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Abstract Complex interactions controlling carbon
(C), nitrogen (N), and inorganic nutrients: calcium
(Ca), magnesium (Mg), potassium (K), phospho-
rus (P), in forest soils are difficult to tease apart due
to covarying factors (e.g., soil parent material) and
reductionist approaches can miss potential synergistic
effects. We evaluated if increasing mean annual tem-
perature (MAT), decreased organic horizon develop-
ment, shallow tree rooting, and accumulation of C, N,
and inorganic nutrients. We transplanted 144 mineral
soil columns across six temperate forests from Vir-
ginia to New Hampshire and collected them 1-year
and 4-years later. Our results show that organic hori-
zon C, N, and nutrient pools were negatively associ-
ated with MAT with 4Xto 5Xgreater pools at the
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coldest sites than the warmest sites. Since five-years
of inputs from litterfall and throughfall monitoring
show similar or increasing fluxes with MAT, differ-
ences were likely due to faster mineralization and
transport from the columns. Transplanted mineral
soil C, N, Ca, and P pools did not vary with MAT
nor with root-access or root biomass, showing roots
and organic horizon masses did not have consistent
effects. Mineral soil root and MAT effects may still be
developing or impacted by other variables not evalu-
ated. Lastly, we found increases of organic phase Ca,
Mg, K, and P from Year O to Year lin the mineral soil
across all six sites using Scanning Electron Micros-
copy- Energy-Dispersive X-ray Spectroscopy (SEM—
EDS) imaging but only a significant effect of MAT
or root-access for K. Our study highlights that MAT,
organic horizon development, and nutrient accumula-
tion and storage are linked but not in the mineral soil.

Keywords Nutrient cycling - Biogeochemistry -
Forest floor - Nutrient sequestration - Temperate
forest

Introduction

The complex interactions controlling C, N, and nutri-
ents (e.g., Ca, Mg, K, P) in the tree-soil system have
been difficult to tease apart due to interdependent
drivers and overlapping effects from trees and soil
processes. Many of the common techniques used
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to examine the tree-soil system are often spatially-
limited (e.g., one forest), species-specific (e.g., one
genera or species), reductionist approaches such as
long-term forest treatment blocks (see Pretzsch et al
2019), laboratory growth chamber experiments (e.g.,
Medhurst et al 2006), and column experiments (e.g.,
Schindlbacher et al 2004; Street et al. 2023). While
these techniques are useful for examining the effect
of specific variables and limiting noise produced by
non-target variables, these approaches are not able to
capture interdependent drivers and potential syner-
gistic effects. In particular, leaf litter production and
organic horizon development may generate a mineral
soil microenvironment that alters how trees develop
shallow roots, the storage of inorganic nutrients, and
soil organismal decomposition (McClaugherty et al
1985; Kooijman et al 2019; Gao et al 2021; Hedénec
et al 2023; Bowden et al 2024). Altering or separating
these intrinsically linked processes may influence the
other components of the surface soil system. Here, we
seek to examine the effects of climate (specifically
temperature) and tree-controlled variables (e.g., litter-
fall, organic horizons, roots) on the biogeochemistry
of C, N, and nutrients in a controlled upper mineral
soil in temperate forests.

Mean annual temperature (MAT) is one of the
dominant factors controlling many forest soil pro-
cesses in temperate forests, specifically on biogeo-
chemistry of elemental cycling (e.g., Adams et al
2019; Jelinski et al 2023) and surface soil develop-
ment and tree rooting (e.g., Gao et al 2021; Zhang
et al 2024). In the tree-soil system, warmer MAT pro-
motes longer growing seasons and aboveground bio-
mass production in temperate trees (Zani et al 2020)
and allows for longer periods for decomposition by
microorganisms and soil invertebrates (Rouifed et al
2010; Frouz et al 2015; Craig et al 2022). Increases
in MAT may lead to net losses of soil organic car-
bon (SOC) within the organic horizon (combined Oi,
Oe, Oa horizons) or upper mineral soil due to faster
mineralization of litter-derived or root-derived SOC
(Gao et al 2021; Bowden et al 2024). Tree genera can
impact the quantity of annual litter inputs and litter
quality such as C, N, and nutrient content of the lit-
ter (McClaugherty et al 1985; Richardson and Fried-
land 2016; Ott and Watmough 2021; Hedénec et al
2023). Subsequently, increased mineralization of
SOC due to higher temperatures and oligotrophic-
adapted tree genera can decrease storage of inorganic
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nutrients such as P, K, Ca, Mg (Augusto et al 2002;
Hobbie 2015). Thus, quantifying nutrient cycling
linkages with increasing MAT are needed to predict
the long-term impacts on sustainability of natural and
managed temperate forest ecosystems from climate
change.

In addition to MAT, another key controller of sur-
face soil processes is the actions of trees via leaf lit-
ter. Leaf litterfall from the canopy and understory
accumulates on the surface of the soil, creating the
organic horizon if inputs exceed decomposition and
mineralization. The organic horizons are a dynamic
reservoir for C, N, and inorganic nutrients and serve
as sources for plant uptake or downward translocation
to upper mineral soils (A horizons). It must be noted
that higher inorganic nutrient content of litter has
been linked to faster decomposition, in which litter
chemistry such as higher N and Ca improves substrate
quality for decomposition (Berg and McClaugherty
2020). Furthermore, litter decomposition via abiotic
and microbially-mediated decomposition pathways
can create more organic acids or mineral-associated
organic matter (MAOM) compared to invertebrates
that generate more particulate organic matter (POM)
(Augusto et al 2002; Frouz et al 2015; O’Donnell
et al. 2016; Kooijman et al 2019; Prescott and Vest-
erdal 2021). Changes in temperature and moisture can
shift organic matter decomposition, organic horizon
development, and organic acid releases (e.g., Kiisel
and Drake 1998; Qiu et al 2018; Wu et al. 2021),
which can alter chemical weathering in the underly-
ing mineral soil. Organic horizon development is gen-
erally promoted by greater litter inputs, lower litter
quality, slower decomposition rates by invertebrates
and microbial communities, greater hydric soil condi-
tions, and concave soil surface topography (Kooijman
et al 2019; Prescott and Vesterdal 2021). Lastly, green
leaves alter the chemistry of precipitation during the
growing season due to foliar leaching adding soluble
C, N, and inorganic nutrients into rainfall (Van Stan
et al 2012; Zhao et al 2023).

Tree roots play important roles in the cycling of
C, N, and inorganic nutrients in temperate forest soils
by enhancing available pools through rhizosphere
interactions with mineral surfaces or enhancing loss
of elements through root uptake. Live roots can alter
the physical and chemical properties of soils creat-
ing the rhizosphere, the soil immediately adjacent to
the root surface. The rhizosphere has higher DOC
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concentrations, higher acidity, greater microbial bio-
mass, and higher mineral dissolution rates than the
bulk mineral soil (Séguin et al 2005; Liu et al 2022).
The presence of live roots and their derived com-
pounds (exudates and root litter) can serve the mecha-
nism of ‘priming’, in which rhizodeposition promotes
SOC mineralization (see Zhu et al. 2014a; Dijkstra
et al 2021; Wang et al 2021). The exudates from tree
roots and the dissolved organic acids from the organic
horizon can also dissolve nutrients from minerals and
that may leach deeper into the soil (Jones and Brass-
ington 1998; Liu et al 2022). Lastly, roots also remove
inorganic nutrients, particularly plant exchangeable
and soluble forms, from soils as part of their uptake
to sustain aboveground mineral nutritional needs
(e.g., Hagen-Thorn et al 2004).

A major limitation to understanding temperature
and tree effects on soil processes at landscape and
regional scales is the wide variation in soil materi-
als. Different particle sizes and proportions of miner-
als create heterogeneous responses in C and nutrient
accumulation patterns in soils. Increased surface area
with greater clay-sized particles, including clay min-
erals, aluminum (Al) and iron (Fe) oxyhydroxides,
amorphous silicon (Si) forms promote the formation
of organo-mineral complexes (Rasmussen et al 2018;
Lang et al 2023; Wu et al 2025). Clay-sized particles
can increase inorganic nutrient sorption and SOC
retention rates due to their higher surface areas and
greater charge density (e.g., Rasmussen et al 2018;
Kome et al 2019; Lang et al 2023; Wu et al 2025).
Conversely, larger sand-size particles have compara-
tively less surface area and greater porosity (e.g.,
Ouchiyama and Tanaka 1986; Scott et al 1996; Huang
and Hartemink 2020), diffusion of air and moisture
(e.g., Chauhan et al 2008; Neira et al 2015), and
lead to lower sequestration of C (Scott et al 1996;
Rasmussen et al 2018; Huang and Hartemink 2020)
and inorganic nutrients (éimansk}’/, et al 2019). The
abundance of slow weathering, nutrient poor alumi-
nosilicate minerals (e.g., quartz and feldspars; Eberl
2004, Martin-Garcia et al. 2015) compared with fast
weathering, nutrient rich non-silicate minerals (e.g.,
carbonates; Wang et al 1999; Prietzel et al 2021) can
alter the amount of inorganic nutrients sequestered
in surface soils. Experiments utilizing homogeneous
materials are needed to overcome the heterogeneity
in soil materials and have been key to effective lab-
oratory experimental designs (e.g., Scott et al 1996;

Brandt et al 2014). Additional field-based experi-
ments leveraging controlled soil media are essential
to tease apart the complex interactions occurring in
temperate forest soils.

The central goal of this study was to evaluate the
synergistic influence of mean annual temperature
(MAT), root presence, and organic horizon devel-
opment on the accumulation of C, N, and inorganic
nutrients in the organic horizon and mineral soil in
secondary growth temperate forests along the Appa-
lachian mountain range in the eastern US. To meet
this objective, we transplanted in situ soil columns to
eliminate parent material biases that typically limit
comparability among soils and avoiding laboratory
artifacts. In this study, we have investigated three
main questions:

Question 1: Do transplanted soil columns in tem-
perate forest with higher MAT have lower C, N, and
inorganic nutrient accumulation rates in the organic
horizon and mineral soil?

We expected lower C and inorganic nutrient accu-
mulation in the organic horizon and mineral soil in
transplanted soils at sites with higher MAT due to
greater litter mineralization and lower accumula-
tion of organic horizon and mineral soil SOC. With
the decreased SOC, we also expected a subsequent
decrease in sorption and retention of inorganic nutri-
ents within the soil material. Lastly, we expected
increased organic horizon development to correspond
with a decrease in mineral soil accumulation of C,
N, and inorganic nutrients due to storage within the
organic horizons.

Question 2: Do transplanted soil columns with
greater root biomass promote greater stabilization of
C, N, and nutrients?

We expected decreased root biomass within
increasing MAT and we hypothesized this would
decrease SOC and inorganic nutrient accumulation.
Moreover, we expected a decreased root biomass
within the transplanted soil columns to occur with
higher MAT due to decreased nutrients stored within
the organic horizons and shallow mineral soil.

Question 3: Does the form of inorganic nutri-
ents in the transplanted soil remain similar or shift to
lesser mineral associated and greater organic-particu-
late forms with higher MAT or greater root biomass?

We expect that through time, inorganic nutrients
will be stored within organic phases as the soil devel-
ops from nearly all inorganic nutrients. Moreover,
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we expected that the organic phase nutrients increase A T
will correspond with higher MAT denoting a shift s:téi N
in the decomposition pathway from organo-mineral W T O
forming decomposition to particulate matter forming Site 2%
decomposition. Site 3/

Overall, we hypothesized that higher mean annual @

temperature would decrease the synergistic actions of s?;(e /

organic horizon development, shallow root growth,
and C, N, and inorganic nutrient accumulation within
the mineral soil. Our study is one of the first to cou-
ple homogenized soil material transplant study design
with a biogeochemical budget to evaluate inputs and
accumulation rates. Information from this study will
help address the underlying effect of climate, specifi-
cally MAT, on the organic horizon and mineral soil
storage and accumulation rates of C and inorganic
nutrients in secondary temperate forests of the eastern
UsS.

Materials and methods
Field study sites

In 2018, the set of field sites was established to inves-
tigate temperature-driven variation in soil biogeo-
chemistry covering a 1100 km (7°) latitude gradient
(Fig. 1; Table 1), which coincides with the projected
1-7 °C MAT increase over the next 100 years (e.g.,
Melillo et al. 2014). Sites were chosen for their simi-
lar mixed non-residuum soils, hardwood vegetation
dominance, minimal active management for timber,
and physiographic montane positioning with eastern
aspect to compare processes that vary with climate.
Sites with shallow water tables, floodplain soils,
abundant pines or spruces, active or recent timber
harvesting, or>200 m or<50 m from a road were
avoided. We choose one 600 m? plot per site instead
of multiple plots at each location to reduce effects
from heterogeneity in soil native parent material, site
history, geomorphic positioning, and drainage class
and for logistical limitations. The sites were along
the Taconic, White, and Green mountains of New
England down to the Valley and Ridge province of
Pennsylvania and Maryland, and the Blue Ridge in
Virginia. Precautions were taken to ensure relatively
similar forest age, management histories, and distance
from urbanization. First, the mountain sites were
state or privately-owned forests and land-use history
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Fig. 1 A Location of sampling sites in orange stars. Green are
forested land and mountain areas while yellow are low lying
agricultural or developed areas. B Basal area of dominant
tree genera and species across sites. Other includes white ash
(Fraxinus americana), serviceberry (Amelanchier arborea),
black walnut (Juglans nigra), eastern redbud (Cercis canaden-
sis), and flowering dogwood (Cornus florida)

has determined their ages to be similar, 60-80 years
of limited management following reforestation from
clear-cutting or pasture.

Site 1 was situated on a terrace on Mt. Moosilauke
in the White Mountains of New Hampshire while
Site 2 was located on a foot slope of Mt. Ascutney, a
monadnock mountain along the Vermont-New Hamp-
shire border along the Connecticut River (Table 1).
Site 3 at MacLeish Field Station (Zukswert 2013) was
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Table 1 Field sites location, climate data, geologic, and soil data

Site # Site Location US State Lat Long Elevation 30-yr MAT 30-yr MAP Drainage class In situ Soil
ma.s.l °C mm

Site 1 Mt. Moosilauke NH 439 -71.8 570 6 1180 Well drained Typic Dystrudepts

Site 2 Mt. Ascutney State VT 434 —1724 380 6 965 somewhat exces-  Humic Dystrudepts
forest sively drained

Site 3 MacLeish Field MA 424 —-172.7 270 9 1205 Well drained Typic Dystrudepts
Station

Site 4 Tobyhanna State ~ PA 412 —-1754 610 8 1080 Moderately well Aeric Fragiaquepts
Forest drained

Site 5 Green Ridge State MD 39.6 — 785 420 11 1066 Well drained Typic Dystrudepts
Forest

Site 6 Lesesne State VA 37.8 —78.9 380 14 1092 Well drained Oxyaquic Hap-
Forest ludults

Climate data are 30 year normal annual averages from PRISM (PRISM Climate Group, 2023) and soil and geologic data are from

SSURGO

set on top of a ridge, east of the Berkshire mountains
in western Massachusetts (Table 1). The native soil at
Site 1, Site 2, and Site 3 were dominated by young,
glacial-till soils approximately 12 to 16 ka. Site 4
at Tobyhanna State Forest was set in the Poconos
Mountains in Pennsylvania (Table 1), which had soils
that were also young soil with an age approximately
12 ka, forming from periglacial alluvium near the
southern edge of the Laurentide ice sheet (Ciolkosz
et al., 1990). Site 5 in Green Ridge State Forest was
at the shoulder slope position of a sandstone ridge
in the Green Ridge mountains of western Maryland
(Table 1). Lastly, Site 6 at Lesesne State Forest was
situated on a foot slope in a raised valley on the Blue
Ridge mountains of Virginia and was a deep, highly
weathered soil (Table 1). The age has not been con-
strained due to colluvial inputs. All soils receive

litterfall, have complete or partial organic horizon
development, and are minimally managed with no
nutrient fertilization nor biomass removal.

Trees within the 600-m? plot were identified and
measured for DBH and basal area (Table 2). North-
ern hardwoods of American beech (Fagus grandi-
folia), birches (Betula nigra, Betula papyrifera,
Betula populifolia), maples (Acer saccharum and
Acer rubrum) were the dominant trees at Site 1,
Site 2, Site 3, and Site 4 (Fig. 1), although white
pine (Pinus strobus) and Eastern hemlock (Tsuga
canadensis) were present in limited numbers and
size. Site 5 and Site 6 were dominated by oak-hick-
ory-tulip poplar (Quercus rubrus hybrids, Carya
spp, and Liriodendron tulipifera) with interspersed
red maple and American beech. Total basal area
of the forests ranged between 28 and 37 m* ha™!

Table 2 Field data collected from each site during the 2018-2022 experiment

Site # Aboveground  Basal area Mean annual Mean annual Litterfall Organic horizon Organic horizon
biomass Throughfall mass (Year 1) mass (Year 4)
kg m~2 m? ha™! Lm2yr! gm 2 yr! kg kg

Site 1 32+10 3613 1050+ 160 503+121 0.63+0.05 1.53+£0.73

Site 2 4012 3711 1020+ 150 472484 0.59+0.11 1.41+£0.55

Site 3 23+7 36+9 1150190 61287 0.71+0.12 0.86+0.45

Site 4 21+6 317 710+130 508 +78 0.30+0.06 0.49+0.29

Site 5 47+14 30+9 9204240 524+73 0.23+0.06 0.46+0.23

Site 6 26+8 28+7 1060+230 469+ 51 0.01+0.00 0.20+0.14

Field measurements of aboveground biomass are described in Sect. “Field study sites”, litterfall collection is described in

Sect. "Aboveground inputs of litterfall and throughfall”

@ Springer
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(Table 2), which was comparable to maturing east-
ern hardwood forests basal area (McEvoy et al 1980;
Keeton 2006). The basal area likely corresponds to
varying age and maturation, with Site 1, Site 2, Site
3, and Site 5 approaching mature composition while
Site 4 and Site 6 are mid-succession with early suc-
cessional trees still present (e.g., cherry and sassa-
fras). Furthermore, Site 6 was hit by a windstorm
event that felled several large trees in 2019.

Forest composition was a key aspect of our study
as it drives aboveground nutrient inputs via litter-
fall, root biomass, and many other genera specific
ecophysiological functions. We aimed to limit vari-
ability by focusing on aggrading secondary for-
est regrowth and also representative, endemic for-
est composition of the region rather than search
for limited or unique ecotones to keep tree genera
constant. Because of this experimental approach to
not control for tree genera, forest canopy size and
genera composition differed between sites. Ameri-
can beech, maples, birches dominated the two
most northern sites. For Site 1 and Site 2 forest
basal areas, American beech and maple comprised
36-47% and 39-64%, respectively. Birch trees were
important for Site 3, comprising 28% of the forest
basal area. Hickory (pignut hickory Carya glabra
and mockernut hickory Carya tomentosa), oak
(Chestnut oak Quercus montana, southern red oak
Quercus falcata, swamp white oak Quercus abla),
and tulip tree dominated the two most southern
sites. For Site 5 and Site 6 forest basal areas, hick-
ory, oak, and tuliptree comprised 7-16%, 64-72%,
and 5-49%, respectively. Sassafras (Sassafras albi-
dum) was present at Site 5 and Site 6, comprising
5% and 12% of the forests basal area, respectively.
Smaller, less abundant trees such as white ash
(Fraxinus americana), serviceberry (Amelanchier
arborea), black walnut (Juglans nigra), eastern red-
bud (Cercis canadensis), and Flowering dogwood
(Cornus florida) were present and grouped together
under ‘Other’ as they individually did not com-
prise > 5% of the forest basal area at any of the six
sites. To capture the variability in basal area at each
site, we divided the 600 m? plot into three equal
subsections of 200 m? and calculated the standard
deviation as the basal area among the three subsec-
tions. Standard deviation in aboveground biomass
followed a similar process but using the estimated
biomass for each tree.

@ Springer

Soil column deployment and collection

In October and November 2018, 24 soil columns
were deployed at each of the six field sites. Soil col-
umns were 7.6 cm in diameter and 12.7 cm in length
and made from polyvinyl chloride (PVC). To hold
the soil material in place, I-mm fiberglass mesh was
added to the bottom of the columns. We deployed
12 soil columns with root-access screened windows
(two circular 20-cm? windows on opposing sides of
the column, centered on the midpoint of the column
length) of 1-mm fiberglass mesh and 12 root absent
columns without root-access windows. The root-
access windows were positioned below the surface of
the soil to promote root access to the mineral soil and
prevent overland flow into the column. Soil columns
were filled with homogenized fine sand sized quartz-
feldspar sediment deposited by Tropical Storm Irene
in 2011. The sediments were washed to remove large
organic matter and cleaned with four treatments of 5%
hydrogen peroxide (H,0,) and 3% sodium hypochlo-
rite (NaClO) over 24 h and three 18.2 MQ deionized
treatments to remove the Na*! and CIO™!. To add
surface area for microsite formation, commercial kao-
linite was added to increase the clay content to 10%
by mass and homogenized by dry mixing. We chose
kaolinite to increase the surface area but not add high
surface charge that would alter inorganic nutrient
sorption. Using a Rigaku Miniflex-2 and whole pat-
tern profile fit module in PDXL2 (Rigaku corporation
2007-2017), the final mineralogy was determined to
be 55% quartz, 20% albite, 8% mica (muscovite and
biotite mix), 9% kaolinite, and 8% hornblende. Soil
columns were buried 10 cm into the surface soil and
filled with the soil mixture to the top of the soil hori-
zon, which was approximately 0.57 kg for a bulk den-
sity of approximately 1.25 g cm™>. Every year, germi-
nated seedlings within the soil columns were clipped.
The first round of soil columns were harvested after
1 year in 2019, including the newly formed organic
horizon and its total mass (Table 2). The second
round of soil columns were harvested in 2022, after
4 years of deployment, including the organic horizon
(Table 2).

Aboveground inputs of litterfall and throughfall

Three litterfall traps were deployed at each of the
six study sites. Litterfall traps are 1.2 m tall and
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0.9 mx0.9 m PVC pipe frames with plastic mesh to
collect leaves and woody debris. Litterfall trap nets
were repaired, replaced, or re-secured in May and
June and emptied in October and November, with the
varying window due to differences in leaf out and fall
senescence timing along the climate gradient. Lit-
terfall was separated by tree species or genera and
total litterfall mass was determined. Since the twigs
and branches were too large to fit into the soil col-
umns, exhibited high variability, and undergo a dif-
ferent decomposition pathway than leaves due to their
higher lignin content and variable contact with the
soil surface (Pietsch et al 2014), woody debris was
not included in the litterfall inputs to the soil columns.
Four throughfall collectors were deployed at each
site to capture throughfall input into the soil columns.
Throughfall collectors were acid washed 20-L ves-
sels with a funnel (diameter=10.2 cm) for collec-
tion extending from a sealed lid, secured with 4.5 kg
weight to keep it vertical. Fiber glass mesh covered
the funnel, preventing debris>1 mm from entering.
The throughfall collectors were emptied twice a year,
once in April-May for winter throughfall and again in
October and November for growing season through-
fall. The total volume of throughfall collected was
weighed in the field (Table 2) and one representative
1-L subsample from each collected (including settled
and adhered particles) was filtered with a Whatman 1
filter. A 50 mL subsample was acidified with 5 mol
L! hydrochloric acid (HCI) and stored for C and N
analysis while the remaining solution was oxidized
with H,0,, acidified with 15.8 mol L™" nitric acid
(HNOs;), was filtered <0.2 um, dried down to 50 mL
in a fume hood at 100 °C and analyzed for inorganic
element concentrations (Supplemental Table S1).

Throughfall, litterfall, organic horizon, and mineral
soil chemical measurements

For solid phase total organic C and N measurement,
1.0 g subsample of the bulk soil was acidified with
2 mL of 1 mol L™' HCI to remove any inorganic C
(see Dhillon et al 2015). The subsample was then
re-dried, ground with an agate mortar and pestle,
passed through a 0.10 mm sieve. Next, 15 mg of the
ground, acidified subsample was weighed and folded
in tins and analyzed for C using a Costech Elemental
Combustion System 4010 analyzer (Costech Analyti-
cal Tech Inc, Valencia, California, USA). Every 10

samples included a blank and two continuing cali-
bration verification (CCV) materials, acetanilide and
atropine. Recovery rates for CCV were 100.1% and
coefficient of variation (CV) was 0.3%. Subsamples
of throughfall were analyzed for dissolved organic
carbon (DOC) and dissolved organic nitrogen (DON)
using a Shimadzu TOCV with TNM module, which
included blanks, duplicates, and spikes. Procedural
blanks had DOC and DON below limit of detection,
duplicates were <3% CV, and spikes had 94 to 101%
recovery rates.

Mineral soils were strong-acid digested for pseu-
dototal concentrations following EPA Method 3050B,
which is an optimal technique to measure all nutri-
ents not within aluminosilicate minerals, including
exchangeable, organically-bound, oxyhydroxide-
bound, and precipitated forms of inorganic nutrients
(see Chen and Ma 2001). Mineral soil concentra-
tions are presented in Supplemental Table S3. First,
1.00 g of the mineral soil from each soil column was
weighed into 50 mL centrifuge tubes acidified with
5 mL of trace metal grade reverse aqua regia (9:1
ratio of 15.3 mol L™' HNO; to 12.1 mol L™' HCI
acid) and heated on a hotplate to 90 °C for 45 min.
Soils were not ground to avoid creating fresh sur-
faces for dissolution of silicate minerals. With every
20 samples, a preparation blank, a duplicate, and a
standard reference material (SRM) was included.
Montana Soil 2711a and San Joaquin Soil 2709a from
the National Institute of Standards and Technology
(NIST, Gaithersburg, MD, USA) were used for QA/
QC. The digestates were then diluted to 50 g using
de-ionized water and a subsample was diluted further
at 1:5 ratio for instrumental analysis.

Litterfall and organic horizon samples were
ground to<2 mm and a 1.00 g homogenized sam-
ple were ashed at 500 °C for 8 h to remove organic
materials which reduce the efficiency of acid-based
digestions. For litterfall samples, triplicate measure-
ment at the species level for each site and each year
was measured while the organic horizon consisted
of the Oi and Oe materials within each soil column.
The ash was then acidified with 5 mL of reverse aqua
regia and heated at 90 °C for 45 min. With every 20
samples, a preparation blank, a duplicate, two SRMs
NIST 1547a and NIST 1537a from the NIST were
used for QA and QC. The digestate was diluted to
50 g with deionized water and further diluted 1:5 for
analysis. Litterfall concentrations and organic horizon

@ Springer
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concentrations are presented in Supplemental Fig. S1
and Supplemental Table S2, respectively.

For elemental analysis of mineral soil digests,
organic horizon digests, and leaf litter digests for
inorganic nutrient (Ca, K, Mg, P) concentrations we
used an Inductively Coupled Plasma Optical Emis-
sion Spectrometer (ICP-OES) Agilent 5110 (Agilent
Technology, Santa Clara, California, USA). Recover-
ies for pseudototal digests of soil Ca, K, Mg, and P
were 83 — 107% of their certified values. The metal
concentration coefficient of variation between intra-
sample duplicates was <6% and metal concentrations
in the preparation blank samples were <0.1% of their
analyte concentrations.

Soil imaging and processing

Undisturbed miniprofiles (4.2 cm length, 2.1 cm
width, 1.8 cm depth) were collected from the top of
each soil column to image the stabilization of nutri-
ents at the surface of the transplanted soil (see Stoops
2021 on methods for collection and preparation of
soil thin-section). For ‘Root present’ soil columns,
collection was aimed toward the window to ensure
capturing intruding tree roots. Miniprofiles were
frozen at — 80 °C, freeze-dried to remove moisture,
and fixed with low viscosity (225-425 cPs at 23 °C)
epoxy resin EPO-TEK 301-2 (Epoxy Technology,
INC, Billerica, MA, USA). Miniprofiles were cut
in the center along the lengthwise axis. Energy dis-
persive x-ray spectroscopy (EDS) was performed to
identify elemental maps of Al, Si, Ca, Mg, K, and P
across the miniprofiles and conducted with a beam
current of 200.0 nA and voltage of 15 kV on a Zeiss
Evo 50 scanning electron microscope.

The EDS element maps of the miniprofiles were
processed using Matlab Image Processing App
(Matlab R2023a, The Mathworks INC, Natick, MA,
USA). For each element, images were converted to
gray scale and then using Matlab Image Segmenter
App, each EDS image was converted into binary
maps of presence-no presence of each element. This
technique has been applied to image soil organic mat-
ter (e.g., Sudarsan et al 2016) and texture and mois-
ture content (Kaplan et al 2024). We utilized manu-
ally defined threshold count levels over the software
defined global thresholds to better avoid over-inclu-
sion from back noise and avoid under-inclusion of
distinguishable nutrient-bearing organic matter with
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lower count rates. Using the binary EDS maps, we
determined aluminosilicate phase nutrients (includ-
ing nutrients within secondary Al and Si phases) as
those co-occurring in the same pixel as Al and Si and
organic-form nutrients as those independent of Al and
Si. The pixels of the aluminosilicate phase nutrients
and organic-form nutrients were summed and divided
by their respective total binary pixel count to deter-
mine the proportion of aluminosilicate phase (%) and
organic phase (%) Ca, Mg, K, and P within each of
the 36 columns. Due to the use of an organic resin, C
and N could not be imaged.

Descriptive and statistical analyses

Descriptive statistics as well as parametric and non-
parametric statistical tests were calculated in Matlab
R2023a. In text values either report minimum and
maximum values; arithmetic mean values+1 stand-
ard error (SE) are presented in text and in figures.

We performed all model analysis using R ver-
sion 4.4.0 (R Core Team 2024). Linear mixed-effects
models (LMMs) were fitted using the Imer function
from the ImerTest package (Kuznetsova et al 2017)
to examine the relationships between MAT and nutri-
ent pools in throughfall and litterfall (C, N, Ca, Mg,
K, P). Site and litter trap replicate were included as
random effects in all models to account for site-spe-
cific variability. For questions 1 and 2, we compared
organic horizon, mineral soil pools, and root bio-
mass in soil columns by root-access (mesh windows),
MAT, and year using linear mixed effect models with
site and column replicate nested within site as random
effects. We ran additional models with root biomass
in place of root-access but present root-access/exclu-
sion models here as the results were similar and no
variables differed in significance between two sets of
models. For question 3, we compared the proportion
of aluminosilicate phase (%) and organic phase (%)
Ca, Mg, K, and P from the SEM-EDS analyses with
MAT and root-access. For each LMM, we estimated
p values using Satterthwaite’s method in ImerTest
(see Kuznetsova et al 2017). We tested the model
assumptions of normality of residuals and homosce-
dasticity with residual versus fitted value plots, and
evaluated model fit with marginal and conditional R?
using function r.squaredGLMM in the MuMIn pack-
age (Barton 2023). In all cases we report standardized
coefficients in tables. We plotted raw data alongside
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model predictions generated with the ggpredict func-
tion from the ggeffects package (Liidecke 2021). For
brevity, we have reported LMM coefficient, standard
error, t-value, and p-value results in the supplemental
materials.

Organic horizon and mineral soil retention of
aboveground inputs

To further examine organic horizon accumulation
with respect to inputs, we calculated the retention
of litterfall and throughfall-sourced C and nutrients
using Eq. 1. In this equation, LF is litterfall, TF is
throughfall, OH accumulation is the corresponding
organic horizon pool accumulation rate. The goal of
this simplistic equation is to evaluate the amount of C
and nutrients stored within the organic horizon over 1
and 4 years of organic horizon development.

[OHaccumulation]
[LFflux + TFflux]

= %RetentionbyOrganichorizon

ey
To examine if aboveground litterfall and through-
fall were the key sources and retained within the min-
eral soil, we determined the ratio of the amount of C
and nutrients inputs with the pool within the mineral
soil using Eq. 2. In this equation, MS accumulation is
the mineral soil accumulation rate for each elemen-
tal pool at each site. The goal of this simplistic equa-
tion was to evaluate if the amount of C and nutrients
stored within the mineral soil that can be solely attrib-
uted to litterfall and throughfall and not stored in the
organic horizon over 1 and 4 years of mineral soil
development.

[LF + TF — OHaccumulation)

- = %LF&TFRetained
[MSaccumulation)]

@

Results
Litterfall and throughfall C, N, and nutrient fluxes

The 2018-2022 litterfall collected by litter-
fall traps at the six sites (Table 2) were not sig-
nificantly different using the Kruskal-Wallis test
(p=0.19), and litterfall across sites and years had
an overall average (arithmetic mean) dry weight

mass of 515+82 m~2 yr~! and ranged from 469 to
612 g m~2 yr~!. Genera-specific effects on litter C
and N concentrations were not significant. Average
litterfall C concentration was 479+ 11 g kg™! and
average litterfall N concentration was 27 +2 g kg™
(Supplemental Fig. S1). For Ca and Mg litterfall
concentrations, hickory, tuliptree, and sassafras
were significantly higher than the other genera
(Supplemental Fig. S1). This trend of higher con-
centrations for hickory, tuliptree, and sassafras con-
tinued for K and P, but with fewer significant differ-
ences (Supplemental Fig. S1).

Annual litterfall C fluxes were generally compara-
ble among the six sites for the five years with an aver-
age of 245+32 g m~2 yr~! (Supplemental Figure S2).
Litterfall N fluxes also were generally comparable
among the six sites for the five years with an average
of 13.9+1.8 g m™? yr~! (Supplemental Figure S2).
Average litterfall fluxes were 6.1+1.6 g m™2 yr™!
for Ca, 0.9+0.3 g m™2 yr~! for Mg, and were sig-
nificantly different among the six sites using the
Kruskal-Wallis test with post-hoc Wilcoxon rank
sum test (Supplemental Figure S2). In particular, lit-
terfall fluxes of Ca and Mg at Site 5 and Site 6 were
significantly higher than average Site 1 and Site 4
(Supplemental Figure S2; p <0.05). Average litterfall
K fluxes were comparable among the six sites with
an average of 1.28+0.39 g m~2 yr~!. Average litter-
fall P fluxes were 0.38+0.12 g¢ m™> yr~!'significant
ly higher for Site 2 and Site 6 than Site 1, Site 4,
and Site 5 (p<0.05), using the Kruskal-Wallis test
with post-hoc Wilcoxon rank sum test (Supplemental
Figure S2). Litterfall C, N, Ca, Mg, K, and P fluxes
and litter mass fluxes were comparable with Ott and
Watmough (2021) in Ontario CA, Gosz et al (1972)
in New Hampshire at Hubbard Brook, and Muller and
Martin (1983) in eastern Kentucky.

To determine if different litterfall fluxes across
site were associated with temperature, we compared
litterfall fluxes with MAT and across the 5-yr of col-
lections using a LMM (see Sect. “Descriptive and
statistical analyses” for description; Supplemental
Table S4; Fig. 2). Litterfall fluxes of C, N, K, and
P did not significantly vary with MAT. Litterfall
fluxes of Ca and Mg significantly increased with
MAT. There were significant differences among
sampling years for C and all nutrients (Supplemen-
tal Table S4), noting that variability in precipitation
patterns, extreme heat events, and other effects on the
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intra-annual scale can alter litterfall mass with subse-
quent effects on C and nutrients.

Throughfall can be an important input of nutri-
ents to forest soils and thus needed to be quantified
to capture nutrients that can be added or seques-
tered in the organic horizon and mineral soil.
Throughfall is distinctly different from bulk depo-
sition, wet deposition, or dry deposition because it
captures interactions with foliar surfaces and can
leach nutrients from the leaves. Annual through-
fall for the 5-yr collections ranged between 710
and 1150 L m™ yr~! (Table 2) and was generally
comparable among sites, except Site 4 had sig-
nificantly lower throughfall collected than Sites 1,
2, 3, and 6. Due to the significantly smaller mass
of throughfall collected, throughfall fluxes for
C, N, Ca, Mg, K, and P were significantly lower
for Site 4 compared to the other sites using the
Kruskal-Wallis test and post-hoc Wilcoxon Rank
Sum test. Annual throughfall C fluxes had an over-
all average of 1.02+0.17 g m~2 yr~! and were not
significantly different among the six sites, except
Site 4. Annual throughfall N fluxes had an over-
all average of 0.19+0.03 g m™ yr~! and were not
significantly different among the six sites, except
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Site 4. Overall average throughfall fluxes were
1.06+0.27 gm~2 yr~! for Ca, 0.34+0.09 gm~2 yr~!
for Mg, 2.49+0.59 g m=2 yr! for K and
0.29+0.11 g m~2 yr~! for P (Supplemental Fig-
ure S2). Average throughfall Ca, Mg, and K fluxes
at Site 5 and Site 6 were significantly higher than
Site 1 and Site 4 using the Kruskal-Wallis test with
post-hoc Wilcoxon rank sum test. Average litterfall
P fluxes were significantly higher for Site 2 than
Site 1, Site 4, and Site 6.

We compared throughfall fluxes with MAT at
each site and across the 5-yr of collections using a
LMM (see Sect. “Descriptive and statistical analy-
ses” for description) to determine if there were
relationships with temperature or time over the
course of the 5-yr sampling period (Supplemental
Table S5; Fig. 2). Throughfall fluxes of Ca, Mg, K,
and P did not significantly vary with MAT. There
were significant differences among sampling year
for Ca, Mg, K, and P (Supplemental Table S5).
However, since throughfall Ca, Mg, and K fluxes
were greater at Site 5 and Site 6, our organic hori-
zon and mineral soil evaluations include normalized
comparisons to throughfall and litterfall.
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Organic horizon development and elemental pools

The organic horizon is central to physical and
chemical processes of the upper mineral soil and
stores litterfall and throughfall added nutrients.
All soil columns began without any forest floor
coverage in summer of Year 0 (2018) and began
formation with the autumnal litterfall of Year
0. Organic horizon masses in Year 1, one year
after deployment, showed increases to an average
of 0.41+0.28 kg m™. By Year 4, organic hori-
zon masses further increased across all sites to
0.82+0.22 kg m~2 (Table 2 for site specific data).
As part of our first hypothesis, we expected organic
horizon development to decrease with increas-
ing mean annual temperature. By Year 1, Site 5
and Site 6 organic horizons (0.009 +0.002 kg m™
and 0.23+0.06 kg m_zy respectively) were sig-
nificantly smaller than at Site 1, Site 2, and
Site 3 (0.63+0.05 kg m™2, 0.59+0.11 kg m~2,
and 0.71+0.12 kg m™2, respectively) using the
Kruskal-Wallis Test with post-hoc Wilcoxon
rank sum test (p <0.05). Similarly in Year 4, Site
5 and Site 6 organic horizons (0.17 +0.02 kg m™>
and 0.47+0.04 kg m‘z, respectively) were signifi-
cantly smaller than Site 1, Site 2, and Site 3 organic
horizons (1.53+0.09 kg m™2, 1.42+0.19 kg m~2,
and 0.86+0.08 kg m™2 respectively) using the
Kruskal-Wallis Test with post-hoc Wilcoxon rank
sum test (Supplemental Figure S3, p <0.05).
Central to question 1, we examined organic hori-
zon C and nutrient pools with respect to MAT across
the six sites, first using Kruskal-Wallis with post-hoc
Wilcoxon rank sum test and second using a Linear
Mixed-effect Model (see Sect. “Descriptive and sta-
tistical analyses”). From the Kruskal-Wallis test,
organic horizon C, N, K, and P pools at Site 1 and
Site 2 were consistently significantly higher than
Site 5 and Site 6 in Year 1 and Year 4 (Supplemen-
tal Figure S3). Organic horizon Ca and Mg pools in
Year 1 were similar across sites, except Site 6 which
was significantly lower than all other sites (p <0.05).
By Year 4, Site 1 and Site 2 had significantly higher
organic horizon Ca pools than Site 4 and Site 6 (Sup-
plemental Figure S3). Using the LMM, we compared
organic horizon C and nutrient pools within the year
of collection as a categorical variable and MAT as
a continuous variable across the six sites. Organic
horizon pools of C, N, and inorganic nutrients we

measured significantly decreased with MAT (Fig. 3,
Supplemental Tables S6 and S11).

Organic horizon C, N, and nutrient accumulation and
input retention

Using the changes in organic horizon concentra-
tions and masses from Year O, Year 1, and Year 4, we
were able to estimate the rate of C and nutrient stor-
age by the organic horizon along the climate gradi-
ent (Table 3). From Year O to Year 1, Site 1, Site 2,
and Site 3 organic horizon accumulation rates of C,
N, Mg, K, and P were significantly greater than Site 5
and Site 6 (Table 3). From Year 1 to Year 4, Site 1 and
Site 2 organic horizon accumulation rates of C, N,
Ca, Mg, K, and P were significantly greater than all
other sites (Table 3). Furthermore, we compared Year
0 to Year 1 with Year 1 to Year 4 organic horizon
accumulation rates, all sites significantly decreased,
except Site 6 which significantly increased.

The results shown in Table 3 reveal that Site 1
through Site 4 had higher retention rates of C and
nutrients than Sites 5 and Site 6. From Year O to Year
1, Site 1 and Site 2 had > 67% of the C and N while
Site 5 and 6 retained 1-33% from the first litterfall
of the previous year. From Year O to Year 1, Site 1
through Site 4 retention of Ca, Mg, and P exhibited
a range of retention from 29 up to 99% of the added
litterfall and throughfall inputs, which was greater
than the 0.2 up to 30% for Sites 5 and Site 6. From
Year 1 to 4, Site 1 and Site 2 had significantly higher
retention rates of all C, N, Ca, Mg, and P than Site
3 through Site 6. Across the six sites and years col-
lected, K had the lowest retention rate compared to
the other elements but was still significantly greater
for Sites 1 and 2 than Site 5 and Site 6.

Mineral soil C, N, and nutrient pools

Continuing with question 1, we sought to determine
if transplanted mineral soil storage of C and nutrients
increased with higher mean annual temperature. Our
results primarily show site-specific differences but
no trend across the temperature gradient. All trans-
planted mineral soil columns began with the same
starting material in Year O (Supplemental Fig. S4). By
Year 1, mineral soil C pools were significantly higher
than starting at Year 0 and were lower for Site 1
(269 +22 g m~2) compared to Site 5 (468 +47 g m~2).
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By Year 4, mineral soil C pools increased further
and were significantly higher at Site 5 and Site 6
(2484 +37 and 2484 +47 g m~2, respectively) than
Site 1 and Site 2 (1684+21 and 2123+35 g m~2,
respectively). Similarly, mineral soil N pools at Site
5 and Site 6 (33+3 and 26+5 g m~2) compared to
the Site 1 through Site 4 (13 to 19 g m™2). By Year
4, mineral soil N pools no longer exhibited a pattern
along the gradient, with Site 2 and Site 5 (117 +17
and 144+29 g m™2, respectively) were significantly
greater than the other sites (45 t0 76 g m™2).
Surprisingly, transplanted mineral soil Ca and P
pools were not significantly different among the six
sites in Year 1 (Ca was 84 to 103 mg m~2 and P was
16 to 20 mg m~2, respectively) and in Year 4 (Ca
was 98 to 111 mg m~2 and P was 21 to 26 mg m~2
respectively) in the soil columns (Supplemental Fig-
ure S4). Mineral soil Mg pools in the soil columns
were not significantly different among the six sites
in Year 1 (97 to 115 mg m~?) but Site 2 and Site
5 attained significantly greater Mg pools (162+ 10
and 175+ 18 mg m~2 respectively) than Site 1 and
Site 4 (120+3 and 128 +4 mg m™ respectively).
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Similarly, mineral soil K pools in the soil columns
were not significantly different among the six sites
in Year 1 (K was 31 to 50 mg m~?) but Site 2 and
Site 5 (85+6 and 87+ 10 mg m~2 respectively)
attained significantly greater K pools than Site 1
and Site 4 (162+10 and 175+ 18 mg m~2 respec-
tively). However, the LMM revealed mineral soil
Mg and K significantly decreased with increasing
MAT, but Ca and P did not (Fig. 4, Supplemental
Tables S7 and S12).

Using the changes in mineral soil from Year O,
Year 1 and Year 4, we were able to estimate the rate
of C and nutrient accumulation in the mineral soil
along the climate gradient (Table 4). Overall, there
were no consistent trends in mineral soil C, N, and
nutrient accumulation rates among the six sites.
From Year O to Year 1 and Year 1 to Year 4, Site 1
and Site 3 mineral soil accumulation rates of C and
N were significantly lower than Site 5 (Table 4).
From Year 1 to Year 4, Site 1, Site 2, Site 4, and
Site 5 mineral soil accumulation rates of C and N
increased while Ca, K, and P decreased (Table 4).
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Table 3 Organic horizon
mean rate of accumulation

Net Accumulation Rate

rates of C, N, and inorganic Site C N Ca K Mg P
nutrients across the six sites gm2yrl gm2yr! gmlyr! gm2yrl gm2yr! gmyr!
YearOto Site 1 293+32 162+22 3.4+0.5 1.29+0.17 0.82+0.11 0.49+0.07
Year 1 Site2 316+67 132+35 53+1.0 0.87+0.22 0.77+0.20 0.53+0.11
Site3 342+53 20.1+35 6.6+2.2 1.27+0.15 1.26+0.19 0.74+0.12
Site4 139+26 57+12 25+1.4 049+0.11 0.64+0.17 0.31+0.13
Site5 115+36 6.4+1.5 39+13 0.37+0.09 0.52+0.11 0.18+0.04
Site6 4+1 0.2+0.1 0.2+0.0 0.02+0.00 0.02+0.00 0.01+0.00
Year 1 to Site 1 129+9 53+25 23+0.2 0.23+0.03 0.29+0.04 0.19+0.02
Year 4 Site2 94+13 59+3.0 3.8+0.3 0.38+0.05 0.45+0.08 0.24+0.04
Site3 20+10 14+25 04+0.5 0.06+0.02 0.10+0.04 0.03+0.01
Site4 21+8 1.7+0.8 0.2+0.0 0.11+0.01 0.03+0.01 0.02+0.00
Site5 28+7 1.6+0.7 1.1+04 0.12+0.02 0.13+0.03 0.04+0.01
Site6 24+4 1.0+0.6 0.5+0.1 0.08+0.01 0.11+£0.02 0.04+0.01
Retention from Litterfall and Throughfall
C N Ca K Mg P
% % % % % %
YearOto Sitel 83+11 87+16 77+16 33+7 99+12 96+ 15
Year 1 Site2 90+9 67+14 60+ 12 25+3 51+10 79+6
Site3 86+7 81+12 82+13 35+5 74+13 29+12
Site4 48+6 34+7 31+6 27+5 63+12 53+9
Site5 31+4 33+6 30+5 6+1 27+5 20+3
Site6 1+0 1+0 1+0 0.2+0.0 04+0.1 1+0
Year 1 to Sitel 5110 41+12 60+13 T+1 46+10 77+12
Rates of accumulation are Yeard  Site2 44+7 48+14  53+11  9+2 46+11  21+4
from Year O to 1 and Year .
1 to 4 to show changes in Site3 71 8+2 71 2+0 8+1 4+l
accumulation rate with Site4 9+2 13+3 5+1 8+2 5+1 8+1
maturation. Retention of Site5 11+2 10+2 13+2 3+0 10+2 7+1
Litterfall and Throughfall Site6 10+1 7+l 41 1+0 4x1 41

were calculated using Eq. 1

Root-access and rooting effect on mineral soil C, N,
and nutrients

In our question 2, we hypothesized that the pres-
ence or biomass of roots in the soil columns could
be altered by the presence of the organic horizon
and would impact C and nutrient cycling within the
mineral soil through enhanced stabilization. Across
all 2022 soil columns, root biomass ranged between
48 and 1443 g m~2. Root biomass was significantly
lower in root-exclusion than root-access soil col-
umns for all sites using the Kruskal-Wallis test with
post-hoc Wilcoxon Rank Sum test. Using LMMs,
we found that root biomass within the soil columns

was not impacted by MAT across sites in either
root-exclusion or root-access soil columns (Fig. 5).

Tree roots were not expected to enter the root-
exclusion soil columns from below due to grav-
itropism, and tree roots did not occur above the
bottom mesh in the Year 1 and Year 4 collected
columns. However, roots were present in the root-
exclusion columns from germinating seedlings and
understory plants. Root-access soil columns had
significantly higher total root biomass than root-
exclusion columns, at~2Xxthe rate (Fig. 5). The
root-exclusion soil columns without access win-
dows had root biomasses ranging between 180 and
480 g m~2, which was significantly less than the
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root-access soil columns which had root biomass of
707 to 1140 g m~2.

Mineral soil organic particulate and aluminosilicate
phases using SEM-EDS

As opposed to using operationally-defined extrac-
tion, we imaged elemental maps of Ca, Mg, K, and
P within aluminosilicate phases and non- alumino-
silicate phases (assumed to be organic particulates
due to their lack of spatially-associated aluminosili-
cate minerals) in the Year 4 mineral soil miniprofiles
using SEM-EDS (see Fig. 6). We compared the
elemental maps from Year 4 with Year O to identify
the change in relative proportion within the soil. The
fraction of Ca in organic particulate phases increased
13-22% across the six sites, which was significant
for Site 1, Site 4, Site 5, and Site 6. The fraction of
Mg in organic particulate phases increased 16-24%
across the six sites and was significant for all sites
except Site 3. The fraction of K in organic particulate
phases increased 8-19% across the six sites and was
significant for all sites except Site 3. The largest shift
in phase occurred for P, 47-64% across the six sites.
Furthermore, Site 4 and Site 6 organic particulate P
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fractions were significantly greater than Site 5. These
results agree that with increasing decomposition and
mineralization of litter inputs, the mineral soil is
accumulating greater organic, non-mineral associated
nutrients which is consistent with previous studies on
forests (Cotrufo et al 2019).

Discussion

Decreasing C, N, and nutrient accumulation rate with
MAT for the organic horizon but not the mineral soil

Our results partially support question 1 hypotheses,
showing that organic horizon mass, C, N, and inor-
ganic nutrient pools decreased with MAT along the
climate gradient, both one year and four years after
the transplanted soils were deployed. Differences in
organic horizon C, N, and inorganic nutrient pools
were most marked between Sites 1 and 2 to Sites 5
and 6 and also detectable with MAT using a Linear
Mixed-effect model. This difference occurred despite
comparable litterfall mass inputs and throughfall
deposition. Our organic horizon pool data support the
general knowledge that organic horizons development
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Table 4 Mineral soil mean
rate of accumulation rates

Net Accumulation Rate

of C, N, and inorganic Site C N Ca K Mg P
nutrients across the six sites em2yrl gm2yl gmPyr! gmZy! gmly! gm?yr!
YearOto Sitel 218+22 12+1 33+9 19+4 18+10 5.6+1.8
Year 1 Site2 325+35 18+1 42 + 29+5 2749 7.7+1.6
Site3 336+32 18+2 33+ 30+8 2749 7.5+1.5
Site4 336+37 18+2 33+ 30+5 27+8 7.5+2.1
Site 5 417+48 32+5 24+ 11+5 8+2 37+1.5
Site 6 341+23 25+2 28+ 19+4 10+8 6.9+2.3
Year 1to Sitel 408+19 19+4 T+4 15+3 1745 2.1+0.8
Year 4 Site2 518+17 29+4 18+5 16+3 19+5 2.8+0.9
Site3 285+15 14+4 13+3 19+3 22+4 32+1.6
Site4 190+ 14 11+4 6+3 14+2 17+4 2.1+0.5
Site5 608 +22 36+5 24+4 16+2 14+4 2.7+0.7
Site6  307+12 14+2 18+4 11+2 10+3 34+0.7
Litterfall and Throughfall Retained
C N Ca K Mg P
% % % % % %
YearOto Sitel 120+19 117+14 20+4 28+6 9+3 8+2
Rates of accumulation are Year 1 Site2 86+11 84+8 26+5 20+4 24+5
from Year O to 1 and Year Site3 113+13 124+16  23+4 17+6 + 13+3
1 to 4 to show changes in Site4 91412 95413 1743 742 41 6+2
accumulation rate with .
maturation. The %L itterfall Site 5 7810 639 59410 94x19  28= 31£6
and Throughfall retained Site6 81+7 65+6 82+14 45+11 115+26 27+5
were calculated using Eq. 2 Year 1to Site 1 78+8 91+8 71+15 29+6 18+6
to evaluate the amount of Year4  Site2 48+6 51+11 51412 33+6 61+26
C, N, and nutrients in the .
mineral soil that can be Site3 123+14 116216  50+8 19+5 28+8
attributed to litterfall and Site4 106+10 121+19 75+13 13+4 20+6
throughfall fluxes and not Site 5 48+6 50+8 44+7 37+8 12+ 29+5
retained in the overlying Site 6 85+8 110£17  98+17  63+11 36+ 4249

organic horizon

in temperate forests decreases with increasing MAT
(e.g., Binkley and Fisher 2019). While the faster litter
decomposition at warmer sites is likely due to higher
MAT (Kang et al 2009; Berg and McClaugherty
2020), covarying factors of tree genera and soil inver-
tebrate ecology also likely play a role. The greater
organic horizon masses also corresponded with
greater inorganic nutrient pools. From Year O to Year
1, Site 1 through Site 4 retention of Ca, Mg, and P
exhibited a range from 29 up to 99% of the added lit-
terfall and throughfall inputs, which was greater than
the 1 up to 30% for Sites 5 and Site 6 (Table 3). Our
retention data shows that the organic horizon serves
as an important nutrient reservoir at lower MAT sites
while the organic horizon at higher MAT sites can

be a weak to negligible reservoir for C, N, and nutri-
ents. However, the retention is also element-specific
as the highly soluble K had low retention rates across
all sites, ranging from 25 to 35% at Sites 1 through 4
and 0.2 to 6% at Sites 5 and 6 (Table 3). Our retention
rate data decreased from Year 1 and Year 4 collec-
tions, showing that C, N, and inorganic nutrients are
retained at lower rates as materials are lost from the
organic horizon from leaching, particulate transport,
and microbial decomposition and mineralization of C
and N compounds.

Our results highlight that there were significant
differences in organic horizon development and
elemental storage with MAT, particularly between
the most northern and southern sites. This climate
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Fig. 5 Mineral soil dry root biomass collected from cores
across varying MAT 30 year averages, separated by root-access
(red) and root-exclusion (black) in Year 4. The predictions are
based on a linear mixed-effects model with random effects for
the replicate nested within site. Continuous lines represent the
model’s predicted values, and 95% confidence intervals were
calculated using the model’s estimated variance. Model results
for random effects are provided in Supplemental Table 9

effect agrees with Berg and McClaugherty (2020)
and Bradford et al (2016) in which litter decomposi-
tion rates can increase with higher MAT within the
temperate forest regime and especially between near
subtropical MAT at Site 6 compared with near boreal
temperatures at Sites 1 and 2. Organic horizon C
and nutrient accumulation was rapid during the first
year but had begun to slow down, except at Site 6,
which was increasing. Our findings at Sites 1 through
4 disagree with litter decomposition models in which
the early stages of organic horizon development are
slowest and litter decomposition is most rapid (Berg
and McClaugherty 2020). Dozens of litter bag experi-
ments have shown the accumulation of more recalci-
trant decomposed litter slows down overall decom-
position rates and mass loss, which would promote
organic horizon formation (Kang et al 2009; Bradford
et al 2016; Berg and McClaugherty 2020). However,
our soil columns had only developed Oi and Oe hori-
zons but not Oa horizons. The slow initial decom-
position rate could be an artefact of the soil column
installation disturbing decomposer communities and
their recolonization and access to litter within the soil
columns have increased the decomposition rate. As
the organic horizon continues to develop, we expect
continued accumulation and storage through the for-
mation of organo-mineral SOC.

Our mineral soil results do not support our
expected findings of decreased mineral soil C, N, and
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inorganic nutrientsin question 1. Transplanted min-
eral soils within the soil columns accumulated C, N,
and inorganic nutrients at generally comparable rates
across the temperature gradient, except with a few
site-specific differences. Using the LMMs to evalu-
ate the effect of temperate, mineral soil C and N did
not vary significantly with MAT (Fig. 4, Supplemen-
tal Tables S7 and S12) contrary to our hypotheses of
increased mineral soil accumulation corresponding
with decreased organic horizon development. These
results show that MAT did not have a strong effect on
the formation of mineral soil pools on C and N fol-
lowing the four years of mineral soil development
despite significant difference occurring in the over-
lying organic horizon. We hypothesize that C and
N at the colder sites were stored within the organic
horizon while C and N at the warmer sites did not
accumulate in the mineral soil due to mineraliza-
tion instead of formation of stabile SOC or organo-
mineral complexes (Kang et al. 2009; Bradford et al.
2016; Berg et al. 1993). Our finding is contrary to our
expected mechanisms of faster mineral soil accumu-
lation of C and nutrients within the underlying min-
eral soil due to higher mean annual temperatures and
less organic horizon development. At the higher MAT
sites, decomposition may have promoted greater C
mineralization of litter (Oi material) by invertebrates
preventing the formation of hemified organic mat-
ter (Oe material) in the organic horizon or SOC (Oa
material) in the mineral soil by microbial cycling
(Bradford et al. 2016; Prescott and Vesterdal 2021;
Wu et al. 2021). However, our findings do support
Sokol et al. (2019) that shoot and litter inputs are less
effective ways of forming SOC than roots.

Mineral soil inorganic nutrients pools also did
not decrease with MAT. Without decreased SOC
and no changes in mineral soil clay content, inor-
ganic nutrients were likely limited in sorption sites
(e.g., Gruba and Mulder 2015) or were leached
through the mineral soil columns at comparable
rates across the temperature gradient. Since min-
eral soil masses within the columns did not signifi-
cantly change over the experiment, thus changes in
mineral soil accumulation of nutrients were largely
driven by changes in elemental concentrations
(Supplemental Figure S4). The transplanted mate-
rial contained only Ca, Mg, K, and P forms that
were insoluble under strong acid washes, strong
base washes, and resistant to 30% H,0, treatments,
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Fig. 6 Conversion of SEM
elemental maps to estimates
of organic and alumino-
silicate phase nutrients is
shown. Panel A shows the
EDS map of Aluminum for
a miniprofile sample for the
2022 soil column samples.
Panel B shows the conver-
sion of gray scale EDS to
binary by setting a mini-
mum threshold using Image
Segmenter in Matlab. Panel
C shows the Ca EDS binary
for the same Miniprofile
sample. Lastly, Panel D is
the subtraction of the Al
binary from the Ca binary
to indicate where Ca is pre-
sent without Al, indicating
non-aluminosilicate phases
defined here as organic
particulate phase

B)
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which most likely were within clay mineral layers.
Inorganic nutrient Ca, Mg, K, and P were present
in the starting soil material, within muscovite, kao-
linite, feldspars, and accessory minerals.

Generally, the results show that mineral soil C
and N can be attributed to litterfall but inorganic
nutrients such as Ca, K, Mg, and P in litterfall and
throughfall could only explain a small fraction of
the mineral soil pools. Our measured concentra-
tions for litter were within the range of species-
specific tree leaf elemental data assembled by
Blinn and Bucker (1989). Moreover, Muller and
Martin (1983) and Blinn and Bucker (1989) also
observed higher Ca, Mg, K and P also found higher
concentrations in hickory and tuliptree than maple
and American beech. Although concentrations can
show genera specific effects, the total mass of the
litterfall flux to the soil columns is more impor-
tant to understanding inputs to the soil and devel-
opment of the organic horizon. Across both time
periods, inorganic nutrients retained from litterfall
and throughfall exhibited a wide variation with no
consistent trend across the temperature gradient
(Table 4). Across all six sites and both sampling
periods, average retention of litterfall and through-
fall C and N inputs were between 88% + 13% and
102% +19%, indicating that the majority of C and
N in the mineral soil can be attributed to the above-
ground inputs. However, across all six sites and
from Year O to Year 1, average retention of litter-
fall and throughfall Ca, Mg, K, and P inputs were
between 18% +4% up to 38%+11%, indicating
that the majority of inorganic nutrients in the min-
eral soil cannot be attributed to only aboveground
inputs. Our results imply that other processes were
important sources of Ca, K, Mg, and P to the trans-
planted mineral soil columns, which we hypothe-
size include biotic and abiotic mineral weathering
within the transplanted soil material (Séguin et al.
2005), root and mycorrhizal translocation into the
soil columns from the native soil (George et al.
1995), vertical and lateral flow of dissolved com-
pounds (Kaiser et al. 2002; Bol et al. 2016; Prakash
et al. 2017). These field-based transplant observa-
tions of mineral soils show that inorganic nutri-
ent biogeochemistry can be strongly influenced
by belowground processes more intensively than
aboveground inputs.

@ Springer

Rooting and rooting effects on C, N, and nutrients in
the mineral soil decoupled

Our results do not support our expected hypotheses
and mechanism for question 2, as we expected root-
ing to decrease with MAT and significantly decrease
mineral soil C, N, and inorganic nutrients due to
roots adding SOC to help stabilize additional litterfall
inputs but generally this did not occur. Our LMM and
Kruskal-Wallis comparisons among the end member
sites (Site 1 and 2 compared to Site 5 and 6) showed
that root-access did not significantly alter mineral
soil nutrient pools (Fig. 4, Supplemental Tables S7
and S12), which leads us to reject our hypothesis of
enhanced nutrient pools in the mineral soil increasing
due to root abundance. These findings agree with root
and litter long-term Detrital Input and Removal Treat-
ment (DIRT) experiment at mixed deciduous-conif-
erous Oregon forest, in which roots did not increase
SOC storage over 20 years (Pierson et al. 2021).
However, our finding disagrees with other previous
studies investigating SOC formation by roots such as
Sokol et al. (2019) and Yang et al. (2023) that found
significantly higher C storage with plant rooting.
However, their studies focused on C4 grass systems
and may not be as applicable to temperate hardwood
forests. There are two additional possible explana-
tions for the lack of differences in root-access on min-
eral soil C, N, and nutrient accumulation in the min-
eral soil. First, the root abundance effect on mineral
soil may not have had enough time to be expressed
via mature rhizosphere or been masked by other vari-
ables not evaluated in our study. Second, root biomass
was comparable across sites, thus rhizodeposition and
stabilization of SOC would have been comparable
along the temperature gradient (Pierson et al. 2021;
Dijkstra et al. 2021).

We examined if organic horizon mass corre-
sponded with greater root biomass in the transplanted
soil columns after 4 years of deployment using LMMs
(Figs. 3 and 4, Supplemental Tables S6, S7, S11 and
S12). Root-access and root biomass were not associ-
ated with greater organic horizon C, N, and inorganic
nutrient pools, which does not support our hypothesis
of an association between the organic horizon and
upper mineral soil rooting. Thus, our results either
imply that the organic horizon does not promote the
preferential rooting in the upper mineral horizons
(A and/or Oa horizons) to access nutrients or our
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experimental design did not allow us to assess differ-
ences in shallow rooting such as the size or number of
the transplanted soil columns or rooting differences in
genera along the gradient as examples. In particular,
only half of the soil columns had root access, decreas-
ing the sample size and statistical power to identify
differences along the climate gradient. Further studies
focused on woody plant rooting in the organic hori-
zon and underlying mineral soil under laboratory con-
ditions are warranted to evaluate potential synergy.

Limited shifts in inorganic nutrient form in the
mineral soil with increasing MAT and roots

For question 3, we expected the proportion of organic
particulate phase inorganic nutrients to shift with
MAT and root abundance. But using LMMs (Fig. 7,
Supplemental Tables S8 and S13), we did not observe

a significant difference in the proportion of Ca, Mg,
and P in organic particulate phases across the MAT
gradient (Fig. 7, Supplemental Tables S8 and S13).
The fraction of K in organic phases was significantly
higher with root-exclusion than root-access, which is
the opposite effect of our hypothesis. We attribute the
higher root biomass to increased uptake and removal
of organically-bound K. It is important to note that
these results differ from the popular measurement of
MAOM and particulate organic matter (POM) reten-
tion of C and N because those methods are opera-
tionally-defined by densities and would lose soluble
inorganic nutrients during aqueous separation (e.g.,
Leuthold et al. 2024). Unfortunately, since C and
N cannot be measured by SEM-EDS due to matrix
effect, the confirmation of POM cannot be readily
confirmed and is based upon the assumption of min-
erals being well presented by the presence of Al as
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Fig. 7 Change in % organic phases of mineral nutrients (Ca,
Mg, K, P) in the cores across varying MAT 30 year averages,
separated by root access (red) and exclusion (black). Data
represent the difference between % organic phases in cores
collected from the field and control media kept in sterile con-
ditions. The predictions are based on a linear mixed-effects
model with random effects for the replicate nested within

site. Continuous lines represent the model’s predicted values,
and 95% confidence intervals were calculated using the mod-
el’s estimated variance. Full model results in Supplemental
Table 8, random effects in Supplementary Table 10, and alter-
native models including root biomass in place of root access/
exclusion in Supplemental Table 13
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amorphous or crystalline aluminosilicates (e.g., Xiao
et al. 2015). Despite these limitations, our results
show that particulate fractions of nutrients increased
with mineral soil development but differences with
MAT were not found.

Study limitations

Our study is one of the first to leverage transplanted
materials in field deployment across a large regional
gradient in temperate forest ecosystems. Because of
the exploratory nature in experimental design, there
were several limitations to the study and assessment
of C, N, and inorganic nutrient accumulation and
retention. A first limitation is that the soil columns
were small to be able to deploy 144 columns in total,
at 12 root-exclusion and 12 root-access replicates at
each of the six sites. Each of the columns required
0.57 kg of washed soil material that was reacted with
strong acids, bases, and oxidants to remove as much
amorphous minerals, organic matter, and other reac-
tive surfaces from any soil development. Utilizing
larger columns would be able to capture more litter-
fall and throughfall, allow for more root growth, and
better avoid microtopographic effects, all of which
would reduce the heterogeneity among the soil col-
umns. A second limitation is that soil dwelling organ-
isms were not evaluated in this study. Invertebrates
are important decomposers responsible for shred-
ding and translocating leaf litter (Frouz et al. 2015;
Prescott and Vesterdal 2021) and their abundance and
feeding guilds likely varied across the sites. How-
ever, due to their ephemeral nature and limitations on
annual sampling trips to the sites, we could not easily
and reliably assess their abundance nor evaluate their
role in litter decomposition. Similarly, microbial com-
munities’ abundance, composition, and physiological
traits can shift throughout the growing season (e.g.,
Craig et al. 2022). A fourth limitation is that the effect
of roots on the transplanted mineral soil columns can
act to add or remove C, N, and inorganic nutrients.
The colonization of the transplanted mineral soil col-
umns may have added C, N, and inorganic nutrients
through translocating elements into new growth or
enhanced weathering in the rhizosphere (Zhu et al.
2014b; Dotaniya and Meena 2015). Conversely, roots
can remove N and inorganic nutrients via root uptake
to other aboveground or belowground tissues or
stimulate the mineralization of SOC by the priming
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effect (Panchal et al. 2022; Subramanian et al. 2022).
Our study was not designed to separate the individual
processes but to examine the net effect on the trans-
planted mineral soil. Fifth, soil columns are typi-
cally considered as 1D downward transport systems
(Lewis and Sjostrom 2010), but the transplanted soil
columns likely underwent upward movement during
freeze—thaw and high shallow groundwater condi-
tions. Lastly, the transplanted soil columns were ana-
lyzed following four years of deployment. As noted
by Berg and McClaugherty(2020), these short-term
studies are unlikely to capture longer process operat-
ing at the decadal to century time scales required for
pedogenesis. Despite these limitations, our study has
shown that C, N, and inorganic nutrient pools in the
organic horizon development do vary with tempera-
ture, but mineral soil accumulation did not vary sig-
nificantly even when controlling soil parent material
heterogeneity.

Conclusions
Conclusions from findings

Our central goal was to evaluate the synergistic
influence of MAT, rooting, and organic horizon
development on the accumulation of C, N, and inor-
ganic nutrients in the organic horizon and trans-
planted mineral soil columns within six temperate
hardwood forests along a latitudinal gradient. For
question #1, our results show that C, N, and nutri-
ent accumulation in the organic horizon decreased
with increasing MAT. Organic horizon pools were
4 to 5 X greater at the coldest sites than the warmest
sites (Fig. 8). Through our litterfall and throughfall
monitoring, we can firmly state that the differences
in organic horizon pools were not due to differ-
ences in input, as Site 5 and Site 6 had compara-
ble or higher inputs compared with the other sites.
Thus, the decomposition and mineralization path-
way and translocation from the organic horizon was
enhanced with increasing MAT. Our findings show
that transplanted mineral soil pools of C, N, and
inorganic nutrients did not consistently decrease
with MAT. On the basis of our mass balance of
inputs, the lack of difference in transplanted mineral
soil C, N, and inorganic nutrients cannot be attrib-
uted to differences in organic horizon accumulation.
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Larger organic horizon pools
and faster accumulation rates
with decreasing MAT.

No interaction between roots
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Smaller mineral soil K pools with
increasing MAT.

No effect of roots on mineral
soil nutrient pools

Year 0

Fig. 8 Conceptual figure of the main findings of our study,
illustrating larger organic horizon pools and faster nutrient
accumulation rates with decreasing MAT, only smaller min-

Differences may not have arisen due to the short
duration of only 4 years or have been masked by the
limitations discussed in Sect. “Study limitations”.
For question #2, we did not find evidence of sig-
nificantly greater root biomass with lower MAT
nor greater stabilization of C, N, and nutrients in
the mineral soil. Root biomass was 2 X greater in
root-exclusion (707-1140 g m~2) than root-access
(180-480 g m~?) soil columns. Total root biomass
was not associated with organic horizon size or
nutrient pools, which does not support our hypoth-
esis that organic horizon development would stim-
ulate upper mineral soil rooting for nutrients. Fur-
thermore, our mineral soil findings did not find a
consistent association between total root biomass
with mineral soil nutrient C, N, and inorganic nutri-
ent pools. A root priming effect or root-uptake effect
may not have had enough time to develop or been
masked by heterogeneity in tree genera, organic
horizon development rates, or other variables not

Mineral soil K organic phase

Year 4 decreased with roots

eral soil K pools with increasing MAT, no interaction between
roots and the organic horizon, and no effect of root access on
mineral soil pools

evaluated in this study such as invertebrate scaven-
gers and microbial communities.

In our last question #3, we found that inorganic
nutrients organic particulate phases increased in the
transplanted mineral soil across all six sites using
SEM-EDS imaging from Year O to Year 4. How-
ever, we did not find a significant effect of MAT
or site-specific differences in the organic particu-
late phase nutrients. With the exception of higher
organic K particulate phase in root-exclusion col-
umns, we did not find an effect of root-access on
particulate phase Ca, Mg, or P. Thus root access and
MAT did not increase the particulate phase of the
inorganic nutrients over the relatively short duration
of the experiment. We look forward to the next col-
lection of transplanted soil columns across these six
sites to shed light on if additional time will show
significant changes or continue to support these ear-
lier findings.
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