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Abstract Nutrient limitation of tree growth can
intensify when nutrients are lost to forest harvest, cre-
ating challenges for forest growth and sustainability.
Forest harvest accelerates nutrient loss by remov-
ing nutrient-containing biomass and by increasing
nutrient leaching, shaping patterns of nutrient deple-
tion that cause long-term shifts in nutrient limita-
tion. Nitrogen most frequently limits tree growth,
but where nitrogen is abundant, nutrient limitation
often shifts to phosphorus and base cations, depend-
ing on soil mineralogy. We used the process-based
biogeochemical model NutsFor to evaluate how
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multiple elements can limit long-term forest growth
via interactions between soil nitrogen (low vs. high
nitrogen) and soil mineralogy (sedimentary vs. basal-
tic bedrock). Simulations were run for 525 years with
40-year harvest intervals for managed Douglas-fir
forests of the Oregon Coast Range. In low nitrogen
sites, nutrient limitation switched after several centu-
ries from nitrogen to phosphorus, as cycles of forest
growth and harvest depleted soil organic phosphorus
pools. In contrast, high nitrogen sites displayed severe
base cation depletion and reduced tree growth within
only one to two rotations, with sedimentary bedrock
sites limited by calcium and basaltic sites by both cal-
cium and potassium. Harvesting stimulated the larg-
est fractional losses of nitrogen and potassium across
all simulations, and additionally of calcium in high
nitrogen sites. These multi-element simulations of
interactions among harvesting, soil nitrogen, and bed-
rock type provide a set of testable predictions to guide
monitoring and changes in management aimed at sus-
taining long-term forest productivity across a wide
range of soil biogeochemical conditions.

Keywords Biogeochemistry - Nitrogen - Calcium -

Potassium - Phosphorus - Mineral weathering - Forest
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One Sentence Summary: This study shows that
logged conifer forests growing on high nitrogen soils
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are likely to experience base cation limitation within
short (40-80 year) time frames.

Introduction

Nitrogen (N) is the most common limiting nutrient
of forest growth globally, in part because it accumu-
lates slowly in soil compared to more common rock-
derived nutrients (LeBauer and Treseder 2008). Other
key nutrients including phosphorus (P) and base
cations (calcium (Ca), magnesium (Mg), or potas-
sium (K)) that are regularly abundant in soil-forming
bedrock are less likely to limit tree growth, though
emerging evidence suggests such non-N limitations
may be geographically widespread (Mika and Moore
1990; Likens et al. 1998; Nykvist 2000; Vadebon-
coeur 2010; Perakis et al. 2013; Mainwaring et al.
2014; Bauters et al. 2022). Several factors can lead
to growth limitation by nutrients other than N. For
instance, highly weathered soils enriched in iron (Fe)
and aluminum (Al) minerals can fix P into unavail-
able forms (Vitousek et al. 2010), and soil acidifica-
tion and base cation deficient bedrock can predispose
forests to base cation limitation (Likens et al. 1994,
Nykvist 2000). Soil acidification caused by high
inputs of N and/or sulfur (S) compounds may induce
base cation limitation within relatively short time
frames (i.e., decades to centuries), particularly when
mineral weathering and atmospheric resupply of
nutrients are low (Bockheim and Langley-Turnbaugh
1997; Perakis et al. 2006; Bigelow and Canham
2007; Leys et al. 2016). In addition, high N inputs
may overcome N scarcity, leading to co-limitation or
serial limitation by other nutrients (Berendse et al.
1992; Goswami et al. 2017). Differences in nutrient
limitation patterns shape many phenomena of wide-
spread importance, including rates of tree growth
(Vicca et al. 2012), response to disturbance (Krana-
better et al. 2016), climate (St.Clair et al. 2008), and
elevated CO, (Terrer et al. 2019), and the sustain-
ability of forest harvest (Ranger and Turpault 1999;
Vadeboncoeur et al. 2014).

Nutrient limitation and depletion are issues of
enduring importance to sustainable forestry. How-
ever, because forests are dominated by relatively long-
lived species, the emergence and diagnosis of chang-
ing nutrient limitation patterns and their impact on
tree growth can be difficult to discern (Sullivan et al.
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2014). Long intervals between forest harvests (i.e.,
compared to annual crops) allow forests to accumu-
late nutrients from atmospheric deposition and min-
eral weathering, and redistribute them internally to
meet tree growth (Vadeboncoeur et al. 2014). In addi-
tion, aggrading forests often retain limiting nutrients
tightly, while less limiting nutrients may be lost with-
out reducing short-term growth (Vitousek and Reiners
1975). However, forest harvest can accelerate nutrient
loss substantially by the removal of nutrients in har-
vested biomass and by accelerating nutrient leaching
(Ranger and Turpault 1999). The relative importance
of these two major nutrient loss pathways is not well
constrained across gradients in soil fertility shaped by
variation in soil N and bedrock type. Because N (and
to a lesser degree P) are most often limiting nutrients,
most studies focus on N (and P) depletion in forests
(Hume et al. 2018). Yet, mass-balance calculations
of nutrient input and removal also often identify Ca
as susceptible to long-term nutrient depletion (Mann
et al. 1988; Federer et al. 1989; Thiffault et al. 2011;
Vadeboncoeur et al. 2014; Vanguelova et al. 2022).
Understanding how high N supply interacts with other
elements is essential for capturing shifts in nutrient
limitation from N to other non-N nutrients.

Temperate forests of the Oregon Coast Range pro-
vide a diverse biogeochemical template for examining
how soil N, bedrock type, and forest harvest influence
soil nutrient depletion and limitation. These forests
occupy broad gradients of soil N, P and base cation
supply that span contrasting basaltic and sedimentary
bedrock. Soil N cycles vary naturally from N-limited
to N-saturated due to legacies of symbiotic N fixation
by red alder trees (Perakis et al. 2011). Increases in soil
N accumulation promote soil organic P accumulation,
whereas soil base cations (particularly Ca) are depleted
at high N sites by millennia of soil acidification and
coupled nitrate and base cation leaching (Perakis et al.
2013, 2017; Hynicka et al. 2016). These diverse soil
conditions create a wide range of observed nutrient
limitation of tree growth by N, Ca, and P (Mainwar-
ing et al. 2014). This soil diversity also challenges sim-
ple prediction of how nutrient limitation may intensify
and shift with multiple harvest removals. For example,
soils derived from basaltic and sedimentary bedrock
both exhibit sharp declines in exchangeable base cati-
ons at high N sites, yet basaltic sites display a higher
reserve capacity of weatherable minerals than sedi-
mentary sites, creating potential bedrock-dependent
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differences in nutrient sustainability (Hynicka et al.
2016). Nutrient depletion by repeated forest harvest
could thus lead to both N and rock-dependent shifts in
nutrient limitation patterns in these forests. However,
quantitative multi-element comparisons of nutrient
depletion and limitation are generally lacking across
such biogeochemically diverse forests.

Due to the long time frames necessary to measure
changes in forest nutrient limitation, dynamic modeling
approaches can be important and useful tools. Simu-
lation models that evaluate ecosystem-level nutrient
inputs, transformations, and losses, and their modifica-
tion by climate and tree growth, can capture long-term
dynamics of forest element balances that are not possi-
ble with simple nutrient budgets (Homann et al. 2000;
Valipour et al. 2018). Most biogeochemical simulation
models focus on N due to its common role as a limiting
nutrient, yet an early simulation analysis of repeat for-
est harvest effects on high N sites of the Oregon Coast
Range suggested only small declines in long-term pro-
ductivity (Sachs and Sollins 1986). Accordingly, sub-
sequent experimental fertilization studies have sug-
gested that P and base cations (not N) are more likely
to limit tree growth on high N sites (Mainwaring et al.
2014). Mass balance nutrient budget calculations can
be used to estimate rates of nutrient depletion for mul-
tiple elements in forests (Mann et al. 1988; Ranger and
Turpault 1999; Vadeboncoeur et al. 2014), but are less
able to examine biogeochemical interactions among
nutrients as nutrient pools and availability change over
time (van der Heijden et al. 2017a; van der Heijden
et al. 2017b). Dynamic simulation models that simul-
taneously examine N, P, and base cation biogeochem-
istry are very rare (Homann et al. 2000). One such
model is the Nutrient Cycling in Forest Ecosystems
model (NutsFor), a coupled biogeochemical, min-
eral weathering, hydrologic, and plant growth model,
which mechanistically links soil N, P, and base cation
inputs, cycling, and losses in the plant-soil system (van
der Heijden et al. 2017a; van der Heijden et al. 2017b).
Such multi-element dynamic simulation models can
be particularly well suited for evaluating nutrient sus-
tainability across sites that differ widely in underly-
ing biogeochemical characteristics due to interactions
between N and mineral weathering supplies of P and
base cations from bedrock.

We used a dynamic biogeochemical simulation
model (NutsFor) to evaluate how differences in soil
N and bedrock type interact to influence long-term

nutrient supply and limitation in temperate conifer
forests of the Pacific Northwest. We modeled a recur-
ring 40-year bole-only harvest regime for Douglas-
fir forests, as this is representative of large areas of
highly productive forest in the Oregon Coast Range.
The NutsFor model was used to answer the follow-
ing questions: (1) How do differences in site N affect
nutrient limitation and long-term forest growth?,
(2) How do differences in bedrock nutrient supply
interact with N to influence nutrient limitation and
growth?, and (3) What are the relative importance of
leaching vs. biomass removal as nutrient loss path-
ways for sites that differ in N and bedrock? Our over-
arching focus is to examine biogeochemical interac-
tions caused by differences in site N and bedrock, to
gain insight into how different biogeochemical site
factors drive nutrient depletion and limitation.

Methods
Site description

The Oregon Coast Range (OCR) is in the temperate
coniferous forest biome of western North America,
with a climate of cool wet winters and warm dry sum-
mers (Table 1). Soils of the area escaped the last major
glaciation, and are derived principally from either
sedimentary or basaltic bedrock. Sedimentary soils
develop from late Eocene to Early Miocene marine
sandstone and siltstone deposits, whereas basaltic soils
develop from Eocene basaltic pillow lavas originally
derived from submarine volcanoes. Soil N content
varies from low to high N on both rock types (Pera-
kis et al. 2006; Hynicka et al. 2016). This variation
reflects legacies of symbiotic N-fixation by red alder,
because N inputs via atmospheric deposition and
asymbiotic fixation are relatively low (Perakis et al.
2011). Holocene wildfires and more recent logging
can facilitate red alder, which fixes up to ~150 kg N
ha™! yr~! in pure upland stands (Binkley et al. 1994),
even when soil N is abundant (Menge et al. 2023). The
large historic N inputs have created wide differences
in soil N on both basaltic and sedimentary sites that
persist to the present managed conifer forests (Perakis
and Sinkhorn 2011; Perakis et al. 2011).

We selected four sites, from a broad range of
previously studied sites in the Oregon Coast Range
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Table 1 Observed site characteristics

Site Location ID* Taxonomic Classification (USDA) MAP (mm) MAT (°C)
LNS 7 Andic Humudept/Andic Dystrudept 2217 11.3
LNB 19 Typic Fulvudand 2804 10.5
HNS 39 Andic Dystrudept 2000 10.7
HNB RR1 Typic Fulvudand 3171 8.7

LNS is Low N Sedimentary, LNB is Low N Basalt, HNS is High N Sedimentary, HNB is High N Basalt

*Location ID indicates the code used for these sites in previous publications. Sedimentary site data is reported in Perakis and Sink-

horn 2011, and basalt site data is reported in Hynicka et al. 2016

(Perakis et al. 2006; Perakis and Sinkhorn 2011;
Hynicka et al. 2016) to serve as representative
examples for model calibration and simulation. The
sites span both low N and high N soil conditions on
both sedimentary and basaltic bedrock. This 2x2
matrix of 4 sites thus includes a low N sedimentary
site (LNS), a low N basaltic site (LNB), a high N
sedimentary site (HNS) and a high N basaltic site
(HNB) (Tables 1 and 2, and Fig. S1). Previous work
determined aboveground net primary productivity
for the sedimentary sites was 8.91 Mg ha™! yr™! at
the low N site, and 13.63 Mg ha~! yr~! at the high
N site (Perakis and Sinkhorn 2011).

The NutsFor model
The Nutrient Cycling in Forest Ecosystems model

(NutsFor) is a stand-level biogeochemical cycling
model developed by van der Heijden et al. (2017a, b),

Table 2 Site nutrient content: observed versus simulated

describing the speciation, cycling, and vertical trans-
port of 18 chemical components: Ca’*, Mg**, K™,
Na*, CI7, R™, HR (where “R” refers to an organic
anion), PO,*~, NO,~, NH,*, SO,*~, DOC, SiO,,
H', DON, DOP, ANC, Al species (AI**, AI(OH)*",
Al(OH),*, AI(OH);, AI(OH),”) and carbonic acid
species (H,CO;, HCO;~, CO;>7). Each of these spe-
cies is tracked within each layer in the soil profile.
For this study, the total soil profile from O to 100 cm
depth was divided into 8 layers (Tables S1 through
S4). As a hybrid of several models, NutsFor incor-
porates all major nutrient cycling processes inherited
from the Nutrient Cycling Model (NuCM) (uptake,
translocation, leaching, mineral weathering, organic
matter dynamics, deposition fluxes) (Munson et al.
1992, Fig. 1) as well as additional components from
the ForSAFE, WatFor (van der Heijden et al. 2019),
and PROFILE models (Sverdrup and Warfvinge 1993;
Wallman et al. 2005; van der Heijden et al. 2019).

Site C N P st Ca Mg K
Mg ha™! kg ha™!

LNS Simulated 176 9.5 1653 2298 6149 2676 1388
Observed 176 9.5 1672 2280 6151 2678 1388

LNB Simulated 109 59 1602 2298 1772 1737 468
Observed* 109 59 1602 2280 1792 1460 406

HNS Simulated 387 21 3717 2301 243 172 500
Observed 387 21 3716 2280 171 155 484

HNB Simulated 295 14.1 3676 2301 164 80 112
Observed” 294 14.1 3676 2280 160 73 107

Site nutrient content represents the sum of the exchangeable, litter, and SOM pools, to 100 cm depth

*Observed values are calculated based on measured values at 5, 15, 25, 35 and 45 cm depths (Hynicka et al. 2016), without litter
contribution. Content was extrapolated to 100 cm depth using linear regression

fCalculated from DF-1 Site Dataset (Johnson and Lindberg 1992)
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NutsFor simulates tree biomass accrual via user-
entered optimal increment (See Appendix). The
optimal biomass increments are set for every bio-
mass compartment (bole, bark, branch, foliage).
Nutrient uptake is assumed to occur via roots, but
roots are not explicitly modeled as a unique biomass
pool. The full potential growth is achieved for each
site in each year if the required uptake of nutrients
(determined by the target nutrient concentrations of
each biomass compartment and the growth incre-
ment) is available from the simulated fluxes. Mod-
eled sites were assumed to be pure Douglas-fir tree
plantations, which are common across the study
area. We did not include any other vegetation in
the model, for simplification and because herbi-
cide use in managed forests greatly limits shrub

1
Water

and herbaceous biomass at stand establishment,
and this is largely maintained by shading as forests
reach canopy closure (Stokely et al. 2018). We do
not consider the effects of fire in the model, and
wildfires are rare and aggressively suppressed in
our study region, and because broadcast burning to
control slash is increasingly rare, with slash control
generally limited to localized burn piles. Potential
tree biomass (Mg/ha) targets were based on Bruce’s
Site Index of tree height (feet) at 80 years age, as
estimated from the CIPSANON growth and yield
model for this region (Joo et al. 2020). The model
was initialized for 20-year-old stands based on the
availability of representative plant and soil chemi-
cal data for this age class (Supplementary Tables
S1-S5).

: L]

~ Tree Biomass 5. Soil Solution 4 Mineral Pool
!; ’7 1. Atmospheric Deposition
17 2. Interception
Woody ‘l‘ Residue 9 3. Evaporation
Tissues (] 4. Mineral Weathering
Foliage ! _ 1 1—1 5. Tree Uptake (Soil Solution)
Litter Pools|11 9 6. Tree Fall
'_1 7. Litterfall
6 Soil Organic 9 8. Removal
Matter — 9. OM Decomposition
13 120 '—1 “ 10. DOC Decomposition
Microbial\/ 9 11. Coarse C to SOM Transfer
12.SOM C to Microbial Transfer
s Cation 13. Microbial Turnover
Exchangeable Pool 14. Cation Exchange
15. Uptake (Exchanger)
Adsorbed Anion 18 16. Uptake (SOM-P, N,S)
Pool 17. Leaching
18. Anion Adsorption
19 19. Foliar Leaching

Fig. 1 NutsFor process design chart, arrows show interactions between pools (processes). Additional model information is available

in van der Heijden et al. (20174, b)
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Nutrient mineralization in NutsFor is determined
by organic matter decomposition rates and nutrient
release factors. Decomposition rates determine the
decomposition flux of organic matter, and additional
parameters dictate the fraction of C incorporated into
soil C or released as DOC to soil solution and as CO,
to the atmosphere. Nutrient release from decomposed
organic matter fraction is determined by a “nutrient
release factor” that ranges from zero to one, where a
value of one indicates nutrient release at C:nutrient
stoichiometry identical to the source organic matter.
Both nutrient uptake and release occur from a soil
microbial pool. We updated the model to also include
direct tree access to N, P, and S in soil organic mat-
ter (hereby represented as SOM-P, N, and S param-
eters) (See Appendix). The model simulates cation
exchange reactions for Na*, K*, NH,", Ca**, Mg*™,
Al;*, and H* following the Gapon formulation (Spos-
ito 1977). It simulates anion adsorption and desorp-
tion through either Langmuir (SO42_ and Cl7) or
Freundlich (PO43_) isotherms. All anion sorption is
non-competitive and insensitive to pH change.

Elemental transport through soil layers is simu-
lated through the NutsFor hydrological sub-module,
WatFor (van der Heijden et al. 2019). The hydro-
logical model uses daily potential evapotranspira-
tion, average air temperature, and rainfall volume to
determine water fluxes. Soil water metrics such as
soil water volumetric content at field capacity, wilting
point and saturation, root fraction, as well as stoni-
ness are used to calculate water yield fluxes in each
layer of the soil profile. In the model, topography was
simplified to no slope to allow one-dimensional water
fluxes, similar to assuming that lateral water inputs
equal lateral water outputs.

Elemental losses in the NutsFor model occur
through either soil porewater leaching from the deep-
est layer or from forest biomass removal by harvest.
The model does not include gaseous N loss, but both
field measurements and stable isotope mass balances
suggest only limited N loss via gaseous pathways in
these forests (Erickson and Perakis 2014; Perakis
et al. 2015). The model also does not include biologi-
cal N fixation, which occurs at only low rates (<1 kg
N ha™! yr~!) in Douglas-fir forests where symbiotic
N-fixing red alder is absent (Perakis et al. 2011).

The NutsFor mineral weathering engine is inher-
ited from the PROFILE model (Sverdrup and War-
fvinge 1988). PROFILE is a soil mineral weathering
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model designed to dynamically compute mineral
weathering fluxes based on soil chemistry. It simu-
lates mineral weathering by linking the exposed
mineral surface area to a series of rate coefficients
describing kinetic and chemical controls on mineral
dissolution (Sverdrup and Warfvinge 1988).

For this study, all NutsFor model simulations
included a 40-year bole-only harvest regime, where
97% of bole biomass and 90% of bark biomass were
removed from the site, and 100% of foliage and
branch biomass were left on the site. During each
simulated harvest event, 99% of the standing crop
was cut down, leaving 1% of trees standing (the
model has a mathematical limitation and cannot rep-
resent 100% harvest removal). To represent accrual
of leaf area of evergreen needles on the growing tree
canopy early in stand development, all sites had zero
litterfall rates until 11 years of age. At 11 years, lit-
terfall was set to 1000 kg-ha~'yr™!, and in subse-
quent years was allowed to vary dynamically from
1000 to 2300 kg-ha~'yr~!. The litterfall amounts are
dynamic in response to nutrient limitation, with litter-
fall reduced in proportion to foliage growth for stands
that cannot obtain the required nutrient uptake of any
nutrient. Additional details of model parameterization
are in the Appendix.

Model inputs

We modeled a constant 2500 mm of annual rainfall to
provide consistent hydrological characteristics across
all four sites used in model simulations. Rainfall
chemistry was taken directly National Atmospheric
Deposition Program measurements at the Alsea
Ranger Guard Station in the Oregon Coast Range
(OR02 dataset, NADP, 2022). Soil water metrics
(field capacity, wilting point, and saturation point)
were derived from Oregon Coast Range soils in the
National Cooperative Soil Survey Soil Characteriza-
tion Database (NCSS-SCD 2022).

Mineralogy and mineral abundance for basalt-
derived soils were based on mineral data from nearby
sites in the National Cooperative Soil Survey—Soil
Characterization Database (NCSS-SCD) of soils
of similar basaltic geologic origin, and from data
in Franklin (1971) (Table S1-S4). Basaltic miner-
als consisted of augite, labradorite, hornblende, oli-
vine, chlorite, vermiculite, illite, kaolinite, volcanic
glass, and apatite. Sedimentary soil mineralogy and
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mineral abundance were based on soil mineral data
from the late Eocene Flournoy formation (Anderson
et al. 2002), and from several nearby NCSS-SCD
soils developed on similar formations. Sedimentary
site mineralogy consisted of albite, biotite, muscovite,
vermiculite, kaolinite, apatite, hornblende, and anor-
thite. In the Oregon Coast Range, mean soil residence
times vary between ~7 and 240 ka (Sweeney et al.
2012). Additionally weathering profiles in the Oregon
Coast Range average 7 m depth (=3 m s.d.) (Hynicka
et al. 2016). These conditions support the use of static
mineralogy and mineral surface area input param-
eters in our~500 year model simulations. Additional
model inputs are described in Supplementary Tables
S1 through S4, and a compilation of observed values
in the Oregon Coast Range is provided in Table S5.

Calibration

Four specific sites were used for model calibration:
a low N sedimentary site (LNS), a low N basaltic
site (LNB), a high N sedimentary site (HNS) and a
high N basaltic site (HNB) (Tables 1 and 2). Nuts-
For calibration was carried out by fitting simulated
soil solution concentrations of dissolved species
to those observed in lysimeter-based datasets. We
adjusted soil pore water fluxes during calibration
with the ratio of the actual rainfall at each study
site relative to the standardized modeled amount
of 2500 mm. Calibration occurred over a two-year
timeframe of tree growth and differed for basaltic
vs. sedimentary sites due to the availability of data.
Sedimentary site soil solution concentrations were
measured monthly in 2005 and 2006 using lysim-
eters at 20 and 100 cm depths at LNS and HNS
sites (sites 7 and 39, respectively, in Perakis et al.
2013), but similar data do not exist for basalt sites.
Conversely, mineral weathering rates at basalt sites
were determined using Sr isotopes (Hynicka et al.
2016), but heterogeneity in Sr-isotope end-members
at sedimentary sites prevented such calculations
for the sedimentary sites. Sedimentary site min-
eral weathering was instead calibrated such that Ca
leaching fluxes and concentrations matched those
observed after an initial calibration of soil solution
acid-neutralizing capacity.

Process-model calibration follows a hierarchical
structure where subsystems with the highest degree of
model influence are calibrated first, and the dependent

subsystems are calibrated afterward (Munson et al.
1992). The order of subsystem calibration was as fol-
lows: hydrology (water yield, evaporation), through-
fall and deposition (throughfall concentrations), soil
organic matter dynamics (C decomposition, DOC
fluxes), N-cycle dynamics (N release), anion chemis-
try (adsorption, concentrations, and fluxes) and finally
cation chemistry (CEC, concentrations, fluxes, and
mineral weathering). Once a subsystem is calibrated,
model parameters are “locked-in,” and the succeed-
ing subsystem is calibrated. A selection of only a few
parameters was chosen to calibrate each subsystem to
avoid the potential to generate model errors or end-
less recursive calibration (Sverdrup 1996). The logic
behind this calibration process has been described
thoroughly in the NuCM and NutsFor user manuals
(Munson et al. 1992; Kvindesland 1997; Siah 2022).

Sedimentary calibration

Sedimentary sites were calibrated using soil solution
concentrations of major nutrient cations and anions
and exchangeable soil chemistry for all cations and
Bray-P extractable phosphate (Perakis et al. 2006,
2013). Sedimentary mineral weathering fluxes were
calibrated by changing the weatherable mineral sur-
face area parameter until either (a) monthly soil solu-
tion cation concentrations (and by association leach-
ing fluxes) matched those observed, or (b) annual
nutrient fluxes were within 15% of those observed.
Calibration was accepted for this second criteria if the
average simulated soil solution concentrations of dis-
solved species were sufficiently close to the average
observed soil solution concentrations at each site, as
determined by calibration statistics. The normalized
average error (NAE) and normalized mean absolute
error (NMAE) statistics were calculated for soil solu-
tion concentrations of each species for the 20 and
100 cm lysimeters measured, a NME of less than or
equal to +0.15 or an NMAE of below 0.6 was con-
sidered sufficient to end calibration.

Basalt calibration
We used known mineral weathering fluxes of Ca
to calibrate our basaltic sites (Hynicka et al. 2016).

Fluxes were determined via isotope and element
ratio end-member mixing calculations, based on

@ Springer



Biogeochemistry

well-constrained atmospheric deposition chemis-
try and fluxes, as well as foliar chemistry and rock
chemistry for the LNB and HNB sites (Table 1, and
Hynicka et al. 2016, also see Perakis and Pett-Ridge
2019). The weatherable mineral area parameter was
calibrated from initial parameterization until simu-
lated weathering fluxes matched calculated fluxes
(2.87 kg Ca ha™! year‘1 low N basalt (site 19) and
1.05 kg Ca ha~'yr~! high N site (site RR1)).

Analysis of model outputs

Per-rotation biomass yields were tracked over
time. The per-rotation yield was compared to the
“expected” yield determined via a separate set of
auxiliary simulations. In these auxiliary simula-
tions, sites were enriched with base cations, S, and
P, and allowed to grow with N limitation as the
only constraint on tree growth. The maximum per-
rotation biomass achieved for low N and high N
sites was then extracted from these auxiliary sim-
ulation data and added as a point of reference in
the per-rotation biomass plots. Maximum potential
yield was based on CIPSANON reference growth
rates of a stand with Bruce’ Site Index of 80 (Joo
et al. 2020). Fertilizer additions were modeled in
a separate set of simulations, testing whether the
addition of primary limiting nutrients would elicit
growth responses in simulated stands. Tracking
rotation yields allows for the approximate time
period and degree of nutrient limitation to be iden-
tified. It also allows for comparisons between sim-
ulated yield and expected yields.

Nutrient limitation was represented through cal-
culation of potential uptake (PU) and actual uptake
(AU) quantities of nutrients, with declines in AU
(relative to PU) diagnosing both the limiting nutrient
and the degree to which it is limiting. Potential uptake
for each nutrient is defined as the biomass incre-
ment multiplied by the tissue’s stoichiometry, minus
translocation and foliar leaching. Actual uptake for
each nutrient is what the stand can extract from soil
given model calculated soil parameters, minus the

Harvest-stimulated leaching = (PostR] - o1
yr

10 * Backg,

simulated translocation and foliar leaching. The dif-
ference between PU and AU (“uptake deficit’”’, in
kg ha! yr™!) serves as a metric of nutrient limita-
tion (Eq. 1). In general, the higher the uptake deficit
is, the greater the degree of nutrient limitation. To
facilitate comparison across nutrients, each of which
has unique flux requirements for tree growth, a “rela-
tive uptake deficit” was quantified as the ratio of the
uptake deficit to PU (Eq. 2).

Uptake deficit = PU — AU Q8

100 * (PU — AU)

Relative uptake deficit (%) =
PU

ey

The relative uptake deficit thus reflects the propor-
tion of N, Ca, Mg, K, S, and P that modeled stands
needed for “optimal” growth but could not obtain.
The primary limiting nutrient is identified as the
nutrient that is most limiting to tree growth at a spe-
cific point in time, as defined by the magnitude of the
relative uptake deficit.

We quantified the cumulative change in soil
nutrient pools by calculating total nutrient loss
over 525 years of simulated time. Nutrient losses
occur due to leaching and biomass removal in har-
vest. Leaching losses were further subdivided into
“background leaching” and ‘“harvest-stimulated
leaching” quantities, to separate excess leaching
caused by forest harvest from continuous back-
ground leaching. Thus, “harvest-stimulated leach-
ing” indicates only the excess loss that occurs
above background levels during forest recovery in
the 10 years immediately after logging, which is
based on regional field data (Devine et al. 2012).
We did not consider effects of potential post-har-
vest changes in microclimate, which are inconsist-
ent across our study region (Gallo 2017, Littke
et al. 2020a). Background leaching was calculated
as the average leaching rate after 10 years, which
was then applied across all years, to provide a
baseline for calculating excess harvest-stimulated
leaching (Eq. 3).

10 * Backy
) +25) (PostRi - —> M

32yr
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In the calculation, R; is the rotation “i”, “Post”
is the 10-year post-harvest total leaching for each
rotation, and “Back” is the cumulative background
leaching for the rotation. The first half of Eq. 3 only
applies to the first rotation R, because R, is compu-
tationally shorter than subsequent rotations, because
the model is initialized at age 19 and grows for 21
years before harvest. Thus, the 21 year denominator
of R, generates a 10-year leaching rate for the first
harvest (a rotation that starts at stand age 19, thus 21
years of simulated growth). The 32 year denominator
for all other rotations indicates the 32-year time frame
considered the background leaching period, as the
first 8 years of each rotation are added to the 2-year
post-harvest ‘gap’ period to get the 10 year post-har-
vest interval. Overall, Eq. 3 estimates the cumulative
amount of “harvest-stimulated leaching” that occurs
in excess of “background leaching” after correcting
for stand age in rotation 1, and for all subsequent rota-
tions out to 525 years.

Sensitivity analyses

Sensitivity analyses were conducted to determine
how varying six key model input and parameter val-
ues influenced five different model outputs. The
inputs and parameters that we varied in this sensi-
tivity analysis included the atmospheric deposition
rate, exchangeable pool size, potential tree growth
rate, primary mineral surface area (which affects total
weathering), percent nitrification, and soil organic
matter P access (Table S6). The six inputs and param-
eters were tested individually following a simple

Table 3 Model fit of annual leaching (kg ha™! year™)

one-at-a-time sensitivity approach (Hamby 1994;
Saraiva et al. 2017). Values were varied +/— 50% of
base case values, with the exception of potential tree
growth which was varied +/— 10% of the base case
value (see Appendix for justification). We evaluated
their impact on five model outputs including cumu-
lative biomass yield, Ca and K weathering, and Ca
and K leaching. The focus on biomass yield exam-
ines nutrient limitation, whereas the focus on Ca
and K was motivated by our findings that these two
nutrients were limiting to tree growth in high N sites.
Overall, the goal of this analysis was not to precisely
quantify the most controlling input or parameter over
the whole model. Instead, the purpose was to qualita-
tively observe how reasonable variation in key model
inputs and parameters might affect changes in model
outputs that are important to nutrient limitation and
depletion.

Results
Calibration results

Most of the simulated annual nutrient fluxes were
adequately (within 15% of observed) matched to that
of the observational data from the field sites for the
~2-year timeframe represented (Table 3). Calculated
NAE and NMAE values were of varying adequacy
(Table S7). In some cases, Na*, C1~, Al, and low con-
centrations of inorganic N species were difficult to
calibrate effectively due to underlying limitations in
the model or calibration datasets. Due to reliably dry

Site Leaching  Depth Ca Mg K Na NO; NH, DON TP bDoC SO, d Al
LNS  Simulated 20 12.6 92 54 36.8¥ 0.068 0.328 1.411 0.043 325 34 83.8 0.0102%*
100 7.0 6.7 2.6 31.1 0.015*% 0.237 0.621 0.021 94 53 46.5 0.0052%*
Observed 20 12.2 89 56 43.6 0.074  0.307 1.472 0.042 29.1 37 82.0 0.5047
100 7.0 64 23 29.0 0.110 0.228 0.691 0.019 90 53 44.1  0.1842
HNS  Simulated 20 170 20.1 1.1 34.5% 11.729 2.996* 1.086 0.023 208 8.6 82.0* 0.0689*
100 105 12,6 1.1 44.8* 6.927 1.552* 0.081* 0.032 126 7.8 50.0% 0.0159%*
Observed 20 172 194 12 101.2 12.296 0.316 1.088 0.020 202 8.6 172.8  1.0999
100 102 121 1.1 74.5 6.526 0.228 0.736 0.032 11.7 175 112.8  0.2273

This table compares simulated and observed soil leaching fluxes of major nutrients, at the 20 and 100 cm depths for the low N sedi-

mentary (LNS) and high N sedimentary (HNS) sites. Observational data was not available for basalt sites

*Indicates that fluxes for a particular species and depth could not be simulated adequately
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summer conditions causing a lack of lysimeter pore-
water chemistry data (Perakis et al. 2013), calibra-
tions of porewater chemistry were limited for summer
months, but this did not affect total fluxes on annual
and greater timescales. Some very low concentration
species such as Al were not calibrated well, with the
poorer fit likely due to difficulty in accurate measure-
ment, or the limitation that NutsFor does not contain
organic-Al chemical speciation. The calibration of
Na* and Cl~ was less successful at the high N site,
likely because the high N field sites tend to be closer
to the coast where marine aerosol inputs are higher.
Even though low rates of N leaching were difficult to
simulate with high accuracy, the model did capture
large differences in NO;~ observed between low N vs.

high N sites (Table 3). High N sites showed higher
NO;~ mobility, but lower NH,* and DON mobility,
whereas low N sites showed higher NH,* and DON
mobility, but lower NO;™ mobility.

Biomass

In model simulations, low N sites were initially able
to reach their theoretical maximum biomass growth
rate (i.e., without nutrient limitation), whereas high
N sites were consistently beneath the maximum
potential biomass (Fig. 2). High N sites displayed a
sharp decline in biomass yield after the first rotation
on both types of bedrock. Succeeding rotations never
reached first rotation yields (Fig. 2, panels B and D).

Sedimentary Sedimentary
Low High
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£l
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§ Low High Branch
§ 1000 Bole
asl
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Harvest

Fig.2 A site comparison of Douglas-fir total-stand biomass
for every harvest event H1-H13, over 525 years. Biomass is
separated into Foliage, Bark, Branch, and Bole pools. The red
line shows the maximum potential biomass of high N sites,
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and the blue line the maximum potential biomass of the low N
sites. See Methods for more information about the site index.
HI1 refers to the first harvest cycle, which starts mid-cycle (year
19-40), H2 refers to the second harvest cycle (year 40-80), etc.
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In contrast, low N sites maintained more consistent
growth over time (Fig. 2A, C). While low N sites gen-
erally showed a more gradual biomass decline than
high N sites, low N sites also displayed a severe drop
in tree growth after five to eight rotations (~180 to
300 years), stabilizing to low values <50 Mg-ha™!
biomass accrued per rotation.

Nutrient dynamics

The identity of limiting nutrients varied in our
simulations depending on initial soil N content,
bedrock type, and time (i.e., successive harvest
cycles). We therefore focus on these limiting nutri-
ents: N, Ca, K, and P. Two other macronutrients,
Mg and S, did not emerge as limiting in any of our
analyses. In all scenarios, cumulative inputs of Mg
and S from atmospheric deposition and mineral

Table 4 Cumulative soil nutrient dynamics over 525 years (kg-ha™")

Site  Nutrient Inputs Internal Cycling

Atmos- Weathering Total Uptake Total Lit- Total Miner- Foliar A Soil Pool Inputs/Uptake
pheric terfall alized Leaching
Deposition
LNS
Ca 775 645 5198 2371 3742 300 - 1977 0.3
Mg 1193 503 1285 764 953 144 —-901 1.3
K 473 280 6140 3091 3843 1369 - 571 0.1
N 2165 n.a 10,107 6282 9034 0 - 1676 0.2
P 50 217 1216 841 1570 0 78 0.2
S 4991 n.a 1375 1057 1430 0 263 3.6
LNB
Ca 775 1986 4051 2199 3182 209 - 1117 0.7
Mg 1193 1157 1050 709 843 100 - 936 22
K 473 286 4788 2824 3316 930 - 327 0.2
N 2165 n.a 8094 5800 7654 0 - 1203 0.3
P 50 278 1056 800 1385 0 200 0.3
S 4991 n.a 999 964 1292 0 2151 5.0
HNS
Ca 775 124 2686 1407 2053 285 -232 0.3
Mg 1193 127 960 557 719 168 - 174 1.4
K 473 188 4932 2251 2934 1597 - 220 0.1
N 2165 n.a 8895 5954 9463 0 — 2543 0.2
P 50 53 1015 699 1476 0 18 0.1
S 4991 n.a 785 864 1015 0 279 6.4
HNB
Ca 775 825 3937 1739 2841 342 -57 04
Mg 1193 467 1109 617 806 181 - 58 1.5
K 473 87 5021 2251 2906 1557 -25 0.1
N 2165 n.a 10,139 6609 10,201 0 — 3584 0.2
P 50 99 1136 772 1639 0 8 0.1
S 4991 n.a 1001 1027 1062 0 748 5.0

N and S have no values for weathering input because no S— or N-bearing minerals were included in the minerals list

A Soil Pool is the sum of Inputs minus the sum of outputs, representing the change in total soil nutrients over the entire simulated

period
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Table 5 Cumulative

. Site Nutrient Nutrient Losses
nutrient losses and
adsorption over 525 years Harvested Leaching Harvest- Total A Adsorbed pool
(kg~ha") Stimulated
Leaching
LNS
Ca 1301 2161 — 65 3396 n.a.
Mg 213 2450 - 67 2596 n.a.
K 972 368 —16 1324 n.a.
N 2253 1021 566 3841 n.a.
P 182 1 7 189 664
S 798 4019 -90 4728 1178
LNB
Ca 811 3029 39 3878 n.a.
Mg 133 3142 11 3286 n.a.
K 592 498 -5 1086 n.a.
N 1301 1350 716 3368 n.a.
P 122 1 4 127 687
S 500 2413 -73 2840 2977
HNS
Ca 399 147 586 1131 n.a.
Mg 79 1249 165 1493 n.a.
K 362 519 0 882 n.a.
N 874 2330 1504 4708 n.a.
P 73 6 -2 76 647
S 321 4460 - 63 4712 900
HNB
Harvest-stimulated leaching Ca 733 185 740 1657 n.a.
is the total amount of Mg 133 1403 182 1718 na
leached nutrient in excess
of the leaching calculated K 353 25 8 586 n.a.
during non-harvest years. N 1431 2088 2230 5749 n.a.
Ca, Mg, K, and N were not P 124 6 —4 127 1094
subject to adsorption in the S 494 3842 ) 4243 1396

model

weathering exceeded net plant uptake (Table 4).
Biomass removal and leaching did cause net loss of
Mg from the soil exchangeable pool (Table 4), and
appreciable soil S sorption also occurred (Table 5).
However, sustained inputs of Mg and S were suffi-
ciently large that neither element emerged as limit-
ing to tree growth, as indicated by consistently low
values of relative uptake deficit (Fig. 3).

Nitrogen
Soil N status determined the occurrence of N limita-

tion as inferred from relative uptake deficits. Low N
sites on both basaltic and sedimentary bedrock were

@ Springer

primarily N-limited in the first rotation and several
succeeding rotations, as indicated by a higher relative
uptake deficit for N than for other nutrients (Fig. 3A,
C). In contrast, high N sites never experienced pri-
mary N limitation. The magnitude of N release from
organic matter decomposition differed substantially in
low N vs. high N simulations, but there were similar
patterns of plant N uptake and N leaching. At low N
sites, N mineralization (from litter, SOM, and micro-
bial pools) and atmospheric N deposition closely
matched that of gross N uptake by trees throughout
simulated time (Table 4), leading to low N leach-
ing loss (Table 3). Over 525 years, low N sites lost
1676 kg N ha~! from the soil at the sedimentary site,
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Fig. 3 Relative nutrient uptake deficit, defined as the differ- cation nutrients are represented with a solid line, and non-base
ence between potential nutrient uptake and actual nutrient cations with a dashed line. Oscillations reflect harvest events
uptake, divided by the potential uptake, in percent units. Base
and 1203 kg N ha~! from the soil at the basalt site Harvest generally stimulated additional N leaching,
(Table 4). This contrasts with the high N sites, where with the magnitude varying by soil N content and bed-
decreases in the soil N pool were larger, with a reduc- rock type (Table 5). Most N loss from the low N sedi-
tion of 2543 kg N ha™! from the soil at the sedimen- mentary site occurred via biomass removal, whereas
tary site, and 3584 kg N ha™' from the soil at the the low N basalt site lost a comparable fraction of N
basalt site (Table 4). to both biomass removal and leaching. In contrast,
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high N sites lost most N to leaching (81% and 75%
of total N loss, for high N sedimentary and basalt,
respectively) (Table 5). Although background leach-
ing accounted for most N loss at high N sites, harvest
stimulated 19-25% of the total N loss via leaching
(high N sedimentary and basalt, respectively).

Calcium

In high N sites, relative uptake deficits of nutrients
indicated that the sedimentary site was primarily Ca
limited whereas the basalt site was Ca and K limited
(Fig. 3B and D). The HNS site maintained consist-
ent Ca limitation both within and across rotations for
the full 525-year simulation (Fig. 3B). In contrast,
the HNB site generally displayed modest K limita-
tion early in rotations, switching to Ca limitation later
in rotations, with larger overall uptake deficits for
Ca than for K throughout the 525-year simulations
(Fig. 3D).

Calcium losses to leaching were greatly acceler-
ated by harvest at high N sites, but not at the low N
sites. High N sites lost most of their Ca during post-
harvest periods, whereas low N sites had consist-
ent Ca leaching throughout simulated time (Fig. 3;
Table 5). Unlike N, Ca leaching did not always
increase post-harvest at low N sites.

Calcium weathering inputs were higher in basalt
sites than in sedimentary sites, at both low and high
N. Calcium leaching losses were also higher in basalt
sites than in sedimentary sites, regardless of soil
N contrasts. Compared by soil N status, basalt sites
leached 1.3 times (High N sites) and 1.4 times (low
N sites) more Ca than sedimentary sites (Table 5).
Basalt sites showed higher gross Ca losses (Table 5),
but also exhibited smaller reductions in the size of the
soil Ca pool (Table 4).

Potassium

While low N sites were primarily N-limited, the low
N basalt site shifted to K limitation after ~ 100 years
(Fig. 3C). The high N basalt site was K limited at the
onset of simulation, but in subsequent years shifted
between K and Ca limitation within harvest cycles
(Fig. 3D).

Biomass removal was the largest pathways of K
loss for all but the high N sedimentary site (Table 5).
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Background leaching was also significant for K loss
at the low N sites, and for the high N sedimentary
site. Harvest-stimulated leaching, in contrast, was not
significant for K loss at any site. Overall, cumulative
losses of K were greater at sedimentary sites than
at basalt sites, leading to larger reductions in soil K
pools in sedimentary than basalt sites over the 525-
year timeframe (Tables 4 and 5).

Phosphorus

Low N sites on both bedrock types were initially N
limited, and shifted over time to P limitation, over-
shadowing both N and K limitation after ~200 years
at the low N basalt site and after ~300 years at the
low N sedimentary site (Fig. 3, panels A and C). The
high N basalt site experienced minor P limitation
after ~250 years, with P becoming limiting only in
the final rotation (Fig. 3D). In contrast to base cati-
ons and N, the total soil P reservoir increased across
all sites over the 525 simulated years (Table 4). Phos-
phorus limitation was not driven by harvest as with
other nutrients, but was associated with a loss of soil
organic P and transfer to sorbed P over time (Table 5).
Sulfur also accumulated in the soil reservoir over time
in model simulations, but no S limitation was evident.

Sensitivity analysis

Biomass yield in high N sites was very sensitive
(=27 to 49%) to +50% changes in atmospheric
deposition and moderately sensitive (=25 to 9%)
to +50% changes in soil exchangeable base cation
concentrations. In contrast, biomass yield in low N
sites was relatively insensitive (< 15% change) to all
input and parameter variations (Table S8 and Appen-
dix). Weathering release of K at all sites was highly
insensitive (<5% change) to all input and parameter
variations. Weathering of Ca was sensitive only to
primary mineral surface area, responding approxi-
mately +40% to +50% changes in primary mineral
surface area. Cumulative leaching of Ca was most
sensitive to changes in atmospheric deposition at high
N sites and to changes in primary mineral surface
area and the size of the exchangeable pool in basaltic
sites. Leaching of K exhibited the greatest sensitivity
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in basaltic sites and was influenced most by changes
in atmospheric deposition and the exchangeable pool
size. Neither cumulative biomass growth, Ca or K
weathering, nor Ca or K leaching were consistently
sensitive to changes in changes in tree growth, per-
cent nitrification and SOM-P access.

Discussion
Model evaluation

We used the process-oriented model NutsFor to esti-
mate potential changes in forest growth and nutri-
ent cycling over multiple harvest cycles. While it is
not possible to specifically validate NutsFor perfor-
mance in response to harvest, because the calibration
data did not span entire harvest cycles, we can look
at prior model performance, pre-harvest calibration,
sensitivity analyses, and comparisons of the model
output to empirical studies in the same region as a
means of evaluation. NutsFor was built from a com-
bination of existing models: the NuCM and ForSAFE
models that simulate pools and fluxes of chemical
species in forests, the WATfor water balance model,
and the PROFILE model of mineral weathering. Each
of the component models have a history of successful
validation in other forest ecosystem studies (e.g. Jons-
sen et al., 1995; Johnson et al. 1995; Fenn et al. 1996;
Legout et al. 2016). In addition, a previous applica-
tion of the combined NutsFor model successfully
reproduced major element behavior in a nutrient-poor
forest site in the Morvan Mountains in France (van
der Heijden et al. 2017a, b).

Model calibrations were based on comparisons
against soil porewater chemistry and flux data for the
two sedimentary sites (Perakis et al. 2013) and against
weathering rates calculated from isotopic mass bal-
ance for the two basaltic sites (Hynicka et al. 2016,
(and see methods in Perakis and Pett-Ridge 2019)).
As two different approaches were used for determin-
ing weathering fluxes, depending on bedrock type,
the interpretation of model results based on varying
N status within a bedrock type may be more robust
than the comparisons between bedrock types. We
note, however, that both approaches are similar in that
they are reliant on measurements reflecting mobile
base cations (rather than changes in soil phases), and
both approaches are similar in that they determine

weathering fluxes on a~1-3 year timescale. These
four sites are well-representative of forests of the Ore-
gon Coast Range (Perakis et al. 2006; Hynicka et al.
2016), though lower N sites occur in other areas of
the Pacific Northwest (Littke et al. 2016). The model
calibration was successful in reproducing porewater
chemistry and fluxes for key nutrient species includ-
ing Ca, Mg, and K. It also successfully reproduced
the large NO;~ flux at the high N field site, where
substantial NO;— leaching occurs, as well as the
small NO;™ leaching flux at 20 cm depth at the low N
field site (Table 3). The weathering flux calibration at
the basaltic sites was also successful. The sensitivity
analysis results indicate that simulations of biomass
yield, base cation leaching and weathering were not
particularly sensitive to model parameterizations of
tree growth, nor to the internal dynamics of N and
P cycling in the model. This suggests that the newly
added parameter of direct tree N and P uptake from
soil organic matter did not have a strong influence
on the model outputs. Instead, model outputs were
most sensitive to base cation nutrient availability via
atmospheric deposition, available mineral surface
area (which affects weathering rate), and the initial
reservoir of soil exchangeable cations. The relative
insensitivity of the model to K weathering, despite
the emergence of K limitation on basalt sites, is rea-
sonable given the low abundance of K-bearing miner-
als in Oregon Coast Range soils, as well as the low
mass fraction of K within those minerals (Tables S1
through S4).

The NutsFor model simulations indicate that forest
nutrient dynamics depend on all three factors that we
investigated: site N status, bedrock type, and harvest.
We also observed interactive effects among these fac-
tors, particularly at high N sites with simulated for-
est harvest. Our application of NutsFor to the Oregon
Coast Range extends application of the model to high
N sites and to explicit examination of forest harvest
effects on long-term nutrient dynamics. Model limita-
tions, such as biogeochemical processes absent from
the model and uncertainties for some input variables,
are discussed in later sections. We also note that our
simulations focused on nutrient cycling and limita-
tion, and do not address the full suite of non-nutrient
stressors that can influence forest growth. For exam-
ple, high N forests of the Coast Range support higher
loads of the native fungal pathogen Nothophaeocryp-
topus gaeumannii, which can reduce tree growth

@ Springer



Biogeochemistry

(Waring et al. 2000). Likewise, the model does not
evaluate potential site differences in summer drought
that could arise if soil N and Ca fertility affect plant
water use and soil water depletion (Cornejo-Oviedo
et al. 2017; Lanning et al. 2019). Such multi-factor
interactions highlight how the preferential accumula-
tion of one nutrient (in this case, high N from legacies
of biological N fixation) could lead to nutrient imbal-
ances that lower forest productivity and promote
eventual ecosystem retrogression (Peltzer et al. 2010).
Longer-term modeling exercises have inherent
uncertainty, but our overall finding that high N sites
can display severe base cation deficiency is consist-
ent with predictions from current observational and
experimental data in the region (Perakis et al. 2006;
Hynicka et al. 2016; Mainwaring et al. 2014). Uncer-
tainties in model structure and parametrization will
reduce the accuracy of soil fertility predictions over
time, but given the strongly contrasting sites consid-
ered in our simulations, the model remains a valu-
able tool to assess likely trends and understand driv-
ers of soil fertility change. The overall concordance
of model behaviors with field and experimental data
suggests that our simulation results provide reason-
able indications of both the identity of nutrient limita-
tion and relative nutrient dynamics as a function of N
status, bedrock type, and forest harvest over time.

Nutrient limitation and nutrient budgets over time

Comparing rates of nutrient input to plant uptake can
identify which nutrient(s) are likely present in excess
in the system versus nutrients that have potential to
limit plant growth. In the Oregon Coast Range, four
key nutrients —N, P, Ca, and K- have lower inputs from
deposition and weathering compared to plant uptake
(Table 4), suggesting high reliance on internal recy-
cling. Generally speaking, forest ecosystem modeling
studies have shown that low ratios of inputs relative to
internal cycling can lead to synchronization and co-
limitation by multiple elements (e.g. Rastetter et al.
2013). Model simulations of relative nutrient uptake
deficit (i.e., the ratio of plant demands to internal and
external supply) confirmed these four elements as can-
didate limiting nutrients (Fig. 3). In contrast, inputs
of Mg and S from atmospheric deposition and min-
eral weathering consistently exceeded plant uptake
(Table 4), and neither Mg nor S displayed signs of
uptake deficits at any time in any simulations (Fig. 3).
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Of the four limiting nutrients, the particular identity of
the nutrient(s) that limited growth in the model var-
ied with N status, bedrock type, and time elapsed (i.e.,
number of forest harvest cycles experienced). Multiple
nutrient limitation also occurred in some cases, includ-
ing both N and P, both N and K, and both Ca and K.
This finding is broadly consistent with fertilization
studies that identify either multiple nutrient limitation
and/or within region heterogeneity in nutrient limita-
tion in forest ecosystems (Vadeboncoeur 2010; Wurz-
burger and Wright 2015; Goswami et al. 2018).

Nitrogen is a critical nutrient that regulates the
cycling of other essential elements. However, due
to complexity in N cycling, simulation models often
struggle to reproduce the observed behavior of vari-
ous N species (Aber et al. 1997; van der Heijden et al.
2011). Our NutsFor model simulations were effec-
tive at capturing N cycling processes that are char-
acteristic of ecosystem N scarcity or abundance. In
simulations of contrasting low versus high N sites,
the model showed good agreement between simulated
and observed nitrate leaching fluxes. In the first cen-
tury of simulations, low N sites displayed N-limited
plant growth and low nitrate leaching, whereas high
N sites displayed high nitrate loss (Fig. 3; Table 5)
and non-N nutrient limitation (Fig. 3). These findings
are consistent with detailed field studies of low ver-
sus high N forests in the Oregon Coast Range (Pera-
kis and Sinkhorn 2011; Mainwaring et al. 2014) and
more broadly across the Pacific Northwest (Peterson
and Hazard 1990; Slesak et al. 2009; Littke et al.
2014) and worldwide (Niu et al. 2016). We note, how-
ever, that the low N sites we simulated for the Oregon
Coast Range are fairly N-rich and productive, and that
even more intense N limitation can occur elsewhere
in the Pacific Northwest (Peterson and Hazard 1990;
Littke et al. 2016).

High N sites displayed a relatively strong degree
of nutrient limitation in NutsFor that was attributable
to insufficient base cation availability, primarily of
Ca on both types of bedrock, and secondarily of K in
basalt sites (Fig. 3 and S3). This simulated Ca limi-
tation at high N sites is supported by field fertiliza-
tion experiments using Ca-only additions (as CaCl,)
at multiple sites across our study area (Mainwaring
et al. 2014). While Ca limitation is generally not as
common as N or P limitation, it nevertheless occurs
in many regions worldwide, especially on highly
weathered soils or in areas with histories of acid
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pollutant deposition (Federer et al. 1989; Mann et al.
1988; Huggett et al. 2007; Likens et al. 1998; Nykvist
2000; Bullen and Bailey 2005; Vadeboncoeur 2010;
Bigelow and Canham 2007; Bauters et al. 2022;
Vanguelova et al. 2022; Oursin et al. 2023). Our mod-
eled sites differ notably from these by having only
very low atmospheric N deposition and moderately
weathered soils (Hynicka et al. 2016). Instead, our
high N sites display Ca depletion and limitation due
to long-term legacies of prior N accumulation from
symbiotic N-fixing red alder (Perakis et al. 2011),
which accelerates nitrification, soil acidification, min-
eral weathering, and coupled Ca and nitrate leach-
ing (Homann et al. 1992; Perakis et al. 2013; Perakis
and Pett-Ridge 2019). Indeed, Ca leaching at high N
sites can be so intense that it exhausts weatherable
Ca from soils, with tau calculations that show up to
96% depletion of Ca relative to the total Ca content of
fresh bedrock (Hynicka et al. 2016).

Additional factors besides the low initial pool of
exchangeable Ca likely contributed to Ca limita-
tion at high N sites. The model was initialized with
a 20-year old forest, with potential for rapid biomass
growth and associated Ca uptake. Estimated rates of
external Ca input from deposition and weathering are
insufficient for annual plant Ca uptake, placing par-
ticular importance on exchangeable pools as a source
of Ca (Table 4). The model also does not account
for less-recognized sources of cations in soil besides
the typically extracted exchangeable pool, including
Ca in Ca-oxalate (Dauer and Perakis 2013; Oursin
et al. 2023), rock fragments (Hynicka et al. 2016),
sorbed to soil organic matter or non-crystalline sec-
ondary minerals (van der Heijden et al. 2017a; van
der Heijden et al. 2017b; Bel et al. 2020) or unmeas-
ured forms of atmospheric deposition (Bockheim and
Langley-Turnbaugh 1997; Pett-Ridge et al. 2009).
However, none of these possible Ca sources alone
would likely provide Ca sufficiency. Indeed, our sen-
sitivity analyses found that increasing Ca availabil-
ity within reasonable bounds for the three main Ca
sources individually (atmospheric deposition, mineral
weathering, and the soil exchange reservoir) led to
only small growth responses and did not alleviate Ca
limitation in high N sites (Table S8).

Douglas-fir physiological demands for Ca are
typically met through root uptake in the transpira-
tion stream, because resorption of Ca from senesc-
ing tissues is widely considered negligible in conifers

(McLaughlin and Wimmer 1999; Vergutz et al.
2012). While excess Ca uptake can be sequestered
as calcium-oxalate and recycled via litterfall (Borer
et al. 2004; Dauver and Perakis 2014), low Ca pre-
sents problems for cell integrity, lignin formation,
disease resistance, and other functions (McLaughlin
and Wimmer 1999). If NutsFor simulations show
more sensitivity to low Ca than field-growth trees,
it is possible that field trees are adjusting tissue Ca
uptake below deficiency levels identified in the lit-
erature for Douglas-fir (Walker and Gessel 1991).
Across our study area, sites with low soil exchange-
able Ca show asymptotic declines in foliar Ca to
slightly below deficiency levels (Perakis et al. 2006).
Wood is also a significant Ca sink in growing trees,
but data on how wood Ca varies with soil Ca are lack-
ing for our region, and no clear pattern existed in the
regional Douglas-fir data used to parameterize Nuts-
For (Binkley et al. 1992; Schowalter and Morrell
2002; Perakis et al. 2013). If trees can form woody
tissue with less Ca than assumed in our model (7.5
umol g=! bole, 63.6 umol g~!' branches), then tree
growth could persist at low soil Ca for longer than
simulated, though an eventual emergence of Ca limi-
tation remains very likely (Mainwaring et al. 2014).
Bedrock mineralogy was important in structuring
base cation limitation in our simulations, leading to
Ca limitation on sedimentary bedrock and Ca and
K co-limitation on basaltic bedrock. Weathering on
basaltic sites supplied more Ca and less K than on
sedimentary sites, and provided especially low K rel-
ative to tree demands, which intensified K limitation
over time especially on high N basaltic soils (Fig. 3).
Sedimentary sites, in contrast, had an abundance of
K-bearing minerals and higher initial soil K contents
(Table 2, S1-S4) that prevented K limitation. In sup-
port of these findings, leaching experiments with
nitric acid have shown that sedimentary bedrock in
the Oregon Coast Range releases more K than basal-
tic bedrock (Hynicka et al. 2016). Despite this, our
simulations of Ca fertilization on high N sedimentary
sites drove an immediate shift to K limitation, sug-
gesting important roles for both Ca and K on both
bedrock types (Fig. S3). Overall, we conclude that
mineral weathering does not keep pace with Ca and K
loss in these managed forests, similar to estimates for
other temperate forests (Vadeboncoeur et al. 2014).
Further, for high N sites, bedrock type exerts a strong
influence on whether K versus Ca emerge as single or
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co-limiting nutrients over the course of multiple for-
est harvest rotations.

Factors besides mineral weathering could also
influence the emergence of K limitation in forests,
with biological cycling of K being of particular
importance (Tripler et al. 2006). Notably, foliar leach-
ing is higher for K than Ca, and we simulated that
leaching ranges from 19 to 32% of tree K uptake ver-
sus only 5 to 11% of tree Ca uptake (Table 4). We
also observed very different couplings between K
and N dynamics in the model than was observed for
Ca and N. During post-harvest periods, high N sites
showed high Ca leaching, and overall the cumulative
harvest-stimulated leaching of Ca exceeding back-
ground Ca leaching (Table 5). This reflects known
geochemical couplings of N and Ca via acid-base
mechanisms, which are stronger than biotic Ca reten-
tion in our system (Perakis et al. 2013). In contrast, N
and K couplings in our high N simulations appeared
to be dominated by biotic processes, as in many for-
ests worldwide (Tripler et al. 2006), with larger frac-
tional K losses occurring via biomass removal than
via harvest-stimulated leaching (Table 5).

Our finding that K may be a limiting nutrient in
these forests has not been emphasized in prior work;
to our knowledge no previous fertilizer trials have
shown K limitation in Pacific Northwest forests.
However, there is extensive evidence of the occur-
rence of K limitation in other tropical, temperate,
and boreal forests (Stevens et al. 1995; Tripler et al.
2006; Wright et al. 2011; Ouimet and Moore 2015;
Sardans and Pefiuelas 2015; Schlesinger 2021; Stone
and Kszystyniak 1977). Organic matter removal dur-
ing harvesting in the Pacific Northwest can lower soil
exchangeable K, but it has been unclear whether K is
depleted enough to be limiting (Littke et al. 2020a).
Efficient recycling of K between plants and soils
(Vitousek and Sanford 1986) and relatively high K
supply from atmospheric deposition can often alle-
viate K limitation (Vitousek 1984; Chadwick et al.
1999). In our model simulations, sensitivity analy-
ses using+50% increase in base cation supply from
atmospheric deposition, mineral weathering, or min-
eral abundance showed a wide range of tree growth
responses, from a mere+ 1% increase (mineral abun-
dance) to +35% increase (atmospheric deposition) on
the high N basalt site (Table S8). This suggests that
unmeasured inputs of K in atmospheric deposition
(e.g., via fog or dust) could be a potentially significant
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source of K in these systems. We suggest that K limi-
tation merits keen attention as a concern especially in
high N basalt sites. Additional model simulations for
a fertilization scenario showed that increases in site K
(and Ca) supply within likely model uncertainly are
sufficient to at least partially alleviate nutrient limita-
tion (Fig. S3).

The occurrence of P limitation in model simu-
lations at low N sites, but not at high N sites, con-
trasts with P limitation theory derived from tropical
soils (Chadwick et al. 1999; Vitousek et al. 2010), as
well as experimental fertilization that shows slight P
limitation at some high N sites in the Oregon Coast
Range (Mainwaring et al. 2014). As soils age and
accumulate N over millennia, the pool of weather-
able P is increasingly cycled, occluded, and lost,
eventually causing a transition from N to P limita-
tion (Vitousek et al. 2010; Du et al. 2020). However,
in the Oregon Coast Range, soils with the most N
also contain the most organic P, which could buffer
against P limitation in high N sites (Hynicka et al.
2016; Perakis et al. 2017). Consistent with this idea,
our simulated low N sites were more prone to P limi-
tation than high N sites (Fig. 3). Phosphorus limita-
tion developed over time in our simulations of low N
sites because processes of organic P mineralization,
plant P uptake and recycling caused some annual
P cycling as phosphate, which was susceptible to
adsorption in mineral soil. Roughly 4-8 fold more P
was transferred to adsorption on soil minerals than
was lost to harvest and leaching in our simulations, in
contrast to large off-site losses for N and base cations
(Table 5). While all simulated soils tended to gain P
due to low leaching losses, most of this P was una-
vailable due to phosphate adsorption, leading to a
gradual depletion of soil organic P and the emergence
of P limitation in low N sites (Fig. 3). This finding
highlights major knowledge gaps in P nutrition of
both accurately defining the plant-available P pool in
soil and of understanding whether long-term biologi-
cal P cycling accelerates the transfer of organic forms
of P to sorbed inorganic P in soil. Overall, while N
limitation in the model was controlled by variation
in soil N accumulation, the model instead shows that
P dynamics were controlled by interactions between
initial P status, tree uptake, recycling, and adsorp-
tion. Improved model representation of mechanisms
of biotic access to soil organic P (Zhang et al. 2014;
Meeds et al. 2021) is needed to better represent P
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cycling in NutsFor and in biogeochemical models in
general.

Forest management impacts on nutrient sustainability

Our 525-year simulations exceed most planning hori-
zons for forest management, yet they are brief com-
pared to long-term processes of nutrient input and
loss that shape landscape-scale heterogeneity in soil
biogeochemistry. Soils of the Oregon Coast Range
display substantial biogeochemical heterogeneity
compared to many other temperate regions, in par-
ticular ranging from naturally N-limited to N-sat-
urated due symbiotic N fixation legacies spanning
thousands of years (Perakis et al. 2011). Such high
N inputs are unlikely to continue in most managed
forests of the region, however, as the economics usu-
ally favor conifer production and the elimination of
competing N-fixing red alder. Consequently, contem-
porary soil heterogeneity across the landscape rep-
resents a range of “starting conditions” for ongoing
forest management. However, this underlying vari-
ability is rarely captured in coarse-grained analyses of
nutrient depletion (de Oliveira Garcia et al. 2018), nor
has been used to inform soil nutrition management
besides routine N fertilization (Peterson and Hazard
1990; Littke et al. 2014).

We observed a wide range of nutrient depletion
in our simulations, sometimes severe, with large
declines for Ca, K and N, and declines in potentially
available (i.e., non-adsorbed) forms of P. It is note-
worthy that our estimated rates of Ca input from
atmospheric deposition and mineral weathering could
sustain growth and biomass removals for only 1-2
rotations at high N sites, especially given that back-
ground variability in soil N enrichment and base cat-
ion depletion occurred over millennia of soil develop-
ment. Atmospheric nutrient deposition has also been
declining in many regions (Lajtha and Jones 2013)
and future changes in mineral weathering may vary
in complex ways due to interactions with elevated
CO,, climate and ecosystem biology (Taylor et al.
2012). At present, it seems unlikely that future nutri-
ent supplies will sustain long-term tree requirements
in managed forests of our study area without direct
fertilization or changes in forest management. While
remedial fertilization is feasible on many sites, using
other forms of forest management (rotation lengths,
target species) to alleviate nutrient depletion may be

difficult in high N sites where soil base cations are
already at critical levels (Hynicka et al. 2016) and
where high nitrate leaching is likely to persist for cen-
turies (Perakis and Sinkhorn 2011). Our simulations
suggest which nutrient(s) require the most monitor-
ing and attention for sustainability in the near term,
to detect and minimize potential future nutrient defi-
ciencies to forest growth across this biogeochemically
heterogeneous landscape.

The degree to which different nutrients declined
over the course of our 525-year simulations varied
interactively with soil N status and bedrock type.
For N, absolute declines in the total soil reservoir
were greatest on high N sites due to sustained high
nitrate leaching, whereas relative declines in soil
N were greater on low N sites due to harvest effects
on lower starting N pools. For P, both absolute and
relative declines in potentially available (i.e., non-
adsorbed) soil pools were equal or greater on low N
sites, due to higher sustained tree growth and subse-
quent P removal to harvest as well as adsorption. For
base cations, the absolute decline in the size of the
soil reservoir was greater for low N sites, though this
primarily reflected their larger starting pool compared
to high N sites (Table 4). The relative decline in the
soil base cation reservoir was greater in the high N
sites, indicating their greater sensitivity to loss. These
losses mirrored the emergence of severe and persis-
tent Ca limitation in sedimentary sites and a shift
from Ca to both Ca and K limitation in basaltic sites
with harvests over time. Thus, while natural processes
of long-term N enrichment have improved short-
term tree growth in some cases (Gessel et al. 1973,
Stegemoeller and Chappell 1989, Littke et al. 2014),
our simulations suggest that at least some of these
initially productive high N forests are also poised to
severe depletion of Ca and/or K within decades of
continued intensive forest management. We expect
these risks are most acute in forests where long-term
soil N enrichment has led to the exhaustion of weath-
erable rock nutrients, and has caused forests to rely
on dilute nutrient inputs from atmospheric deposition
(Hynicka et al. 2016).

The pathway of nutrient loss (i.e., background
leaching, biomass removal, or harvest-induced leach-
ing) can influence whether changes in forest manage-
ment promote nutrient sustainability. In field stud-
ies, harvest-induced losses of N, Ca, and K occur
both via the removal of nutrient-containing biomass
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(Duchesne and Houle 2008) and by accelerated leach-
ing after logging (Brown et al. 1973; Mann et al.
1988; Likens et al. 1994; Devine et al. 2012), whereas
losses are much less in the absence of disturbance
(Vitousek and Reiners 1975). In our simulations, har-
vest-related loss pathways make up a large fraction of
the total losses for N, Ca, and K when compared to
background leaching. Generally, the sum of biomass
harvest and harvest-stimulated leaching removed a
greater amount of N and K than did the background
leaching, and the same was also true for Ca at high
N sites (Table 5). This raises the possibility that less
frequent logging could be effective in conserving
these nutrients (Siah in prep). At a finer grain, the
proportion of nutrients lost to biomass removal is
much higher for K than Ca, which suggests that leav-
ing nutrient-rich bark, branches, and foliage onsite
following logging may forestall K limitation more
than Ca limitation (Littke et al. 2020 b, Siah et al., in
prep). Potential Ca limitation is therefore likely to be
a more persistent problem, requiring novel fertiliza-
tion, less frequent harvest, or selection of tree spe-
cies with low Ca demands to maintain productivity.
Where management can sustain and even increase
soil exchangeable Ca to where it no longer severely
limits growth, then tree biological control of coupled
Ca-N cycling may also reduce excess N leaching
(Groffman and Fisk 2011; Perakis et al. 2013), at least
between large leaching pulses that occur when log-
ging high N sites (Brown et al. 1973).

Conclusion

In this study, the Nutrient Cycling in Forest Ecosys-
tems Model (NutsFor) was used to evaluate how site
differences in soil N enrichment and bedrock type
affect long-term nutrient supply in Pacific North-
west Douglas-fir forests of the Oregon Coast Range
under a common 40-year bole-only harvest regime.
The model simulations indicate that low N sites dis-
play N-limited forest growth and low nitrate leaching,
whereas high N sites display other non-N nutrient
limitations on forest growth and nitrate loss. At high
N sites, model simulations with sedimentary bed-
rock revealed a rapid onset of Ca limitation of forest
growth, while model simulations with basaltic bed-
rock found both Ca and K limitation. Both biomass
removal and harvest-stimulated leaching were major
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nutrient loss pathways for N, Ca, and K in simula-
tions. Specifically, the proportion of nutrients lost to
biomass removal was higher for K than Ca, while the
proportion lost to harvest-stimulated leaching was
higher for Ca than for K.

Our simulations are the first to use a process-based
biogeochemical model to evaluate multi-nutrient
interactions and limitation in intensively managed
forests of the Pacific Northwest. The NutsFor model
was modified for this study to include disturbance-
namely forest harvest rotations. The ability of the
model to simulate nutrient responses over multiple
harvest rotation cycles suggests that the model could
also be utilized to investigate other types of forest dis-
turbance in future studies elsewhere. We show that,
within just one or two 40-year rotations, high N sites
underlain by basalt bedrock can become severely Ca
and K limited, while sedimentary sites become Ca
limited. Low N sites show expected initial N limita-
tion, with emergence of K limitation after ~ 100 years
on basalt, and P limitation after ~200 to 300 years on
both rock types. While the model was parameterized
using data from Oregon Coast Range forests, many
of the underlying behaviors emerge from general bio-
geochemical relationships of N with bedrock chem-
istry. Consequently, the findings of this work may be
conceptually and qualitatively useful in other forests
that display N saturation and base cation depletion,
such as forests polluted by atmospheric N deposition
(Peterjohn et al. 1996d) rich tropical forests growing
on moderately weathered soils (Lu et al. 2018). The
wide range of limiting nutrients that we simulated
across a relatively small geographic area also illus-
trate the importance of capturing local heterogeneity
in soil conditions, as the most sensitive sites of great-
est concern for sustainability can elude more coarse-
grained spatial analyses (de Oliveira Garcia et al.
2018).

The simulations shown here illustrate the key
role that bedrock type (and associated mineral abun-
dances) can play in shaping nutrient limitation at
high N sites. For instance, high N sedimentary sites
had less severe K limitation than basalt sites, while
the reverse was true for Ca. Nevertheless, variation in
mineral weathering was less important than atmos-
pheric deposition in shaping long-term base cation
supply at high N sites. Overall the model generally
represented base cation cycling well, following heu-
ristic principles of internal nutrient redistribution as
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sites underwent base cation depletion. The high like-
lihood of simulated base cation limitation differs from
conventional theories that emphasize a long-term
shift from N to P limitation under high N conditions
(Chadwick et al. 1999; Vitousek et al. 2010; Du et al.
2020) and is more akin to effects of acidic deposition
that preferentially deplete soil base cations, especially
Ca (Niu et al. 2016). The findings show that harvest is
the primary driver of soil nutrient depletion on short
(multi-decadal) time scales, driving forests towards
base cation limitation within 1 to 2 harvest cycles on
high N sites.
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