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Tephra-derived soils retain more organic carbon (C) than soils formed from any other parent material, but this C
may be sensitive to changes in climate and land use. Here we evaluate the effects of precipitation, temperature,
and afforestation on extractable metals and organic C storage in young tephra-derived soils in a temperate

Kemor ds: climate. We conducted our investigation across five sites in the Patagonian Andes that vary from 250 mm to
?nd}lls"l 2200 mm mean annual precipitation, and 12 to 9.7 °C mean annual temperature from east to west. At each of the
Aéflgr:tation five sites are paired plots of natural vegetation, varying from grasses and shrubs at the dry sites to closed-canopy

forest at the wet, and stands of Pinus ponderosa planted in monocultures 35 years prior to sampling. Previous
research at these sites showed that aboveground net primary production and soil organic C increased with
rainfall, but total soil organic C content was lower in pine plantations than natural vegetation. Here we assess
whether variation in precipitation and vegetation type also affect soil mineral properties that promote soil C
stabilization. Soils were collected to the depth of auger refusal and extracted with 0.5 M HCl for 24 h to target the
combined exchangeable and adsorbed metals, including secondary short-range-ordered mineral phases and the
plant available pools of Mg, Ca, and K. Pine afforestation lowered concentrations of HCl-extractable K (p < 0.1)
and Ca (p < 0.01) within the top 0 — 30 cm. Other elements, while not affected by vegetation type, did respond to
the rainfall gradient. Al, Si, P, and Mn all increased in the surface soils with increasing rainfall (p < 0.01),
suggesting the development of short-range-order volcanic mineral phases that retain nutrients such as P and Mn.
The addition of Al and Ca in the linear model to describe soil organic C explained more of the total variance than
rainfall and vegetation type alone, indicating the importance of Al complexes and cation (Ca) bridging with
secondary minerals to soil C retention. Importantly, the lower concentration of Ca in planted pine soils may
signal a long-term decrease in the potential soil C stored in afforested soils due to a lower capacity for cation
bridging. Our results show that the chemistry of these young tephra soils is dynamic, responding to both pre-
cipitation and afforestation in distinct ways with potential long-term impacts on nutrient cycling and C storage.

Carbon dioxide removal
Mineral associated organic matter
Cation bridging

1. Introduction decomposition of those inputs (Chapin et al. 2011). Climate, plant litter

quality, and soil mineralogy have been identified as key factors that

Soils represent the largest terrestrial pool of organic carbon (OC),
and therefore are key to regulation of the global C cycle (Amundson,
2001). In general, the amount of OC in soils is determined by the balance
between inputs of plant and microbial biomass and microbial
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determine differences in soil OC stocks across sites, and over the course
of soil development, the key mechanisms of soil C retention shift
(Mikutta et al., 2009; Doetterl et al., 2015; Lawrence et al., 2021). In
base-rich soils with neutral to slightly acidic pH, aluminosilicates retain
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soil organic carbon (SOC) through cation bridging with multi-valent
cations such as Ca and Mg (Rowley et al., 2018). As soils weather and
lose base cations, most soil OC stabilization occurs by direct sorption
onto high surface area, short-range-order (SRO) minerals, and copreci-
pitation with Fe and Al (Rasmussen et al., 2005; Mikutta et al., 2006;
Kleber et al., 2015). Following this pattern, in young soils derived from
volcanic tephra, most soil C is co-precipitated with metals, complexed
with Al and Fe, or adsorbed, either directly or through cation bridging,
to reactive mineral surfaces (Chorover et al., 2004; Matus et al., 2014;
Kramer and Chadwick, 2016). Because this mineral and metal associated
OC is considered the more stable pool of C in soils, the factors governing
the retention of OC in mineral associations are important to identify
within and across ecosystems.

The interaction between SOC and soil development has been
explored for decades, but conflicting results reveal that no broadly
applicable model of soil C storage can be applied across sites globally.
For example, soil texture, soil Ca, soil Al, plant litter quality, and soil
order have all been found to be the “most important’ factor governing
SOC retention in various studies (Matus et al., 2006; Garrido and Matus,
2012; Mathieu et al., 2015; Blankinship et al., 2018; Harden et al., 2018;
Rasmussen et al., 2018). While there is no consensus in the literature on
the key factors controlling SOC retention, the current body of work does
indicate that soil mineral composition and vegetation type significantly
affect soil C storage.

These key controls on the retention of SOC may also be affected by
additional factors including land-use and climate change. One change in
land-use that had been proposed for lowering atmospheric CO> levels is
afforestation of grasslands and previously forested landscapes (Jandl
et al., 2007; Nave et al., 2018). The increased aboveground net primary
production (ANPP) of ecosystems planted with young, fast-growing
trees is intended as a sink for anthropogenic CO5 emissions. However,
the effects of such afforestation on soil development and SOC dynamics
in naturally unforested areas are underexplored. Understanding the
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changes in soil development and SOC caused by afforestation initiatives
is imperative to accurately assess the viability and consequences of such
projects.

Because tephra-derived soils represent a terrestrial C pool dispro-
portionately high relative to their global distribution (Matus et al., 2014;
Kramer and Chadwick, 2016; Ugolini and Dahlgren, 2002), we sought to
identify how the factors that affect the retention of OC in volcanic soils
in natural and afforested ecosystems may shift across a precipitation
gradient in the Patagonian Andes of Argentina. This precipitation
gradient (Fig. 1), established by Araujo (2012) and Hess & Austin
(2014), presents an ideal arena for our research goals. The gradient is
comprised of five sites that range from 250 mm to 2200 mm of mean
annual precipitation (MAP) from east to west. Mean annual temperature
(MAT) of the sites is well-constrained and varies from 8.9 °C at the 1100
mm MAP site and 12 °C at the 250 mm MAP site. At each of the five
precipitation levels along the gradient is a naturally vegetated plot and a
planted exotic Pinus ponderosa plantation plot. The pines across the
gradient were all planted in the late 1970 s with minimal subsequent
management (Araujo and Austin, 2015).

We hypothesized that base cation concentrations would be lower in
soils afforested with Pinus ponderosa when compared to the naturally
vegetated soils. In general, conifers have nutrient conservation strate-
gies such as long leaf lifespan, low leaf tissue nutrient concentration, and
slow decomposition rates, when compared to grasses, broadleaf woody
trees, and shrubs (Jobbagy and Jackson 2003). Therefore, the faster
decomposing litter of grass, broadleaf woody trees and shrubs, and
herbaceous plants replenishes nutrient supply, especially base cations,
to soils at a faster rate than conifers, which results in higher base cation
concentrations in soils (Jobbagy and Jackson 2003; Berthrong et al.
2009; Schaetzl & Thompson, 2015). Second, we hypothesized that in-
clusion of geogenic metal concentrations from soil extractions in a
multivariate model of SOC would improve explained variance of SOC
concentrations across the rainfall gradient. Prior work across the
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Fig. 1. Map of study sites in northwest Patagonia, Argentina. Yellow symbols represent the locations of each paired natural vegetation and pine plantation site and
adjacent text is the long-term mean annual precipitation (MAP) in mm. The color gradient of the map indicates MAP in each zone, with darker green indicated higher
MAP and light blue to more arid zones. More details about the sites and locations can be found in Araujo and Austin, (2015, 2020). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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gradient showed that SOC concentrations correlate strongly with MAP,
but that planted pine soils are also overall lower in SOC (Hess and
Austin, 2014). With inclusion of metal cations in our analysis, we sought
to account for more of the variance in SOC concentrations, and poten-
tially explain differences in SOC between native and afforested soils.
To address our hypotheses, we extracted soils collected from the
naturally vegetated and afforested sites at common depth increments.
The extraction we used targets the amorphous phases of Fe and Al
oxyhydroxides, and the exchangeable or adsorbed metals associated
with these phases. We first assessed the effects of vegetation type, MAP,
and mean annual temperature on extracted metals concentrations. Then,
we evaluated the effect of plant biomass production on metal concen-
trations, after accounting for the variance in the data explained by
vegetation type and MAP. We used this analysis to determine whether
SOC concentration is different between the afforested and natural
vegetation sites simply because there are differences in primary pro-
ductivity (carbon fixation), or whether mineral-controlled soil C storage
mechanisms also affect SOC concentrations. Finally, we augmented
prior models of SOC across our research sites with the extracted metal
concentrations to establish whether changes in soil organic matter pools
were correlated with soil mineral composition. This work elucidates
both the shifting role of minerals in soil C retention and the potential
effects of afforestation on the stability of the belowground C pool.

2. Materials and methods
2.1. Site description

Soils were sampled from sites established by Araujo (2012) and Hess
and Austin (2014), distributed across a precipitation gradient in the
northwest of the Patagonian region in Argentina, in the Neuquén
province (Fig. 1). The sites, each with paired sub-sites in natural vege-
tation and Pinus ponderosa stands planted 1974—1976, are located along
a 60 km east-west transect that vary in long-term MAP from 250 to
2200 mm (Araujo and Austin 2020). Precipitation is strongly seasonal
and mostly falls between May and September (Southern Hemisphere
winter). The MAT of the five sites does not covary with MAP; MAT is
maximum 12 °C at the 250 mm MAP site, 9.5 °C at 650 mm MAP,
minimum at 8.9 °C at 1100 mm MAP, 11 °C at 1350 mm MAP, and 9.7 °C
at 2200 mm MAP. Geographic coordinates of each paired plot from the
driest to wettest site are 40°15'S, 70°48'W; 39°57'S, 71°06'W; 40°26'S,
71°13'W; 40°04'S, 71°20'W, and 40°09'S, 71°34'W. The natural vegeta-
tion across the study sites varies from a shrub-grass steppe at the 250 and
650 mm MAP sites, to predominately Nothofagus antarctica woodlands
and forests at the 1100 and 1350 mm MAP sites, to a mixed N. dombeyi,
N. nervosa, and N. obliqua forest at the 2200 mm MAP site (Hess and
Austin 2014, 2017).

Soils of the region formed from recently deposited layers of tephra
over glacio-fluvial sediment. The oldest tephras in the region are about
10 kya, and the most recent (prior to our soil collection) deposits
occurred in 1960 (Laya, 1977). The tephra is over 100 cm thick at the
wettest site and thins moving east along the gradient. At the driest site,
the glacio-fluvial sediments are buried by about 30 cm of tephra. Studies
of pedogenesis across the site suggest that prior to the eruption of
Puyehue-Cordén Caulle in 2011, the soil surface across the climate
gradient derived from ash of the same eruption in 1960 (Colmet Daage
et al., 1988; Ferrer et al., 1990).

Broquen et al. (2005) studied the development of andic properties in
soils across a climosequence in close geographic proximity to that used
for our study. As anticipated, the authors found young pedons with
andic properties that increased in level of expression with rainfall.
Ammonium oxalate extractable Fe, aluminum (Al), and silicon (Si),
suggest that the amount of primary volcanic glass and short-range-order
(SRO) Fe oxides in soils remain relatively constant across the rainfall
gradient, but that the amount of allophane increases with precipitation,
from 1 % to 10 % of the fine earth fraction (Broquen et al., 2005). These
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authors found that soil pH decreases with rainfall and that changes in pH
were attributable to more exchangeable Al and OC in the high-rainfall
sites. Ultimately, the soils were classified via the USDA Soil Taxonomy
as Thaptic Udivitrands at 2000 mm MAP, Typic Hapludands at 1200 mm
MAP, Humic Vitrixerands at 900 mm MAP, and Vitrandic Haploxerolls
at 700 mm MAP (Broquen et al., 2005).

Extensive work has been done to characterize soils and ecosystem C
and nitrogen (N) cycling across the precipitation gradient (Araujo, 2012;
Hess and Austin, 2014; Araujo and Austin, 2015; Vivanco and Austin,
2019). These works demonstrated that pine afforestation significantly
altered the C cycle in these ecosystems through multiple mechanisms.
First, pines introduce shade at drier sites where decomposition is
otherwise controlled by photodegradation (Austin and Vivanco, 2006;
Austin et al., 2016), which results in slower litter decomposition rates in
the pine plantations (Araujo and Austin, 2015). Second, pines increase
total C stocks at the four driest sites by increasing live woody above-
ground biomass and through the accumulation of recalcitrant pine litter
on the forest floor (Araujo and Austin, 2020). On the other hand, pine
afforestation was correlated with decreased soil organic C and N content
along the gradient (Fig. S1), resulting in altered soil C:N ratios in the
SOC pool (Hess and Austin, 2014). These patterns may be partly
attributable to slower N turnover and lower microbial activity in the
planted pine sites (Hess and Austin, 2017).

2.2. Soil sampling and extractions

We extracted air-dried soils originally collected by Hess and Austin
(2014), wherein the sampling methodology is described at length. Soils
were sampled at five random points along four transects every 10 m
within a 50 x 50 m plot. The O horizon was removed, soils were sampled
by push probe, and cores were separated into 0-5, 5-15, 15-30, 30-60,
and 60-90 cm increments. At the two dry sites, due to difficulty in
obtaining samples in the underlying glacio-fluvial sediment, 30-60 and
60-90 cm samples were not obtained. The five samples collected along
each of the four transects were composited, so that five soil cores are
incorporated into each sample, resulting in four composite soil profiles
per site.

Soils samples were extracted using 0.5 M HCI in a 1:8 soil to HCl
ratio, shaken for 24 h at room temperature (Heron et al., 1994; Teutsch
et al,, 1999; Wiederhold et al., 2007). After shaking, samples were
filtered with Whatman 41 filter paper. Upon return to Pennsylvania
State University, samples were additionally filtered with 0.45 uM
polypropylene syringe filters prior to analysis on PerkinElmer Optima
7300 DV ICP-OES for a suite of geogenic metals: Al Si, Fe, Ca, Mg, Na, K,
P, and Mn.

The 0.5 M HCI extraction targets secondary amorphous mineral
phases, especially Fe oxyhydroxides, and the exchangeable or adsorbed
metals associated with those secondary amorphous phases (Chao and
Zhou, 1983; Heron et al., 1994; Teutsch et al., 1999; Wiederhold et al.,
2007; Yesavage et al., 2012). Recently, a similar dilute acid extraction
has been demonstrated as necessary for full extraction of the plant
available pools of Ca, K, and Mg that reside in organo-mineral complexes
on secondary mineral phases (Bel et al., 2020). Over the course of
pedogenesis, as primary minerals weather to form secondary minerals,
the 24 hr 0.5 M HCl extraction extracts greater concentrations of metals
until pedogenesis has proceeded such that SRO minerals crystallize. Past
this point, as soils further weather, the extraction yields decreasing
concentrations of the metals that comprise the majority of the SRO
phases (Al, Fe, Si), but still extract the adsorbed, complexed, and
exchangeable metal phases.

2.3. Statistical analysis
To assess the effect of MAP, MAT, and vegetation type on the

extractable metal concentrations across the gradient, we used a multiple
linear regression where vegetation type and MAP were the potential
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explanatory variables of the concentrations of metals in soil extractions
at each depth interval (R Core Team, 2017). Data satisfied the normality
and homoscedasticity assumptions of linear regression.

Second, we calculated partial correlations of metal concentrations
with ANPP (from Araujo and Austin, 2020) a at each depth interval,
after controlling for vegetation type, MAP, and MAT. This test tells us
how much variance is explained by ANPP after accounting for the
variance explained by MAP, MAT, and vegetation type. We interpret
significant correlation with ANPP to reflect biotic cycling of metals that
cannot be explained by climate or vegetation type alone. Data were
tested for and satisfied the assumptions of partial correlation analysis.
Finally, to test the role of metals in explaining the SOC concentrations
across the gradient, extractable metal concentration data were also
incorporated into a model of SOC for each depth interval. Stepwise
linear regression was conducted in SPSS version 28 (International
Business Machines, Armonk, New York, United States). The criterion for
model inclusion was p < 0.02, and the criterion for exclusion was p <
0.05. To limit collinearity, terms were further eliminated if the variable
inflation factor (VIF) was greater than 3. Prior to the stepwise procedure,
the following variables were included as possible explanatory variables
of SOC: ANPP, MAP, MAT, vegetation type (planted pine or natural
vegetation), and 0.5 M HCI extraction concentrations of Al, Si, Fe, Ca,
Mg, Na, K, P, and Mn. Results from this model were compared to the
multiple linear regression model of SOC in which only MAP and vege-
tation were included as explanatory variables (i.e., the model presented
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3. Results

3.1. Precipitation and vegetation significantly affect extracted cation
concentrations

We found that extracted metal concentrations in the soil were
significantly correlated with both vegetation type and MAP. To aid in
the discussion of results from these multiple linear regressions, we sor-
ted metal concentration response to vegetation and precipitation into
two groups based on the metals’ roles in soil minerals or plant nutrition.
The first group (Fig. 2) represents extracted metal concentrations most
often considered as constituents of soil minerals: Al, Si, Fe, Na, Mn. The
second group (Fig. 3), represents metal concentrations of elements that
are considered essential nutrients to plant growth: P, K, Ca, and Mg. Data
from the 30-60 and 60-90 cm depth increments are reported in the
supplementary information (Figures S2, S3).

Group 1 metals (Al, Si, Fe, Na, Mn) generally increase in concen-
tration with MAP across the gradient (Figures 2, S2). In the 0-5, 5-15,
and 15-30 cm increments Al concentration in metal extracts increased
with increasing MAP (p < 0.001), but there was no significant effect of
vegetation on the concentration of Al. The concentration of Si in the
extracts increased with rainfall in the soil increments from 0 cm to 30 cm
(p < 0.05), and the concentration of Si was higher in natural vegetation
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sites at the 15-30 and 30-60 cm depth increments (p < 0.05). Fe
significantly increased with rainfall in all depth increments from O to 30
cm, but not 30-90 cm; vegetation type did not significantly affect Fe
concentration. The concentration of Na in extractions decreased with
MAP in the 15-30 cm increment (p < 0.1), but the relationship between
vegetation type or MAP was not significant at other depths. The con-
centration of Mn in the metal extracts increases with MAP in the 0-5,
5-15 cm (p < 0.001), and 30-60 cm (p < 0.05) increments, but there
was no effect of vegetation type on Mn. In surface soils, no group 1
metals were correlated with MAT, but at 30-60 cm Si and Al were
positively correlated with MAT (p < 0.001) and at 30-60 and 60-90 cm
Si, Al, and Na were correlated with MAT (Figure S4). In general, all
metals in group 1, aside from Na, increased in concentration with MAP,
and few were significantly affected by vegetation type.

On the other hand, in group 2 (P, K, Ca, and Mg), each metal
demonstrated idiosyncratic patterns with increasing MAP and affores-
tation (Fig. 3). The concentration of P in the extracts increased with MAP
across all depth increments (p < 0.05). Additionally, at 15-30 cm the
increase of P concentration with rainfall was less in afforested soils when
compared to naturally vegetated sites (i.e., significant interaction of
vegetation and precipitation, p < 0.05). The concentration of K
decreased with MAP across all depth increments (p < 0.05), and soils
with natural vegetation were higher in K concentration than afforested
soils (p < 0.1). In the 0-5 and 5-15 cm, concentration of Ca increased
significantly with MAP (p < 0.05) and was significantly higher in

naturally vegetated sites (p < 0.05). In contrast, Ca decreased with MAP
in the 15-30 cm increment. Finally, the concentration of Mg in extracts
decreased with rainfall in the subsurface depths increments of 15-30,
30-60, and 60-90 cm.

Like the group 1 metals, no metal in group 2 was correlated with
MAT in the top three depth increments. However, in the 30-60 and
60-90 cm increments, P, K, Ca, and Mg concentrations decreased as
MAT increased (p < 0.05).

3.2. Biotic activity weathers tephra regardless of climate or vegetation
type

We assessed how ANPP may influence soil metal concentrations
across the climate gradient. We use this test as a measure of the role of
plant activity over time, beyond what can be explained by MAP, MAT,
and vegetation type alone, in weathering primary amorphous materials
in the tephra parent material (Table 1). We found that ANPP, which is a
measure of the yearly biomass increment of the vegetation, was a sig-
nificant explanatory variable for Al, P, and Ca soil concentrations across
all depth increments (p < 0.05) when controlling for MAP, MAT, and
vegetation. We additionally found that ANPP significantly affected Mn
at 60-90 cm (p < 0.01), Kat 30-60 cm (p < 0.05), Siat 60-90 cm (p <
0.05) and Fe (p < 0.05) at 60-90 cm (Table 1).
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Table 1
Partial correlation coefficients reflecting the effect of ANPP on extractable metal concentrations and C, after removing variance explained by vegetation, MAP, and
MAT.
0-5cm 5-15cm 15-30 cm 30 - 60 cm 60 - 90 cm
r p Value r p Value r p Value r p Value r p Value
Mn 0.04 0.80 0.03 0.83 0.24 0.11 0.27 0.16 0.74 < 0.01%**
Mg —0.08 0.61 0.11 0.46 0.02 0.90 0.07 0.72 0.29 0.18
K -0.19 0.21 —-0.09 0.57 —0.24 0.11 —0.47 0.01** 0.04 0.87
Al 0.25 0.09* 0.30 0.04+** 0.25 0.09* 0.42 0.03** 0.61 < 0.01%**
Na 0.04 0.78 0.19 0.21 0.11 0.49 —0.01 0.97 0.35 0.11
Si 0.17 0.27 0.31 0.03 0.17 0.25 0.05 0.82 0.50 0.02**
P —0.47 <0.01%** —0.51 < 0.01%** —0.40 < 0.01%** —-0.67 < 0.01%** —0.48 0.02%*
Ca —0.43 < 0.01%** -0.27 0.08* —0.35 0.02** —0.59 <0.01%** —0.46 0.03**
Fe 0.13 0.38 0.18 0.22 0.11 0.47 0.16 0.41 0.46 0.03**
C -0.15 0.31 —0.35 0.02** —0.03 0.86 0.38 0.05* 0.21 0.34

***p < 0.01; **p < 0.05; *p < 0.1.
3.3. Inclusion of metalconcentrations improves model of SOC across sites

To test hypothesis 2, we included the soil metal concentrations, MAP,
vegetation type, and ANPP into a stepwise linear regression model to
compare with the simple (only MAP and vegetation type) model pre-
sented in Hess & Austin (2014). Inclusion of soil metal concentrations
increased the explained variance in SOC concentrations by an average of
15 % across the depth intervals. Explained variance (adjusted R?)
increased from 52 % to 69 % at 0 — 5 cm; 75 % to 80 % at 5— 15 cm; from
51 % to 73 % at 15 — 30 cm; from 14 % to 31 % at 30-60 cm; and from O
% to 11 % at 60-90 cm.

In the new model, the best explanatory variables were different
depending on soil depth. At 0-5 cm, both K (p < 0.001) and Ca (p <
0.001) were the best predictors, and the standardized coefficients
demonstrated that SOC increased with Ca concentration, but decreased
with increases in K. At 5-15 cm, MAP (p < 0.001), Al (p < 0.001), ANPP
(p < 0.001), and Si (p < 0.005) were the best predictors of SOC; SOC
increased with increases in MAP and Al concentrations but decreased
with increases in ANPP and Si. At 15-30 cm, Al (p < 0.001), Na (p <
0.001), and vegetation type (p < 0.01) were significant predictors of
SOC; the concentration of SOC increased with increases in Al but de-
creases with increases in Na and is lower in planted pine sites. At 30-60
cm, vegetation type (p < 0.001) and ANPP (p < 0.01) were better
predictors than the vegetation and MAP of the original model. At this
depth interval, SOC concentration decreased with increasing ANPP and
was lower in planted pine sites. Finally, at 60-90 cm, only MAT (p <
0.05) was selected as a significant explanatory variable, and SOC con-
centration increased with increases in MAT.

To demonstrate the relationship between SOC and all potential

Table 2

explanatory variables, we also report the correlation coefficients for the
multiple linear regression model with all potential explanatory variables
included (Table 3), and the Spearman correlation coefficients of all
potential explanatory variables with soil organic SOC (Table 4). Many of
these terms were eliminated from the final model due to multi-
collinearity effects and to reduce VIF, even though they may be signif-
icantly correlated with SOC.

In the multiple linear regression model, aside from the explanatory
variables included in the final models, SOC at 0-5 cm was positively
correlated with MAP, Mn, and Al (p < 0.01) and SOC was significantly

Table 3

Correlation coefficients of variables for the final multiple linear regressions of
potential explanatory variables for SOC concentration. Variables included in
final model are bolded.

0-5cm 5-15 cm 15-30 cm 30-60 cm 60-90 cm
MAP 0.65%** 0.84%** 0.69%** 0.30 —0.01
MAT —0.05 —0.23 —0.09 0.31* 0.44%*
ANPP 0.15 0.35%* 0.28* 0.05 —0.08
Mn 0.57*** 0.52%** -0.11 0.14 0.09
Mg —0.01 —0.11 —0.28** —0.24 —0.23
K —0.63%** —0.73%%** -0.25 —0.38*
Al . 0.71%** 0.75%** 0.27 0.33*
Na —0.21 —0.24* —0.31** —-0.24 —0.06
Si -0.14 0.28* 0.51%** 0.01 0.36*
Ca 0.71%** 0.35%* —0.44%* —-0.07 —0.25
Fe 0.21 0.12 0.08 —0.03 —0.01
Vegetation —0.36** —-0.22 —0.26* —0.33* -0.25
**p < 0.01; **p < 0.05; *p < 0.1.

Multiple linear regression models of SOC using only rainfall and vegetation (Original Model, Hess and Austin, 2014) and then adding the metal extract concentrations,
MAT, and ANPP as potential explanatory variables (New Model). Term inclusion was determined through stepwise step regression with a threshold of p < 0.02 for
inclusion and p < 0.05 for exclusion. Further term exclusion was performed to ensure the variable inflation factor (VIF) for all explanatory variables < 3.

Original Model New Model
Term Standardized Coefficient p Value Adj. R? Term Standardized Coefficient p Value Adj. R?
0-5cm MAP 0.64 < 0.001 0.52 K —0.45 < 0.001 0.69
Vegetation —0.36 < 0.001 Ca 0.75 < 0.001
5-15cm MAP 0.84 < 0.001 0.75 MAP 0.73 < 0.001 0.84
Vegetation -0.23 0.023 ANPP -0.29 < 0.001
Al 0.64 < 0.001
Si -0.37 0.001
15-30 cm MAP 0.68 < 0.001 0.51 Al 0.79 < 0.001 0.74
Vegetation —-0.24 0.02 Na —0.33 < 0.001
Veg -0.23 0.005
30 - 60 cm MAP 0.30 0.07 0.14 Veg —0.94 < 0.001 0.30
Vegetation —0.33 0.10 ANPP —0.78 0.004
60 — 90 cm - - - MAT 0.44 0.025 0.16
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Table 4
Spearman correlation coefficients between extracted metal concentration, MAT,
MAP, vegetation type, and ANPP with SOC concentration across sites.

0-5cm 5-15 cm 15-30 cm 30-60 cm 60-90 cm

MAP 0.89%** 0.90%** 0.83%** —0.37** 0.10
MAT -0.17 -0.21 —0.04 0.28 0.44%*
ANPP 0.36%* —0.37%** 0.31%* 0.04 —0.04
Mn 0.64%** 0.49%** —0.09 0.10 0.16
Mg -0.11 —0.18 —0.36%* —0.31* —0.25

K —0.50%* —0.61%** —0.76%** 0.21 —0.43**
Al 0.70%** 0.71%** 0.73** 0.30 0.39**
Na —0.20 -0.23 —0.31%** —0.26 —0.07
Si 0.22 0.26* 0.08 0.41%**
Ca 0.66%** 0.22 —0.47%*** —0.14 —0.36*
Fe 0.30** 0.14 0.01 —0.02 0.01
Vegetation —0.29* -0.23 -0.27* —0.35* —0.26

xx4p < 0.01; **p < 0.05; *p < 0.1.

lower in planted pine soils (p < 0.05). At 5-15 cm, SOC was positively
correlated with Mn and Ca (p < 0.01) and was negatively correlated
with Na (p < 0.1) and K (p < 0.01). For the 15-30 cm depth interval, Mg,
Ca, and K (p < 0.05) were negatively correlated, and MAP, ANPP, and Si
(p < 0.1) were positively correlated with SOC (Table 3). At 30-60 cm,
only MAT was additionally correlated with SOC (p < 0.1). Finally, at
60-90 cm, K was negatively correlated, and Si was positively correlated
with SOC at p = 0.1 (Table 3).

Table 4 demonstrates that SOC was correlated with many variables,
even if not necessarily linear in relationship; here we highlight the most
significant correlates of each depth increment. At 0-5 cm, the top three
correlates with SOC were MAP, Mn, Al, and Ca, with Spearman corre-
lation coefficients of 0.89, 0.64, 0.70, and 0.66, respectively (p < 0.01).
In the 5-15 cm depth increment, the variables with the greatest corre-
lation with SOC were MAP, Al, and K, at 0.90, 0.71, and —-0.61
respectively (p < 0.01). In the 15-30 cm depth increment, the best
correlates with SOC were MAP and K and they have correlation co-
efficients of 0.83 and —0.76 (p < 0.01). At 30-60 cm, MAP was the best
correlate with SOC and has a correlation coefficient of —0.37 (p < 0.01).
In the 60-90 cm depth increment, MAT, K, Al, Si, and Ca were all
correlated with SOC (p < 0.05), with correlation coefficients of 0.44,
—0.43, 0.39, 0.41, and —0.36.

4. Discussion

Our results demonstrate that 35 years of afforestation alters primary
amorphous parent materials and the relationships between soil chemical
properties and SOC concentrations in terrestrial ecosystems along a
broad precipitation gradient. The increase in extractable Al, Fe, and Si
concentrations in surface soils along the precipitation gradient in Pata-
gonia signifies the weathering of primary minerals within tephra to form
SRO aluminosilicates and Fe oxides. These minerals enhance the
retention of nutrient cations, including P and Ca, which are actively
cycled by vegetation. As expected across a climatic weathering gradient,
concentrations of extractable base cations, especially monovalent ions,
decreased with rainfall (Porder and Chadwick, 2009). These declines
were more pronounced in planted pine soils, particularly of K
throughout the soil profile and Ca in the subsurface. These patterns
provide support for our first hypothesis, that lower base cation con-
centrations in soils are associated with conifers in contrast to broadleaf
woody and herbaceous vegetation (Jobbagy and Jackson, 2003).

In support of our second hypothesis, the inclusion of extractable
metal concentrations markedly improved the model of SOC along the
precipitation gradient (Table 2). In addition, the highest correlates of
SOC across depths were more often with the metal extract concentra-
tions than MAP, MAT, or vegetation type. The positive correlation of
SOC with Ca, Al, and Si across multiple depths suggests both direct
sorption of SOC on secondary amorphous aluminosilicates and cation
bridging by Ca contribute to the retention of SOC. As demonstrated in
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other volcanic soils (e.g., Matus et al., 2006, Panchini et al. 2017), Al
complexation is likely increasingly important to SOC stabilization as
MAP increases. The lower concentrations of Ca in afforested sites sug-
gests that land conversion to planted pine may reduce the soil’s capacity
for SOC storage through cation bridging, an underappreciated conse-
quence that should be considered in a more comprehensive evaluation of
future afforestation efforts in the region and elsewhere.

4.1. Soil metals demonstrate weathering of primary minerals in volcanic
ash

With increasing MAP, we observed increased concentrations of
extractable Al, Si, P, Mn, and Fe in soil. This pattern likely represents
weathering of primary amorphous glass to secondary Fe, Al, and Si-
bearing SRO minerals with increasing rainfall, and retention of nutri-
ents, like P and Mn on those secondary minerals. Broquen et al. (2005)
demonstrated that allophane (a secondary SRO silicate) development
increased with increasing precipitation in the soils of our study region;
our results support this finding as both Al and Si concentrations increase
in our extracts, but the rate of Al increase was greater than that of Si. The
shift of ALSi ratio from 1:1 to that of 2:1 in our extracts signals the
formation of secondary SRO clay minerals like allophane (Parfitt et al.,
1983; Parfitt and Childs, 1988; Dahlgren and Ugolini, 1989; Ugolini and
Dahlgren, 2002).

Furthermore, the increase in extractable Fe with increasing MAP
indicates the formation of SRO Fe oxyhydroxides, like ferrihydrite,
which are known to increase in concentration with precipitation in
young soils formed from volcanic materials (Chadwick et al., 2003;
Dahlgren et al., 2004; Tsai et al., 2010). For example, Tsai et al. (2010)
found that tephra-derived soils in a sub-tropical climate developed fer-
rihydrite and other SRO minerals as a function of increasing rainfall,
while more crystalline secondary minerals developed in soils that
received less precipitation. This pattern observed by Tsai et al. (2010) is
similar to that observed at our sites, given the shifts in extractable Al, Si,
and Fe with increasing rainfall. With further weathering, we would
expect to observe more crystalline phases of metal oxides and alumi-
nosilicates, at which point HCl-extractable metal concentrations might
decrease. Thus, the increase in metals at the wettest sites of the gradient
reflects that we captured a window in soil development when secondary
SRO minerals are increasingly important. With time, these young tephra
soils should shift to have fewer SRO minerals and extractable metals.

While not significantly correlated with metal extract concentrations
or SOC in the top 30 cm of the soil profiles, MAT was significantly
correlated with many metals in the 30-60 and 60-90 cm depth in-
crements, and was the only factor selected in the stepwise regression of
SOC at 60-90 cm (Table 2; Figures S4 and S5). These two depth in-
crements only include samples from the three wettest sites (1100, 1350,
and 2200 mm MAP), as the augerable depth only extended to 30 cm at
250 and 650 mm MAP. The temperature dependence of silicate weath-
ering in sites with ample supply of weatherable minerals is well-
established (Lebedeva et al., 2010; Dere et al., 2013; Li et al., 2016;
Brantley et al., 2023), and research suggests that once soils reach a
moisture threshold, temperature is the most important control on sili-
cate weathering in many watersheds (Shaughnessy and Brantley, 2023).
Considering that MAT is strongly positively correlated with Si and Al
and negatively correlated with Na at 60-90 cm, and that Si and Al are
also correlated with SOC at the 60-90 cm increment, the significance of
MAT in the final model of SOC likely reflects the importance of MAT in
driving weathering, the formation of secondary SRO minerals, and
therefore SOC stabilization at the three wettest sites.

4.2. The role of biota in weathering volcanic glass and cycling base
cations

Surprisingly, when controlling for variance explained by MAP, MAT,
and vegetation type, ANPP is a significant explanatory factor for the



C. Hodges et al.

concentrations of Ca, Al, and P at all depth increments. This result
suggests that the activity of plants is a key driver of the differences in
element concentrations in soils across the gradient; for example, there is
a clear signal of nutrient uplift in the depth profile of Ca, as the con-
centration of Ca in the 15-30 cm depth increment decreased with MAP,
while in the 0-5 cm increment Ca concentration increased. Similarly, as
ANPP increased, there was more P associated with the SRO minerals in
soil at 0-5 cm depth than in the 15-30 cm increments. These patterns of
nutrient uplift where biota draw nutrients from the subsurface to be
tightly cycled in the surface soils, are well-established across ecosystems
(Jobbagy and Jackson, 2004; Uhlig et al., 2017) and particularly in
tropical soils derived from volcanic materials (Porder et al., 2007; Por-
der and Chadwick, 2009). Our data provide a temperate complement to
these prior findings in tropical ecosystems.

The significant relationship between ANPP and Ca concentrations in
the extracts, and the significantly lower Ca concentrations in the affor-
ested soils, reflects a strong footprint of the biotic cycling of Ca in the
soils across the study sites. Calcium is an essential nutrient and is a key
component of structure, signaling and ion balance in terrestrial plants
(White and Broadley, 2003). We propose that lower Ca concentrations in
afforested soils results from the accumulation of undecomposed pine
needles and woody biomass on the soil surface (Araujo and Austin,
2020). This thick, slowly decomposing litter layer locks up Ca in organic
forms not available for plant uptake, which may result in afforested
rhizospheres that are depleted in Ca. On the other hand, a thick litter
layer is not present at the naturally vegetated sites (Araujo and Austin,
2020), and decomposition rates are generally faster. As such, in the sites
of natural vegetation, base nutrients within plant litter, like Ca, may be
more efficiently recycled and returned to soils, which is reflected in the
soil Ca concentrations in this study.

The shift in base cation pools from soils to biomass in afforested sites
is well-supported in the literature. Richter et al. (1994) reported that 30
years of afforestation in kaolinite-rich Ultisols resulted in redistribution
of base cations, especially Ca and Mg, from soils to woody biomass and
leaf litter. Similarly, in the Pampas of Argentina, Jobbagy and Jackson
(2003) demonstrated that afforestation of the native grassland resulted
in lower Ca, Mg, and Mn in the mineral soil because the trees stored
these base cations in slow to recycle woody biomass. Further, in the
high-altitude tropical Andes of Ecuador, mass loss of base cations from
soils of forested sites was found to be nearly 20 % higher than in adjacent
grasslands (Molina et al., 2019). All of these findings agree with a meta-
analysis of afforested soils which reports that pine afforestation signif-
icantly reduces the concentration of K by 23 % and Ca by 31 % compared
to naturally vegetated sites (Berthrong et al., 2009).

4.3. Revised model of SOC demonstrates the importance of metal
complexes and cation bridging

The results of the multiple linear regression models demonstrate that
mineral stabilization of SOC may be a significant contributor to the in-
crease of organic C concentrations in the soils across the rainfall
gradient, and that results of a relatively simple extraction protocol can
illuminate mechanisms of soil C retention in soils. Importantly, the new
models (Table 2) that included the metal extract concentrations
increased the explained variance in SOC concentrations across all depth
increments.

The inclusion of Al concentrations in the final multiple linear
regression model (Table 2) and the significant positive correlation be-
tween SOC and Al (Tables 3 and 4) points to the importance of Al-
organic matter complexes in the stabilization of SOC in the soils of our
study sites. Furthermore, the influence of ANPP in explaining the soil
concentrations of Al suggests the importance of organic complexes with
Al to soil C storage as plant growth and aboveground biomass increase.
Broquen et al. (2005) found that soils of the region increase in Al-
organic matter complexes with increasing precipitation, and a study of
225 pedons demonstrated that Al is the main factor controlling SOC
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stocks in volcanic soils across Chile (Matus et al., 2006). Aluminum
complexation was established as a the key mechanism of soil C retention
across these Chilean Andisols (Garrido and Matus, 2012). Furthermore,
previous work demonstrated that Al-organic matter complexes act as a
significant mechanism of C stabilization in volcanic soils that develop in
a tropical climate (Masiello et al., 2004).

Our results strongly suggest that Al complexes with organic matter
may also be key to C stabilization in volcanic soils of humid temperate
climates within Patagonia. However, the mechanisms behind the sta-
bilization of organic matter through complexation with Al are not well-
constrained. Some potential stabilization mechanisms include cation
bridging to form stable organo-Al-mineral complexes, coagulation of
associated organic matter that renders organic functional groups less
accessible to enzymatic attack, and promotion of aggregation at the
micro and macroaggregate scales (Takahashi and Dahlgren, 2016).

The multiple linear regression model also demonstrated that lower
Ca concentrations in afforested soils affected the SOC storage potential
across the rainfall gradient. The importance of Ca in stabilizing SOC via
cation bridging with aluminosilicates (Muneer and Oades, 1989; Wattel-
Koekkoek et al., 2001; Sutton and Sposito, 2006) and Al and Fe oxy-
hydroxides (Rasmussen et al., 2005; Sowers et al., 2018a) is well-
established. Indeed, recent works report that soil Ca extracts are one
of the best predictors of SOC across landscapes (Rasmussen et al., 2018;
Wang et al., 2021). In our afforested sites of the Patagonian Andes, the
redistribution of Ca from soil cation exchange sites to plant biomass
likely reduced the potential for cation bridging as a SOC stabilization
mechanism.

4.4. Implications

We used results of a simple soil extraction protocol to significantly
improve a model of SOC across a climate gradient with natural vege-
tation and pine afforestation paired plots in young tephra-derived soils.
The significance of these metal extracts to SOC stocks in soils reflects
plant species composition and precipitation are important factors gov-
erning SOC accumulation in soils, but that mineralogical controls on C
stabilization may also play a fundamental role (Doetterl et al., 2015).
While our extractions cannot provide confirmation of the mechanisms of
soil C storage, the significance of Al and Ca in the model, and the results
of previous studies (Broquen et al., 2005; Hobbie et al., 2007; Matus
et al., 2006; Percival et al., 2000; Rasmussen et al., 2018; Wang et al.,
2021), suggest that both cation bridging with Ca and complexation with
Al may be important in stabilizing C in the soils of the Patagonian Andes.
Importantly, while previous studies of tephra-derived soils have estab-
lished mechanisms of SOC storage, many of those studies were based in
tropical and sub-tropical climates (e.g., Schuur et al., 2001; Masiello
et al., 2004; Gamboa and Galicia, 2012; Kramer and Chadwick, 2016).
Our study builds upon the previous works on soil C storage in temperate,
volcanic-derived soils (e.g., Broquen et al., 2005; Garrido and Matus,
2012; Matus et al., 2006; Panichini et al., 2017) derived from tephra by
probing soil C storage across a rainfall gradient of different vegetation
types.

Our results also suggest that along this regional precipitation
gradient in Patagonia, pine afforestation decreases SOC stocks by
decreasing base cation concentrations and the potential for Ca bridging
in these young tephra-derived soils. Although a global meta-analysis of
studies demonstrated that afforestation has a net neutral to net positive
effect on SOC stocks (Li et al., 2012), our findings present previously
unforeseen impacts of afforestation projects. When afforesting with co-
nifers in former grasslands and shrublands, there is a potential for
redistribution of Ca and other cations from exchange sites to plant
biomass. When stored in biomass and plant litter, these base cations
cannot aid in soil C stabilization through aggregation and cation
bridging. These relationships between base cations and SOC in affor-
ested sites may help explain further shifts in SOC stocks under anthro-
pogenic climate and land use change. The loss of soil C storage capacity
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at the expense of rapidly growing above ground vegetation should be
weighed carefully.
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