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Abstract. Accurately quantifying soil base cation pool sizes is essential to interpreting the sustainability of
forest harvests from element mass-balance studies. The soil-exchangeable pool is classically viewed as the bank
of “available” base cations in the soil, withdrawn upon by plant uptake and leaching and refilled by litter de-
composition, atmospheric deposition and mineral weathering. The operational definition of this soil bank as the
exchangeable (salt-extractable) pools ignores the potential role of “other” soil nutrient pools, including microbial
biomass, clay interlayer absorbed elements, and calcium oxalate. These pools can be large relative to “exchange-
able” pools. Thus neglecting these other pools in studies examining the sustainability of biomass extractions,
or need for nutrient return, limits our ability to gauge the threat or risk of unsustainable biomass removals. We
examine a set of chemical extraction data from a mature Norway spruce forest in central Sweden and compare
this dataset to ecosystem flux data gathered from the site in previous research. The 0.2 M HCl extraction released
large pools of Ca, K, Mg, and Na, considerably larger than the exchangeable pools. Where net losses of base
cations are predicted from biomass harvest, exchangeable pools may not be sufficient to support more than a sin-
gle 65-year forest rotation, but acid-extractable pools are sufficient to support many rotations of net-ecosystem
losses. We examine elemental ratios, soil clay and carbon contents, and pool depth trends to identify the likely
origin of the HClI-extractable pool. No single candidate compound class emerges, as very strongly supported by
the data, as being the major constituent of the HCl-extractable fraction. A combination of microbial biomass,
fine grain, potentially shielded, easily weatherable minerals, and non-structural clay interlayer bound potassium
may explain the size and distribution of the acid-extractable base cation pool. Sequential extraction techniques
and isotope-exchange measurements should be further developed and, if possible, complemented with spectro-
scopic techniques to illuminate the identity of and flux rates through these important, and commonly overlooked,
nutrient pools.
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1 Introduction

1.1 Importance of soil base cation pools for sustainable
land use

In an attempt to decrease net CO, emissions and to meet the
increasing demand for woody biomass products and energy,
some forest policies encourage the intensification of biomass
extraction from forest ecosystems (Royo et al., 2012; Lauri et
al., 2014; Kazagic et al., 2016). These practices may severely
impact soil fertility because biomass extraction removes the
nutrients elements in the biomass, especially in forest ecosys-
tems where nutrient availability may be low (Feller, 2005;
Kreutzweiser et al., 2008; Thiffault et al., 2011; Achat et al.,
2015). For example, in the USA it has been projected that in-
creased biomass harvest for biofuels will markedly increase
the area of managed forest that will experience net nutrient
losses due to biomass export: from 17 % to 50 % of the to-
tal forest area for Ca, 20 % to 57 % for K, and 16 % to 45 %
for Mg (de Oliveira Garcia et al., 2018). Similar concerns
have been raised in other countries, including Sweden (Ak-
selsson et al., 2007a), Belgium (Vangansbeke et al., 2015),
Finland (Aherne et al., 2012), and Germany (Knust et al.,
2016). Quantifying sustainable levels of biomass extraction,
such that soils are not progressively impoverished and pro-
ductivity can be maintained without nutrient inputs, is there-
fore a major concern for forest managers and policy mak-
ers (Lucas et al., 2014; Achat et al., 2015). The pressures on
plant-available base cations result not only from increased
harvest intensity but also from continued atmospheric nitro-
gen and sulfur deposition (Iwald et al., 2013; McGivney et
al., 2019), and elevated atmospheric concentrations of CO,
(Duval et al., 2012; Terrer et al., 2016).

The nutrient mass-balance (i.e., input—output budget) ap-
proach is commonly used to estimate the net gain or loss of
nutrient elements in the soil or ecosystems under different
management and climate scenarios (Akselsson et al., 2007a;
Knust et al., 2016; de Oliveira Garcia et al., 2018). This
mass-balance approach typically accounts for inputs via at-
mospheric deposition and the weathering of primary min-
erals as well as secondary clay minerals, and exports oc-
cur via leaching and biomass removals (Nilsson et al., 1982;
Van Breemen et al., 1984). Under this definition, the mass-
balance equation estimates the change in nutrient content in a
“source and sink” reservoir of the soil. For base cations, this
source and sink reservoir is assumed to be the pool of Mg,
Ca, Na, and K stored in the soil as exchangeable cations ad-
sorbed on the cation-exchange complex. This quantity is con-
ventionally measured by ion-exchange soil extractions using
concentrated salts (salt-extractable exchangeable pools; Ak-
selsson et al., 2007a; Vangansbeke et al., 2015; Knust et al.,
2016).

Accurate estimates of soil nutrient stocks are important for
policies on sustainable levels of biomass extraction levels or
critical loads, i.e., the maximum level of atmospheric pol-
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lutant deposition that will not damage sensitive aspects of
the ecosystem, as well as for determining the maximum level
of forest biomass harvest, the “critical biomass harvest” that
will not result in unacceptable soil and stream acidification
(Akselsson and Belyazid, 2018). The net balance of nutrients
between influx and efflux in an ecosystem or soil can only be
meaningfully interpreted in the context of the magnitude of
soil nutrient reserves. If, for example, whole-tree harvesting
results in a net decrease of soil Ca, it is equally important to
know if this loss is likely to result in significant reductions in
the availability of Ca to plants in 1, 10 or 100 forest rotations,
as it is to know whether that balance is positive or negative.

1.2 Use of salt-extractable pools in ecosystem
mass-balance studies

Base cation nutrient reserves in soil are commonly estimated
by measuring salt-extractable quantities, commonly with bar-
ium salts or ammonium salts as extractants, to represent what
is available to plants (Skinner et al., 2001; McLaughlin and
Philips, 2006; Brandtberg and Olsson, 2012; Zetterberg et
al., 2016). However, on timescales of years to decades, salt-
extractable base cation reserves in the soil do not appear
to accurately predict what is available for leaching or bi-
ological uptake (Mengel and Rahmatullah, 1994; Bailey et
al., 2003; Hamburg et al., 2003; Lucash et al., 2012). This
may be due to the presence of other significant pools of
base cations in the soil, which are not salt extractable but
which contribute to the plant-available pools of base cations.
Calcium is known to form strong complexes with organic
compounds such as the oxalate ion, which are poorly solu-
ble and not salt extractable (Dauer and Perakis, 2014), but
these complexes may be available to plants and microbes
over relatively short timescales. The microbial biomass of
the soil is quite large, has considerably higher nutrient con-
centrations than bulk organic matter, turns over very rapidly,
and may thus represent a significant pool of available base
cations that is missed in salt extractions (Yamashita et al.,
2014; Lorenz et al., 2010; van der Heijden et al., 2014). Alu-
minum and iron oxides and hydroxides may also directly or
indirectly (via organic matter or phosphate bridges) adsorb
base cations (Kinniburgh et al., 1976; Grove et al., 1981).
For example, in a highly weathered tropical soil, Hall and
Huang (2017) showed that a significant amount of Mg, Ca
and K were sequestered in Fe (hydr)oxide secondary min-
eral phases, and the microbial dissolution of these phases in-
creased the concentrations of weak-acid-extractable cations.
Significant stocks of soil potassium may be stored in the in-
terlayers of clay minerals (Sparks, 1987). This pool of inter-
layer K is not accounted for by salt-extractable exchange-
able cations but may be quite significant for plant nutri-
tion: Falk @gaard and Krogstad (2005) showed that inter-
layer K accounted for 26 % to 43 % of K uptake in grass-
land ecosystems. Not accounting for these additional pools of
base cations in the soil may explain why mass-balance mod-
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els often fail to reproduce the empirically measured change
in salt-extractable exchangeable pools (Lofgren et al., 2017,
van der Heijden et al., 2014).

Measurements of salt-extractable base cations may be
complemented by soil extractions using strong acids. Aqua
regia, HF, or lithium metaborate fusion extract the total or
near total reserves of elements, which may then be used to
(i) estimate the relative distribution of minerals in the soil
(Posch and Kurz, 2007) and (ii) estimate the mineral weath-
ering flux based on assumptions of weathering kinetics de-
rived from laboratory dissolution experiments (Warfvinge
and Sverdrup, 1992). Moderately concentrated (defined here
as 0.1 M—1 M) strong acid extractions (primarily HCI, but
also HNO3) have been used to extract nutrient elements from
soil organic matter (e.g., Ca from Ca oxalate; Dauer and Per-
akis, 2014), secondary minerals (e.g., K from clay interlay-
ers; Simonsson et al., 2016) and relatively labile or easily
weathered primary minerals (e.g., Ca from apatite, Mg from
biotite; Blum et al., 2002; Lucash et al., 2012). However,
these extractions are non-specific and will dissolve a range of
secondary minerals, likely releasing microbial nutrient pools
and partially dissolving non-target granite-derived tectosili-
cate minerals.

1.3 Study objective

In order to examine the potential importance of non-
exchangeable sources of base cations in relation to net losses
of base cations from forest harvesting we utilized published
data from a particularly well-studied forest site at Kindla,
Sweden, to form a mass-balance budget of base cations un-
der different harvest scenarios, and we compared annual
losses, where predicted, to base cation pools in the soil as
defined by different extractants. The potential for stem-only
or whole-tree harvesting to result in net losses of base cations
was examined, then these estimated losses were compared to
extraction-defined (distilled water, BaCl, 0.1 M, HCI 0.2 M,
HCI 0.5M, and aqua regia) base cation pools to estimate
the number of harvest rotations of net nutrient losses these
pools could potentially buffer against. The aim of this paper
is to discuss (i) what additional pools of base cations in the
soil may actively contribute to the “source and sink” pool,
(i1) how important in terms of size these additional pools can
be, and (iii) how these additional pools may contribute to re-
plenishing plant-available pools over time and under differ-
ent management scenarios.

2 Methods

2.1 Study area

Kindla is a catchment within the Swedish national inte-
grated monitoring program (Lofgren et al., 2011) and a
core site in Long-Term Ecosystem Research (LTER) Eu-
rope (https://deims.org/search/all/Kindla, last access: 1 Au-
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gust 2019). The monitoring was initiated in 1995 and is re-
lated to the Convention on Long-Range Transboundary Air
Pollution — LRTAP 1979 (UNECE) and the International Co-
operative Programme on Integrated Monitoring of Air Pol-
Iution Effects on Ecosystems (ICP-IM, https://www.unece.
org/env/Irtap/workinggroups/wge/im.html, last access: 1 Au-
gust 2019). It focuses specifically on the monitoring of phys-
ical, chemical, and biological processes in time and space
to increase the knowledge on causes of ecosystem changes
(Starr, 2011). Data from the Kindla catchment are used
for biogeochemical process evaluations (see e.g., articles in
Starr, 2011), status and trend assessments (e.g., Vuoremaa et
al., 2018), and model exercises (e.g., Zetterberg et al., 2014;
McGivney et al., 2019). The Kindla site is also designated
as one Critical Zone Observatory, and in this article we eval-
vate data from Kindla soils collected and analyzed within
the EU Fp7 project Soil Transformations in European Catch-
ments (SoilTrEC, Banwart et al., 2011). The study was ini-
tiated due to lack of forest harvest induced depletion of the
exchange Ca and Mg pools even though mass-balance cal-
culations indicated such declines should occur (Olsson and
Lundin, 1990).

The forest examined at Kindla is a naturally regenerated,
uneven-aged Norway spruce (Picea abies, L.) forest, which
has been minimally affected by forestry activities during the
last century. Granitic bedrock is overlain by till soils of the
same geological origin. Soils from three proximate forest
plots were sampled from the Kindla catchment (59°05' N
12°01' E; Lofgren et al., 2011). The three plots cover an
elevation gradient from 300-320 ma.s.l. over a distance of
~ 150 m. The upper and intermediate sites are in groundwa-
ter recharge areas on Podzols and Regosols, respectively. The
lowermost site is located on a Regosol in a groundwater dis-
charge area with considerably more organic matter in the up-
per mineral horizons (see Supplement Methods and Table 1
for more detailed description).

2.2 Base cation fluxes and forest mass balance

For each plot and harvest scenario the mass balance of each
base cation, Ca, K, Mg, and Na, was calculated as follows:

BCpa = BCdep + BCyeath — BCieach — BCuptake» (1)

where BCgep represented inputs via atmospheric deposition
(wet and dry), BCyean represented inputs to the soil via
mineral weathering, BCjeacn, represented losses via leach-
ing below the B horizon, and BCypuke represented up-
take of base cations into vegetation and subsequent re-
moval at harvest; all terms were calculated per square me-
ter per year. Total deposition (wet + dry) of base cations
and mineral weathering rates were taken from McGivney
et al. (2019). Base cation uptake into tree biomass and re-
moval via either stem-only (stems + bark) or whole-tree
(roots + stump + stem + bark + branches-logging losses)
harvest were taken from Zetterberg et al. (2014), McGivney
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Table 1. Sample description for nine samples from three plots, three depths at each plot, along the hydrology gradient at Kindla.

Soil Slope Hydrology Soil  Soil pH C N clay:silt: sand!  Soil bulk Site
class position sampling horizon (HyO) (%dw) (%dw) density2 index (m)3
depth (cm)

Podzol upslope groundwater 0-10 Ehor 4.42 0.45 0.036 1.0:18:81 1.26 23
recharge

Podzol upslope groundwater 10-20 B hor 4.92 2.11 0.094 2.6:20:77 1.01 23
recharge

Podzol  upslope groundwater 60-70  C hor 491 0.43 0.028 1.0:14:85 1.39 23
recharge

Regosol  midslope groundwater 5-15 Ehor 4.7 0.85 0.055 1.6:18:81 1.17 24
recharge

Regosol  midslope groundwater 20-30 B hor 491 2.47 0.128 2.2:18:80 1.00 24
recharge

Regosol  midslope groundwater 50-60 C hor 5.15 0.91 0.043 1.6:16:82 1.26 24
recharge

Regosol  downslope  groundwater 15-20  E hor 4.18 15.20 0.783 no data 0.49 25
discharge

Regosol  downslope  groundwater 40-45 B hor 4.72 3.36 0.167 2.1:14:85 0.96 25
discharge

Regosol  downslope  groundwater 55-60  C hor 4.94 1.74 0.099 2.0:10:89 1.14 25
discharge

1 Clay <0.002; silt>0.002, <0.02; sand >0.02, <2 mm. 2 Bulk density was estimated for each horizon with the pedo-transfer function from Nilsson and Lundin (2006) based on depth and

organic carbon content. 3 Site index according to Zetterberg et al. (2014).

et al. (2019), and Nilsson et al. (2018). Leaching estimates
were based on soil water sampled with suction lysime-
ters (P80 ceramic cups) in the B horizon and compared to
catchment runoff (Lofgren et al., 2011). Mineral weather-
ing inputs were taken from modeled values from McGivney
et al. (2019). Deposition, weathering, and biomass uptake
fluxes were calculated for the entire catchment including the
three soil sampling sites located along a hydrological gra-
dient (recharge, intermediate, and discharge areas), while
leaching losses were calculated for each of these three hy-
drological locations (for a more detailed description on how
each flux was calculated see Supplement Methods with con-
siderably more organic matter.).

2.3 Soil base cation pools

As part of the EU FP7 funded SoilTrEC project (Banwart
et al., 2011) a series of non-sequential chemical extraction
were performed on nine composite mineral soil samples, rep-
resenting the E, B, and C horizons at the three soil sampling
sites. Extractions were performed with distilled water, 0.1 M
BaCl,, 0.01 M ammonium lactate, 0.2M HCI, 0.5M HCI,
and aqua regia (3HCI1: HNO3). These extractions were fil-
tered and measured for elemental contents of base cations Ca,
Mg, K, and Na as well as P, Fe, and Mn. Soil pH, carbon, and
nitrogen concentrations as well as soil texture and moisture
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content were also measured for each sample (see Table S1 in
Supplement and Supplement Methods for more detailed de-
scription). The O horizon was not included in the SoilTrEc
project, but the organic horizon of the same hillslope was
sampled in 2006 within the EU Life+ project BioSoil (Cools
and de Vos, 2010) and extracted with 0.1 M BaCl,, and aqua
regia. The SoilTrEC and BioSoil soil sampling pits are not
identical, but forest age, structure and management history,
hydrologic gradient, soil types, humus layer thickness, and
bulk density are identical. Hence, we have used the BioSoil
extraction data for estimating these two base cations pools in
the organic horizon.

For the soils, elements, and harvest scenarios that have a
net elemental loss over time, we examined the potential for
different soil base cation pools to sustain those losses. We as-
sumed that ecosystem fluxes (deposition, weathering, leach-
ing, biomass uptake) would remain constant, and calculated
the number of 65-year harvest rotations that each extractant-
defined base cation pool could offset net ecosystem losses for
each harvest scenario—element-soil combination under which
a net ecosystem loss was predicted.

www.soil-journal.net/5/351/2019/
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3 Results and discussion

3.1 Soil base cation pools

In the mineral soil, concentrations of Ca and Mg in H,O ex-
tractions were generally far less (< 1/10) than those in the
BaCl, extractions, while HyO extractions of K were only
slightly less, and H, O extractions of Na were slightly greater
than BaCl, extractions (Fig. 1). Ammonium lactate extrac-
tions of all base cations were similar to BaCl, extractions;
BaCl, extracted nearly the same or slightly more of the bi-
valent Ca and Mg, while ammonium lactate tended to ex-
tract more monovalent K and Na (100 %-150 %). BaCl,-
exchangeable pools of Ca, K, Mg, and Na were particu-
larly high in the E horizon of the downslope Regosol in
the groundwater discharge area with significantly higher or-
ganic carbon content. Within each soil, BaCl,-exchangeable
cations tended to decrease with increasing depth. The ex-
tracted amounts of Ca, K, and Mg in the 0.2 M HCl extraction
were considerably (5-100 fold) greater than the amounts ob-
tained from BaCl; extraction. As compared to the 0.2 M HCl
extraction, 0.5M HCI extraction yielded approximately 2-
fold greater release of Ca, but only about 1.3-fold greater
release of K, Mg, and Na. HCI extraction yields of Ca and
Mg increased significantly with depth, while HCI extractions
of K did not display a depth trend, and on the upslope and
midslope soils E-horizon yields of K were higher than K
yields from the B horizons. HCI extraction yields of Na ex-
hibited a slight decreasing trend with soil depth. Compared
with the 0.5 M HCI extraction yields, aqua regia extracts of
Mg and K were approximately 2-fold greater and aqua re-
gia extracts of Ca approximately 6-fold greater, while aqua-
regia-extraction yields of Na were slightly lower (3 %) than
from 0.5M HCI. Aqua regia extractions of all base cations
increased with depth; this depth trend was strongest for Ca
and Mg, weaker for K, and almost absent for Na.

Humus layer 0.1 M BaCl,-extractable pools of Ca, K, Mg,
and Na were 88 %, 100 %, 86 %, and 99 %, respectively, as
large as aqua-regia-extracted pools, indicating that nearly all
of the humus-associated base cation pools are exchangeable.
Humus layer 0.1 M BaCl,-extractable pools of Ca, K, Mg,
and Na were 2, 5, 4, and 0.6 times as large as the total min-
eral soil 0.1 M BaCl,-extractable pools, indicating a predom-
inant role of the humus layer as a reservoir of salt-extractable
base cations. Considering only the mineral soil sampled in
this study, the BaCl,-extractable pools of Ca. K, Mg, and Na
were 12 %, 5 %, 1 %, and 6 %, respectively, of the size of the
0.2M HCI pools. If we include the humus layer base cation
pools, the BaCl,-extractable pools of Ca, K, Mg, and Na then
increase to 20 %, 24 %, 3 %, and 9 %, respectively, of the
size of the 0.2 M HCl-extractable pools. Hence, 3 %—-24 % of
the base cations are found in the salt-extractable BaCl; pool,
while the remaining 76 %—97 % are found in the 0.2 M HCI
pool.

www.soil-journal.net/5/351/2019/
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3.2 Ecosystem base cation mass-balance budgets

Inputs of Ca, K, and Na via weathering were 1.8-, 1.5-, and
1.3-fold greater, respectively, than inputs via atmospheric de-
position, while deposition inputs of Mg were 2-fold greater
than weathering inputs. Leaching losses of Ca and Mg were
highest in the downslope Regosol from the groundwater dis-
charge area, and leaching losses were less than the com-
bined inputs of weathering and deposition for Ca, K, and Na,
but not for Mg (Table 2). Whole-tree harvesting resulted in
considerably greater elemental losses than stem-only harvest
(2.3-2.6 fold greater). Whole-tree harvesting resulted in net
loss of Ca, K, and Mg on all three plots, while stem-only
harvesting resulted in net losses of only Mg on all three plots
and net losses of Ca on the downslope Regosol (Table 2).

3.3 Base cation depletion over time

For each harvest scenario—element-soil combination under
which a net ecosystem loss was predicted, we calculated
the number of 65-year harvest rotations that each extractant-
defined base cation pool could offset. Based solely on the
mineral soils, the exchangeable (BaCl,-extractable) pools of
Mg were not sufficient to sustain more than a single 65-year
rotation of stem-only or whole-tree harvest (Table 3). Ex-
changeable Ca pools were sufficient to sustain 0.3, 0.9, and
1.1 rotations, and K pools were sufficient to sustain 1.2, 4.0,
and 6.6 rotations of whole-tree removal on the upslope, mid-
slope, and downslope soils, respectively (Table 3). If the hu-
mus layer BaCl,-extractable base cation pools are also con-
sidered, the number of rotations of whole-tree harvest which
could be sustained by the BaCl,-extractable Mg or Ca pools
remains less than two for all hillslope locations. When the
humus layer BaCl,-extractable K pools are also considered,
the number of rotations which could be sustained by the
BaClj-extractable K pool increases along the hillslope gra-
dient to 2.9, 17, and 33 65-year rotations (Table 3). If they
were available for plant uptake, the 0.2 M HCl-extractable
base cation pools would be able to sustain considerably more
rotations of net ecosystem losses predicted under whole-tree
harvesting than the BaCl,-extractable pools. The mineral soil
0.2M HCl-extractable pools of Mg were sufficient to sus-
tain at least 66 rotations and the 0.2 M HCl-extractable pools
of Ca at least 5, rotations of whole-tree removal. The 0.2 M
HCl-extractable pools of K pools were sufficient to sustain
19, 137, and 139 rotations of whole-tree removal on the
upslope, midslope, and downslope soils, respectively (Ta-
ble 3). The number of rotations that could be sustained by
the 0.5 M HCl-extractable base cation pools was 15 %-90 %
greater than by the 0.2 M HCl-extractable pools, while the
total amounts of base cations, determined by the aqua regia
extraction, could sustain at least 38 whole-tree harvesting ro-
tations (Table 3).

SOIL, 5, 351-366, 2019
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Figure 1. Extractable contents of calcium (a), potassium (b), magnesium (c), and sodium (d) across three soils and three soil horizons
obtained form six different chemical extractions. Note the log; scale on y axis.

Table 2. Mass balances for the three soils collected along the hydrological gradient at Kindla based on annual fluxes of Ca, Mg, K, and Na
(mg m~2 yr_l).

Upslope Podzol | Midslope Regosol | Downslope Regosol
(mg m~2 yr_l) Ca K Mg Na | Ca K Mg Na | Ca K Mg Na
Weathering 291 230 32 623 291 230 32 623 291 230 32 623
Deposition 163 154 64 493 163 154 64 493 163 154 64 493
Leaching 114 152 100 945 159 82 97 976 259 82 133 976

Uptake, stem only 219 121 30 6.5 219 121 30 6.5 219 121 30 6.5
Uptake, whole tree 538 311 69 16 538 311 69 16 538 311 69 16

Balance, stem only 122 111 -34 165 77 181 =31 134 —-23 181 —67 134
Balance, whole tree —198 -79 -73 155 | —-243 -9 -70 124 | -343 -9 —-106 124

Mass balances in bold are negative, indicating a net loss of base cations from the system.
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Table 3. Number of forest harvest rotations (65 years) each base cation pool may offset net ecosystem losses for each of the three soils.
All extractions were performed on the mineral soil. For BaCl, and aqua regia extractions, humus samples from nearby soils were separately
sampled and analyzed, and these humus-derived pools have been added to the mineral soil pools for comparison.

Upslope Podzol ‘ Midslope Regosol ‘ Downslope Regosol

Ca K Mg Na ‘ Ca K Mg Na ‘ Ca K Mg Na
HjO-extractable mineral soil
mgm—2 725 5235 886 2667 1401 2016 1032 3144 1974 4421 1940 7239
Rot SO + + 0.4 + + + 0.5 + 1.3 + 0.4 +
Rot WT 0.1 1.0 0.2 + 0.1 33 0.2 + 0.1 7.2 0.3 +
BaCl,-extractable mineral soil
mgm 2 3363 6057 1357 2010 13496 2429 2448 1673 24962 4055 7183 4941
Rot SO + + 0.6 + + + 1.2 + 16.4 + 1.7 +
Rot WT 0.3 1.2 0.3 + 0.9 4.0 0.5 + 1.1 6.6 1.0 +
BaCl,-extractable mineral soil + humus
mgm—2 17 886 14755 7393 2871 24486 10678 6024 2177 36041 20097 12529 6352
Rot SO + + 34 + + + 3.0 + 23.7 + 29 +
Rot WT 1.4 29 1.6 + 1.6 17.4 1.3 + 1.6 32.8 1.8 +
0.2 M HCl-extractable mineral soil
mgm 2 123758 96495 514841 53234 132369 83771 470992 72382 | 109333 85261 457058 49613
Rot SO + + 235 + + + 236 + 72 + 105 +
Rot WT 10 19 108 + 8 137 103 + 5 139 66 +
0.5M HCl-extractable mineral soil
mgm—2 241475 132860 754711 72166 223760 111671 648304 99295 | 165777 103839 524076 66517
Rot SO + + 345 + + + 325 + 109 + 121 +
Rot WT 19 26 159 + 14 182 142 + 7 169 76 +
Aqua-regia-extractable mineral soil
mgm™2 1533100 311274 1373942 106934 | 1324749 239055 1126936 90915 | 829797 211504 840624 62348
Rot SO + + 627 + + + 565 + 545 + 194 +
Rot WT 119 60 289 + 84 390 247 + 37 345 122 +
Aqua-regia-extractable mineral soil 4+ humus
mgm~2 1548082 319066 1379750 107566 | 1336591 247135 1131125 91476 | 844896 230126 848473 64357
Rot SO + + 630 + + + 567 + 555 + 196 +
Rot WT 120 62 290 + 85 403 248 + 38 375 123 +

“+” indicates no net loss. “Rot SO” is the number of 65-year rotations of stem-only harvest. “Rot WT” is the number of 65-year rotations of whole-tree harvest.

3.4 Potential sources of acid-extractable base cations in
the mineral soil

Given the large size and potential to buffer against leaching
and many forest harvest rotations of net base cation loss, un-
derstanding the chemical nature and availability of the HCI-
extractable pool is important to forming management recom-
mendations. Due to lack of data from the organic horizon,
this chapter is primarily focused on the results from the min-
eral soils. Extractions with strong acids at moderate (0.05 M-
1 M) concentrations, as was performed in this study, have
been used to selectively extract calcium oxalate (Dauer and
Perakis, 2014; Cromack et al., 1979), apatite (Blum et al.,
2002; Nezat et al., 2007), non-exchangeable clay interlayer
K (Simonsson et al., 2016; Li et al., 2015), and Fe and Mn
oxides (Krasnodebska-Ostrega et al., 2001) from soils.
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Despite the prevalence of their use, the use of HCI and
HNOs3 at room temperature or above, from 0.01 to 2M
strength, as extractants, are not specific to particular chem-
ical compounds or soil minerals as all primary and likely all
secondary minerals and organocomplexes of Ca, K, Mg, and
Na are susceptible to proton-promoted dissolution (Skyll-
berg et al., 2001), albeit to varying degrees. Because these
acid extractions solubilize a range of compounds from min-
eral soils, elucidating the predominant physicochemical ori-
gin of the base cations in the very large HCl-extractable por-
tion is challenging. It would aid our understanding of the
potential availability and flux rates of base cations to know,
for example, whether the HCl-extractable pool is comprised
of incompletely weathered minerals, either as weathering
rinds remaining after non-stoichiometric dissolution or sec-
ondary mineral coatings that form during weathering, or if
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it is comprised of secondary compounds that formed after
base cations have entered the soil solution via weathering
reactions (and may thus also be fed by plant-derived base
cations). By examining the base cation ratios and amounts
in different extractions we may be able to draw some con-
clusions about the origins and from which pools the sizable
HCl-extractions of base cations derive.

3.4.1 Microbial biomass

Microbial biomass has been suggested to be an important
reservoir of N and P, and potentially of base cations. We esti-
mated the potential size of the mineral soil microbial biomass
base cation pools as a function of soil carbon and microbial
biomass carbon to nutrient ratios (for more detail see Supple-
ment methods). Microbial biomass was estimated to consti-
tute a small but potentially significant fraction of Ca, Mg, and
K pools, particularly K. Excluding the humus layer, which
is dominated (88 %—100 %) by the BaCl,-extractable base
cation pools, the potential microbial biomass pool of Ca was
5 %-36 % as large as the BaCl,-extractable pool, and the po-
tential microbial biomass pool of K was considerably larger
than the BaCl-extractable K pool (by a factor of 1.2—4.2) for
the two lower Regosol soils and 26 %—90 % of the BaCl,-
extractable K pool at the upper Podzol site. If we assume
that microbial biomass contents were extracted in the 0.2 M
HCI and stronger acid extractions, microbial biomass consti-
tuted on average 2 % and 16 % of 0.2 M HCl-extractable Ca
and K pools, respectively. In the downslope Regosol, which
lies in a groundwater discharge area and had much higher
organic carbon contents, microbial biomass may have con-
tributed 4 % and 26 % of 0.2M HCl-extractable Ca and K
pools, respectively (Fig. 2; Table 4).

3.4.2 Differences between acid-extracted base cation
pools

If we assume that both the 0.2 and 0.5M HCI extractions
extract all, or nearly all, of the BaCl,-extractable and mi-
crobial biomass fractions in mineral soil, and if we assume
that the aqua regia extraction will also extract all the base
cations that the 0.5M HCI extraction would, then we can
examine the differences between these extractions as being
more diagnostic of the mode of chemical attack of the more
aggressive (in terms of greater extraction yield) extractant.
We will use the term “only” to designate base cation pool es-
timates that are derived from subtracting extracted amounts
from one extractant pool from another. Thus, the 0.2 M HCI-
only pool is what remains of the 0.2 M HCl-extractable base
cation pools after both the estimated microbial biomass and
BaCl,-extractable base cation pools were subtracted; 0.5 M
HCl-only is the difference between the 0.5 and 0.2 M HCI-
extractable pools; aqua regia only is the difference between
the aqua-regia- and 0.5 M HCl-extractable pools. We can fur-
ther examine the molar ratios of base cations in these pools
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and compare both BC pool sizes and elemental stoichiome-
try as well as examine potential relationships between these
and clay and organic matter contents (Table 1).

The pool of aqua-regia-only Ca is far larger (4-5 fold)
than either of the HCl-only-extractable Ca pools (Table 4;
Fig. 2). This stands in contrast to K, Mg, and Na, for which
the 0.2M HCl-only pools are nearly as large or larger than
the aqua-regia-only fraction. Calcium also stands out in that
the 0.5 and 0.2 M HCl-only digestible fractions were similar
in size while, in contrast, for K, Mg, and Na the stronger acid
yielded relatively less additional cations (less than half as
much as the 0.2 M HCl only). Calcium is the dominant cation
(comprising 50 % or more of total base cations, on a molar
basis) in both the exchangeable and aqua regia base cation
pools, but in the HCl-extractable pools it comprised a smaller
portion (Table 4). In contrast we see for Mg that the two HCI-
only pools combined are larger than aqua-regia-only pools of
Mg, and we also see that the mole fraction of base cations is
heavily enriched for Mg in the HCl-extractable fraction. HCI-
extractable Mg also displays a strong depth trend in each of
the three soils, being 5-70 times as abundant in the C-horizon
HCl-only extracts as compared to E-horizon extracts. While
the amounts of both Mg and Ca increase with depth in the
HCl extractions, HCl-extractable K does not display the same
behavior; in the upslope and midslope soils its abundance is
relatively stable with depth, and the relative abundance of K
([K]/[BCiot]) is notably higher in the uppermost E horizon.

3.4.3 Base cations bound to soil organic matter

Base cations may be bound to organic compounds in the soil
and organically bound base cations may represent a signif-
icant pool of exchangeable cations (Duchesne and Houle,
2008; Richardson et al., 2017). The humus layer 0.1 M
BaClj-extractable pools of Ca, K, Mg, and Na were 88 %,
100 %, 86 %, and 99 %, respectively, as large as the humus-
layer aqua-regia-extracted pools. Focusing on the divalent
ions calcium and magnesium, these results as well as ear-
lier studies (Bailey et al., 2003; Dauer and Perakis, 2013)
show that a significant fraction of the organically bound
cations may not be extractable with concentrated salts. Cal-
cium, for example, may form strong complexes with organic
acids (Tipping, 2002), such as calcium oxalate. Calcium ox-
alate has been suggested to accumulate in soils over time,
potentially in large amounts (Cromack et al., 1979; Dauer
and Perakis, 2013). If organically bound calcium were a sig-
nificant portion of the HCl-extractable pools, we might ex-
pect to see a decrease with depth as Ca oxalate is mostly
associated with exudation and incomplete decomposition of
organic matter near the soil surface. In addition we might
expect to see a relative increase in the Ca: BCyy elemen-
tal ratios, especially near the soil surface. Instead we ob-
served that the Ca : BCy ratios are relatively depleted in the
HCl-extractable fractions compared to both the exchangeable
and aqua-regia-extractable fractions; in addition, we see no
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Table 4. Mineral soil base cation concentrations from different soil fractions as defined by extractant and relative molar fraction of each base
cation within each extraction.

Soil sample Ca K Mg Na | Ca K Mg Na
0.1 M BaCl, Molar fractional abundance
(mgkg~! dw) BCy /BCiot
Upslope E_horizon 7.4 8.3 23 25 131% 35% 16% 18 %
Upslope B_horizon 5.7 10.9 2.7 38 1 20% 40% 16% 24 %
Upslope C_horizon 1.7 4.0 0.6 1.3 1 18% 46% 10% 25 %
Midslope E_horizon 13.4 34 4.3 1.9 | 49% 13% 26% 12 %
Midslope B_horizon 28.8 34 4.9 3.6 | 62% 8% 17% 13%
Midslope C_horizon 14.9 3.0 1.9 1.7 1 62% 13% 13% 12 %
Downslope E_horizon 92.1 17.4 32.7 24.4 | 45% 9% 26% 21 %
Downslope B_horizon 30.8 3.8 7.3 42 | 57 % T% 22% 13%
Downslope C_horizon 27.5 4.5 6.2 42 | 55% 9% 21% 15 %
Potential microbial biomass Molar fractional abundance
(mgkg'~ dw) BCy / BCuot
Upslope E_horizon 0.44 2.15  0.07 0.05 | 15% 78% 4% 3%
Upslope B_horizon 2.03 10.00 0.34 021 | 15% 78% 4% 3%
Upslope C_horizon 041 2.02 0.07 004 | 15% 78% 4% 3%
Midslope E_horizon 0.81 400 0.14 008 | 15% 78% 4% 3%
Midslope B_horizon 238 11.71 040 025 | 15% 78% 4% 3%
Midslope C_horizon 0.87 429 0.15 0.09 | 15% 78% 4% 3%
Downslope E_horizon 14.62  72.04 2.45 152 | 15% 78 % 4 % 3%
Downslope B_horizon 323 1592 0.54 034 | 15% 78% 4% 3%
Downslope C_horizon 1.67 8.25 0.28 0.17 | 15% 78% 4% 3%
0.2M HCl only (0.2 M HCI - BaCl, - Molar fractional abundance
mic. bio.) (mgkg~! dw) BC, /BCiot
Upslope E_horizon 32 108 13 135 8% 28 % 5% 59 %
Upslope B_horizon 88 52 563 45 8 % 5% 81% 7 %
Upslope C_horizon 212 136 814 49 | 12% 8% T15% 5 %
Midslope E_horizon 56 92 173 107 9% 15% 46% 30 %
Midslope B_horizon 152 78 773 103 9% 5% 76% 11%
Midslope C_horizon 210 118 780 81 | 12% T% 73% 8 %
Downslope E_horizon 118 10 227 59 | 20% 2% 62% 17 %
Downslope B_horizon 125 86 566 89 | 10% T% T2% 12 %
Downslope C_horizon 162 196 1253 70 6 % 8% 81% 5%
0.5M HCl only (0.5-0.2M HCI) Molar fractional abundance
(mgkg™" dw) BCx / BCiot
Upslope E_horizon 26 29 9 3831 19% 21% 11% 48 %
Upslope B_horizon 105 27 202 17 | 21% 6% 67% 6 %
Upslope C_horizon 198 58 424 21 | 20% 6% 70% 4%
Midslope E_horizon 54 39 52 53 120% 15% 31% 34 %
Midslope B_horizon 121 25 213 14 | 23% 5% 67% 5%
Midslope C_horizon 156 42 340 37 | 19% 5% 68% 8 %
Downslope E_horizon 46 25 106 30 | 15% 9% 59% 17 %
Downslope B_horizon 84 30 47 38 132% 12% 30% 26 %
Downslope C_horizon 134 36 187 18 | 26% 7% 60 % 6 %
Aqua regia only (aq. reg.—0.5 M HCI) Molar fractional abundance
(mgkg~" dw) BCy / BCrot
Upslope E_horizon 287 65 114 =77 | 70% 16% 46% —33%
Upslope B_horizon 1381 232 719 50 | 48% 8% 41% 3%
Upslope C_horizon 1998 238 923 70 | 51% 6% 39% 3%
Midslope E_horizon 517 108 212 74 1 61% 13% 41% —15%
Midslope B_horizon 1387 137 542 11 | 57% 6% 37% 1%
Midslope C_horizon 1978 215 896 12 | 54% 6% 40% 1%
Downslope E_horizon 651 140 279 =5 | 52% 12% 37% —-1%
Downslope B_horizon 893 151 396 —43 | 55% 10% 40% —5%
Downslope C_horizon 1621 238 822 29 | 50% T% 41 % 2%
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Figure 2. Base cation pool sizes of calcium (a), potassium (b), magnesium (c), and sodium (d) across three soils and three soil horizons ob-
tained from soil extraction (BaCl, extractions), differences between extractions (aqua regia, 0.5 and 0.2 M HCI extractants) and extrapolated
estimates (Mic_Bio — microbial biomass; estimated from soil organic carbon contents).

change or a slight increase in the Ca : BCy ratios with depth
in the HCl-extractable pools. Moreover, we would expect or-
ganically bound Ca to be largely dissolved by the 0.2 M HCl
extraction, and thus if it dominated the HCl-only pools, we
would expect considerably less Ca in the 0.5M HCl-only
pool, which we do not find. Finally, if a significant pool of
the acid-extractable base cations were locked in organic mat-
ter, we would expect a correlation between soil carbon and
the acid-extractable BC pools, but we do not. We do see a
fairly strong correlation between organic carbon and BaCl,-
extractable Ca, Mg, and Na pools (%C vs. Ca, r2 =0.56;
vs. K, r2 = 0.00; vs. Mg, r2 =0.61; vs. Na, r20.71; data not
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shown), but not between organic C and acid-extractable BC
pools. Taken together these observations suggest that organ-
ically bound Ca (including Ca oxalate) is unlikely to be a
major component of the HCl-extractable Ca pools. Indeed,
Dauer and Perakis (2014) observed that while production
rates of Ca oxalate may be high, Ca oxalate is also highly sus-
ceptible to microbial degradations, such that acid-extractable
Ca oxalate pools comprised less than 3 % of exchangeable
Ca pools.

Soil organic matter (SOM) may also form protective coat-
ings on soil minerals reducing their solubility (Drever and
Stillings, 1997). It is possible that a significant portion of
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mineral surfaces were shielded with SOM, and the HCI ex-
tractions may have removed these protective layers. This
could potentially explain why, particularly for K and Mg,
we see considerably greater BC yields in the 0.2 M HCl-only
fraction than we see in the 0.5 M HCl-only fraction because
0.2M HCl is sufficient to remove these protective coatings,
and the resultant burst of mineral surface dissolution is not
a function of acid strength but a function of the removal of
these coatings. To examine the potential for organic matter
coatings on minerals to shield them from weathering but be
readily removed by 0.2 M HCI, chemical treatments utilizing
hydrogen peroxide or surfactants (Chao, 1984) could be used
to remove or reduce such coatings without the use of a strong
acid.

3.4.4 Clay interlayer potassium

Non-structural K, strongly bound in clay interlayers has been
observed to be present in large quantities in a variety of soils
(Moritsuka et al., 2003; Li et al., 2015). Clay interlayer K
is typically extracted with dilute or concentrated HNO3 or
HCI, or specific cation-exchange reactants, such as sodium
tetraphenylboron (NaTPB). HCl and HNO3 have been shown
to release significant portions of this pool, but also to cause
significant, though limited, weathering of clays; NaTPB, in
contrast has been shown to release far more interlayer K and
not exhibit any observable weathering (Li et al., 2015; Morit-
suka et al., 2003). If clay interlayer exchangeable or occluded
K were a major storage pool, then we might expect the size
of the acid-extractable K pool to correlate with clay content,
which we do not see. Instead, there is a weak negative corre-
lation between both the 0.2 and 0.5 M HCl-extractable K and
clay content (as measured by particle size, Table 1). How-
ever clay content, as measured by particle size may not ac-
curately reflect the amount of secondary clay minerals, or,
in particular, the amount of minerals which are likely reser-
voirs of interlayer K (Simard et al., 1989). Indeed, Mengel
and Rahmatullah (1994) observed that the clay interlayer K
pool was both large and increasingly important for plant up-
take in coarser soil mixtures as clay content decreased, due
to the relative reduction in exchangeable K, and Simonsson
et al. (2016) showed that clay interlayer K may constitute
a very large pool of K (>20 x exchangeable K) even when
clay contents were quite low (3 %—5 %). We observed that
HCl-extractable K in the E horizon was larger than that of
the B horizon and similar in size to the C horizon in two
of the three soils (upslope and midslope). This lack of a clear
depth trend, which both Mg and Ca have, in conjunction with
the abovementioned high proportion of the total base cation
pool which is K in the E horizon, may indicate an accumula-
tion of non-structural clay interlayer K in the upper horizons
of the upslope and midslope soils. Use of NaTPB, instead of
HCI, or use of repeated sequential extractions of cold 0.01 M
HCI (Moritsuka et al., 2003) may avoid the non-specific dis-
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solution activity of stronger acids and be more diagnostic for
extraction of K bound in clay interlayers.

3.4.5 Fe and Mn oxides

HCI is commonly used, both as a single extractant and in se-
quential extractions to dissolve Fe and Mn oxides in soils
(Chao and Sanzolone, 1992; Krasnodebska-Ostrega et al.,
2001). Soil Fe and Mn oxides can be important reservoirs for
base cations not extractable with typical salt-exchange assays
(Krasnodebska-Ostrega et al., 2001). Indeed we extracted
large amounts of Fe in the 0.2 M HCl-only pool (> 50 % total
Fe, 0.01 %—0.1 % total soil dry mass), though relatively lit-
tle Mn (~ 1/100th as much as Fe by mass; data not shown).
There was no significant correlation between Fe extracted in
any of the acid fractions and the contents of any base cations
in those fractions. In addition, the HCl-only pools had the
lowest BCy : Fe ratios amongst all extraction pools (data
not shown). Our data indicate that despite being both read-
ily extractable and present in the soils in very high amounts,
binding to Fe oxide fractions appears unlikely to account for
the majority of the acid-extractable base cation pools.

3.4.6 Primary minerals

While more aggressive digestions (aqua regia, HF, LiBO,
fusion) are typically used to estimate elemental contents of
primary minerals in soils, the large pools of BC observed in
the HCI digestions may have largely arisen from the HCI-
induced dissolution of primary minerals. The Ca, K, and Mg
contents of the 0.2 M HCl-only pools correspond to 357, 174,
and 6832 years of mineral weathering, given the weather-
ing rates used in this study from McGivney et al. (2019).
If this dissolution were congruent and in proportion to the
soil mineral contents, we might expect similar elemental ra-
tios in the HCl-only-extractable pools as we observe in the
aqua regia pool. We see instead that Ca : BCy are relatively
lower, and K : BCyy ratios and Mg : BCyy ratios are rela-
tively higher in the HCl-extractable fraction as compared to
the aqua regia digestion. However, incomplete mineral dis-
solution with HCI and HNOj3 at concentrations of 1 M or less
is known to yield incongruent dissolution, preferentially re-
leasing base cations from primary minerals (Snill and Lil-
jefors, 2000; Chao, 1984; Moritsuka et al., 2003) and sedi-
ments (Agemian and Chau, 1976; Sutherland, 2002) and the
distribution of minerals in different soil particle size classes
is understood not to be representative of bulk mineralogy
(Simard et al., 1989). The size, depth distribution and rela-
tively higher molar ratio of Mg in the HCI-only pool support
the possibility of easily weatherable Mg-containing miner-
als as a likely source. Modeled mineralogy from total soil
elemental contents in the Kindla soils indicate the presence
of apatite (0.1 %—0.2 %), chlorite (0.2 %—0.8 %), and horn-
blende (0.3 %—1.8 %) in the E and B horizons (McGivney
et al., 2019), and regional databases indicate the presence of
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these minerals as well as biotite in soils with similar geo-
logic origin (Stendahl et al., 2002). In mineral and soil dis-
solution studies chlorite, hornblende, and biotite have been
shown to yield high quantities of Mg in extractions with
1M HCI (Snill and Liljefors, 2000), although Mg extrac-
tion efficiency from hornblende were considerably lower and
more particle size dependant. For Ca, apatite stands out as
a likely mineral source of the HCl-extractable Ca, but were
apatite the dominant source of Ca, we might expect a dif-
ferent relative distribution between the different extractions.
As apatite is highly susceptible to proton-promoted dissolu-
tion, more so than the aforementioned potential Mg source
pools (Nezat et al., 2007), we would expect relatively larger
portions of total Ca to have been extracted in the 0.2 M HCI-
only vs. 0.5M HCl-only pools and in the HCl-only vs. the
aqua regia pools than we see. These findings indicate that
either significant portions of the Ca are coming from more
recalcitrant minerals than apatite, or that there is significant
mineral shielding of apatite, and stronger acids than 0.2M
HCI are needed to scavenge these apatite inclusions. Nezat
et al. (2007) observed that the 70 % of apatite mineral orig-
inally present in the soil was weathered completely in the
upper soil layers and the remaining 30 % was shielded by in-
clusion in granitoid minerals and thus inaccessible to acid di-
gestion with 2 M HNO3 (though accessible to acid digestion
with HF). Were apatite to be a primary source of Ca in the
0.2 and 0.5M HCl-only extractions we might expect Ca : P
molar rations close to 10 : 6 as is the case for apatite. Using
this ratio, assuming congruent dissolution, and assuming all
of the P contents in the 0.5M HCl-only extraction could be
attributable to apatite, 20 %—27 % of the C-horizon Ca con-
tent in 0.5 M HCl-only extractions could be attributable to
apatite.

3.4.7 Physicochemical origin of HCl-extractable base
cation pools

Our data indicate that the large pools of 0.2M HCI-
extractable base cation pools may be comprised of a com-
bination of microbial biomass, the dissolution of fine grain,
potentially OM-shielded, easily weatherable minerals (such
as biotite, apatite, chlorite, and hornblende), as well as by
the presence of significant stores of non-structural clay inter-
layer bound K. Determining the physicochemical nature of
these base cation pools is central to incorporating them into
mass-balance and geochemical models widely used today to
inform management and policy. If these base cation pools de-
rive from primary mineral weathering, then weathering mod-
els may already account for these pools or may need to be ad-
justed to account for these large and potentially labile pools;
if they are a result of organic complexation or secondary min-
erals, then understanding what controls their formation and
availability depends on a better understanding of their chemi-
cal nature. Combining sequential extraction approaches with
X-ray diffraction methods on small soil samples of differ-
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ent particle size classes may help elucidate the potential im-
portance of primary minerals to the HCl-extractable pools,
while other spectroscopic methods (e.g., micro, nanoSIMS,
STXM) may be employed to determine the role of organic or
secondary mineral coatings or identify secondary mineral or
non-crystalline base cation pools.

4 Importance of non-exchangeable or
acid-extractable base cation pools to nutrient
balance concerns in forests

Among the many studies which have predicted net ecosystem
losses of base cations with biomass (stem only or whole tree)
extractions, exchangeable base cation pools, when measured,
are commonly not sufficient to sustain more than a single har-
vest rotation, assuming productivity, growth, and base cation
uptake are not reduced by reductions in base cation availabil-
ity (Akselsson et al., 2007a, b; Duchesne and Houle, 2008;
Knust et al., 2016). We are not aware of any other studies of
ecosystem mass balance of base cations that have attempted
to explore the sizes of non-exchangeable nutrient pools in
relation to net ecosystem losses over time. Those that have
compared HCI- or HNOs-extractable base cation contents in
similar soils have commonly found acid-extractable pools to
be many fold larger than salt-extractable exchangeable pools
(Olofsson et al., 2016; Nezat et al., 2007; Simard et al., 1989;
Moritsuka et al., 2002; Lucash et al., 2012).

The relevance of the size of these large pools of acid-
extractable base cations to forest nutrient relations is a func-
tion of their flux rates or bioavailability. If the base cations
released from 0.2 M HCl-only pools are highly stable over
centuries and not available to refill depleted exchange sites,
from which plant uptake may occur, then they are of little
relevance to policy decisions on sustainable harvest levels.
If, on the other hand, they are in equilibrium with the ex-
changeable pools and available for plant uptake in significant
amounts on decadal or century timescales then these pools
and their size relative to the exchangeable pool are of im-
mediate relevance to forest management recommendations in
light of the immediate need to reduce fossil fuel emissions.

A number of studies have examined the bioavailability
and flux into exchangeable pools of acid-extractable non-
exchangeable pools of base cations across a variety of soils.
Callesen et al. (2004) examined 19 Danish forest soils com-
paring exchangeable base cation amounts to base cations
pools which were extractable with 0.01 M HNO3 and con-
ducted repeated sequential HNOj3 extractions over periods
of hours to days. They observed that base cation pools ex-
tracted with 0.01 M HNO3 in 2 h were similar in magnitude
to BaCl,-exchangeable pools but that in repeated extractions
with HNOs, similar amounts of base cations continued to
be extractable, while the size of BaCl,-exchangeable pools
decreased markedly after the first extraction. Morisuka et
al. (2002) observed discreet patterns of bioavailability of the
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dilute 0.01 M HCl-extractable potassium pool from the ex-
changeable pool; during the course of a 17 d growth experi-
ment with Zea mays, both soil pools contributed to plant K,
but the HCl-extractable pool exhibited much shorter deple-
tion zones around mays roots than the exchangeable pool,
suggesting a more active role by plants in uptake from the
acid-extractable pool. Ortas et al. (1999) grew Italian grass
in pots for 6 months and measured the exchangeable and
acid-extractable K and Mg contents of the soil before and af-
ter; they observed that, on average, ~ 45 % and ~ 20 % of
plant K and Mg contents, respectively, were derived from
the acid-extractable, non-exchangeable soil pools. Mengle
and Rahmatullah (1994) grew a number of crops in soils of
varying exchangeable K availability and observed that on the
soils poorest in exchangeable K, the majority of plant K de-
rived from acid-extractable non-exchangeable pools. Taken
together these and other findings clearly indicate that base
cation pools that are extractable with moderately concen-
trated strong acids, and not extractable with salt solutions
used to assay the exchangeable base cation pools, may be
readily available for plant uptake and in some equilibrium
with exchangeable pools. However, more research is needed
to determine what controls the availability of acid-extractable
non-exchangeable pools and the rate of flux into exchange-
able pools.

Simonsson et al. (2016) used K : Rb ratios in different soil
extracts to examine the flux rates between HCl-extractable
putatively clay interlayer K and exchangeable K and con-
cluded that there was active and continuous exchange be-
tween the exchangeable and the “non-exchangeable” HCI-
extractable K pools during a single forest rotation. A number
of studies have used stable or radio-isotope tracers in plant—
soil systems to examine the relative contributions of differ-
ent soil pools to plant uptake. Blum et al. (2002) used Ca : Sr
and 37Sr:3Sr isotope ratios to conclude that apatite miner-
als were a particularly important source of Ca to ectomyc-
orrhizal trees colonized by ectomycorrhizal fungi. Isotopic
dilution experiments provide a promising tool to quantify
source and sink reservoirs in the soil and estimate the rates
of elemental flux between different soil pools. Newbould and
Russell (1963) observed that *Ca added to pots equilibrated
rapidly with the exchangeable Ca in the soil, but when they
grew ryegrass in those pots, plants accessed additional Ca
from a pool that was not exchangeable. The isotopic dilu-
tion of **Ca and *°Mg tracers added to a Ca- and Mg-poor
beech forest in central France showed that there may be im-
portant Ca sources in the soil that are not accounted for by
conventional mass-balance approaches (van der Heijden et
al., 2014). Isotopic dilution experiments carried out in the
lab on unlabeled soil from the same beech forest showed
that the oxalic acid-extractable and the HNOj-extractable
pools contributed directly to the labile pools of Mg, Ca,
and K. They concluded that these acid-extractable, non-
exchangeable pools of Mg, Ca, and K are likely to be sig-
nificant to nutrient cycling on the scale of years to decades.
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Though isotopic approaches enable the study of elemental
fluxes between extractable soil pools, but they are insufficient
to better characterize the physicochemical nature of these
pools. As discussed above, this challenging question requires
the development and combination of new methods such as
spectroscopic methods (e.g., micro, nanoSIMS, STXM) to
better understand what organic, mineral, and organomineral
phases are targeted by the different extraction reactants in or-
der to determine the chemical nature of these pools.

5 Conclusions

Our mass-balance estimates indicate that stem-only harvest-
ing would moderately deplete and whole-tree harvesting
would markedly deplete exchangeable cation pools, such that
current 0.1 M BaCl,-exchangeable pools of base cations are
insufficient to support more than a single forest rotation un-
der whole-tree harvesting of the Kindla forest. A large frac-
tion of these salt-extractable base cation pools were found
in the organic rich horizons, especially the humus layer.
HCl-extractable base cation pools are much larger than the
salt-exchangeable pools, and if available for plant uptake
and/or exchange with the exchangeable pool they could sus-
tain many rotations of stem-only or whole-tree harvesting.
The large pools of 0.2M HCl-extractable base cations we
observed may be comprised of a combination of microbial
biomass, fine-grained easily weatherable minerals that may
be protected from weathering by organic matter or secondary
mineral coatings, as well as by the presence of significant
stores of non-structural clay interlayer bound K. We were,
however, unable to apportion the HCl-extractable base cation
pool between these potential pools or draw any conclusions
about their flux rates or bioavailability. Specific extraction
techniques, including H>O; or other oxidative treatments that
are specific to organic matter, sodium tetraphenylboron to ex-
tract clay interlayer K without dissolving minerals, as well as
more dilute (0.01 M) acid extractions, may help us to more
diagnostically estimate the size of different base cation pools.
Spectroscopic techniques may allow us to identify the chem-
ical nature of these pools, while isotopic techniques may al-
low the quantification of base cation flux rates between ex-
changeable and acid-extractable pools.

Many soils appear to have very large, relative to exchange-
able pools, base cation reserves in the mineral soil, which are
not extractable with conventional exchangeable cation assays
but which appear to be available for plant uptake and in-
teract with the exchangeable pool on the scale of years to
decades. These large pools should be addressed in ecosys-
tem mass-balance research and accounted for and considered
in nutrient management recommendations. To develop for-
est management policy based on these putatively available
pools, a better understanding of their physicochemical na-
ture, bioavailability and flux rates is needed.
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