
​ ​ 6 2.20 (±0.35) 4.65 (±1.2) 0.246 (±0.023) 0.323 (±0.050) 0.332 (±0.049) 6.12 (±2.7)
​ 30–40 4 9.53 (±1.2) 14.3 (±1.1) 0.318 (±0.11) 0.701 (±0.15) 2.81 (±0.23) 5.87 (±2.6)
​ ​ 5 5.49 (±1.1) 8.43 (±0.81) 0.473 (±0.13) 0.561 (±0.13) 1.25 (±0.10) 5.98 (±2.6)
​ ​ 6 3.57 (±0.67) 5.66 (±0.71) 0.455 (±0.088) 0.458 (±0.088) 0.653 (±0.068) 5.82 (±2.5)
​ 70–80 4 5.58 (±0.70) 8.74 (±0.98) 0.735 (±0.11) 0.613 (±0.15) 1.95 (±0.15) 3.43 (±1.4)
​ ​ 5 2.80 (±0.30) 4.78 (±0.37) 0.694 (±0.044) 0.424 (±0.079) 0.853 (±0.038) 3.401 (±1.4)
​ ​ 6 1.81 (±0.20) 2.67 (±0.23) 0.494 (±0.022) 0.358 (±0.060) 0.433 (±0.040) 3.09 (±1.3)
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day) compared to pH 5 (8.89 mg/m2/day) and pH 6 (7.46 mg/m2/day; 
p < 0.01).

From our batch reactor experiments, we found a correspondence of 
parent material and solution chemistry to nutrient release rates from 
soil. Parent materials with high total Ca, and Mg concentrations 
exhibited higher release rates, typically corresponding to rich sites. 
Additionally, soil acidity influenced release rates, with more acidic so
lutions releasing more elements from minerals in the soil. Understanding 
the controls and influences of weathering rates is crucial for accurate 
nutrient budget calculation. Therefore, our finding that nutrient release 
rates were controlled by both soil solution acidity and parent material 
mineralogy is important and is supported by other studies that found 
effects of both pH and mineralogy on elemental release rates (Casetou- 
Gustafson et al., 2019; Richardson and Zuñiga, 2021; Zhang et al., 
2019). Additionally, the batch reactor release rates were one to five 
orders of magnitude larger than the estimate in field rates, most likely 
due to ecosystem dynamics such as plant uptake and lateral flow that are 
not present in the laboratory. Unfortunately, our batch reactor experi
ment highlighted that the in-field weathering estimates were only useful 
when soil nutrients were high, in the case of Ca from Ca-plagioclase or 
very low, in the case of P from apatite; although this does provide a 
useful, cost-effective tool for estimating relative release rates across 
sites.

4. Synthesis and conclusions

Our study explored the influence of parent material on soil nutrient 
concentrations and their release rates in northern hardwood forests of 
New England, USA. We found a strong link between the abundance of Ca 
and Mg- bearing minerals in the parent material and their total and 
exchangeable fraction in the soil and led to higher soil pH and base 
cation saturation. All of these factors promote the growth of northern 
hardwood trees. Our EPMA data revealed that the Ca and Mg gradient is 
generated from an abundance of Ca-plagioclase, mica, and amphibole 
minerals, rather than carbonates as typically hypothesized. Despite the 
differences in Ca and Mg bearing minerals and total and exchangeable 
concentrations, we did not detect significant differences in soil water Ca 
and Mg concentrations along the nutrient gradient. The Ca and Mg rich 
sites were about six times greater than those at the poor and moderate 
sites but were not significantly different due to spatial heterogeneity. 
The high Ca concentration in soil water might indicate enhanced acid 
buffering capacity, even though carbonates were not detected by EPMA. 
This suggests greater Ca availability to trees at the rich sites in solution 
and in solid phase, which likely contributes to higher overall site pro
ductivity, especially through tree growth.

Soil total K and P followed a different pattern than Ca and Mg. Total 
K concentrations were highest at the Ca-Mg poor site, indicating the 
importance of K feldspar in controlling soil K concentrations. However, 
exchangeable K concentrations positively corresponded with increased 
site nutrient richness. This likely reflects the combined effects of 
increasing CEC and soil pH, which promote the availability of K for plant 
uptake. Even though nutrient rich sites have lower abundance of K- 
bearing minerals, the increased availability due to higher CEC and pH 
make them less likely to be K limited for tree growth. Total P was lowest 
at the poor sites across sites but had comparable abundances of apatite 
therefore other P bearing aluminosilicate minerals are the major source 
of P in these soils. Exchangeable P concentrations were highest at the 
moderate site, likely due to the combined effects of clay content and Fe 
concentrations, which are known to influence P adsorption. Despite 
these differences in exchangeable P, no significant differences were 
observed in soil water P concentrations. This finding suggests that P 
sorption with Fe and Al is occurring at the nutrient rich site, evident 
from the pH, and low Fe and Al concentrations in the soil water. These 
results highlight the importance of considering soil properties like pH, 
CEC, Fe, and Al concentrations since these factors influence K and P 
availability, which impacts the accessibility by plants.

Assessing the impact of weathering on nutrient release was an 
important goal of this work. We expected that greater acidity and lower 
Ca and Mg abundance may lead to overall faster depletion rates at the 
nutrient poor site compared to the rich site. Interestingly, soil profile τ 
values revealed similar levels of depletion and enrichment for all ele
ments (Ca, Mg, K, and P) across the nutrient richness gradient, sug
gesting that both the soil buffering capacity and the resistance of 
minerals to weathering influence release rates. We compared field 
weathering rates obtained from lysimeter water with laboratory batch 
reactor experiments. While the calculated field nutrient release rates 
were one to two orders of magnitude lower (Ca, Mg, K) or five orders of 
magnitude lower (P) than in the laboratory experiment, the relative 
trend in nutrient richness among sites was consistent across both 
methods. The estimated field nutrient release rates were much lower 
than the laboratory experiment because of ecosystem dynamics such as 
plant uptake and lateral flow that remove elements from solution before 
leaching through the soil profile. The laboratory-based batch reactor 
study indicated that Ca and Mg nutrient release rates corresponded to 
their soil total concentration but, P was significantly higher at the poor 
sites, suggesting a greater influence of mineral phases. These trends 
were amplified by increased soil water acidity. While total elemental 
concentrations provide a basic understanding, soil characteristics like 
mineralogy and pH play a crucial role in mineral weathering, sorption 
and ultimately the accessibility of nutrients for tree growth.

Our study highlights the critical role of parent material mineralogy, 
particularly minerals rich in Ca and Mg, in controlling nutrient release 
rates and influencing long-term forest productivity. These minerals 
promote higher base saturation in the soil, making essential nutrients 
like Ca and Mg readily available for tree uptake, thus enhancing site 
productivity. Interestingly, we initially anticipated carbonate minerals 
to be the primary Ca source in these forests, however, no carbonate 
minerals were detected through EPMA. Therefore, their role in release 
rates appears less significant than expected. Consequently, sites with 
parent material rich in Ca-plagioclase, mica, and amphibole minerals 
may be suitable for supporting shorter timber harvesting rotations while 
maintaining soil health and nutrient supply over extended time frames. 
However, further research on aboveground productivity is warranted to 
fully understand these implications for sustainable forest management 
practices.
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