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Abstract

Background: Nitrogen (N) is an essential nutrient in soil that regulates plant growth,

terrestrial sequestration of atmospheric carbon dioxide, and persistence of organic com-

pounds. However, major knowledge gaps remain about how climate change may impact

N accumulation and persistence, especially in deep soil and saprock (friable weakly

weathered bedrock).

Aims:Our objective was to understand how climate impacts the accumulation of N in soil

and saprock and how climate impacts soil N distribution, persistence, and mechanisms of

N persistence.

Methods: We investigated N concentration in bulk soil and density fractions. We esti-

mated N persistence along a bio-climatic sequence—sites range from a low-elevation

oak savannah, mid-elevation pine-oak/mixed-conifer forest, to a high-elevation subalpine

forest—in the southern Sierra Nevada in California. A combination of radiocarbon and

elemental compositionmeasurements along with a first-order kinetic model was used.

Results: The N concentration in the bulk soil and density fractions declined with depth,

and there was a relatively greater mineral-associated heavy fraction (HF) N in deeper

samples. The cooler/wettermixed conifer site held 37%of profile N in saprock, whichwas

greater than thatof theentire soil profile at thedrier/hotteroak savannah. Themajorityof

N in soil, whichwas in theHF,was not influenced by climate proxies tested.However, both

unprotected and occluded fractions ofNwere strongly influenced by climate. Soil Nmean

residence time (MRT) showed that drier/hotter climates have a shorter MRT, compared

tomid-elevation sites with cooler/wetter climates.

Conclusions: The effect of climate on deep saprock N storage might be indirect, primar-

ily through climatic influence on the thickness of saprock. Overall, our findings suggest

the mineral-associated HF N pool will not be vulnerable to changes in climate and will

continue to contribute to the persistent soil N pool. The amount of topsoil and sub-

soil unprotected and occluded N can be explained by gross primary productivity and

mean annual precipitation indicating that changes in climate can influence N partition-

ing. N stored in deep soil and saprock may be less vulnerable to climate than N stored in
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drier/hotter climates with less deeply stored N. It is critical to dig deeper to understand

terrestrial ecosystems’ response to climate.

KEYWORDS

critical zone, deep soil nitrogen, nitrogen persistence, regolith, radiocarbon, 15N, density fractiona-
tion, weathered bedrock, saprock, saprolite

1 INTRODUCTION

Nitrogen (N) is a plant essential nutrient that controls microbial func-

tioning, plant growth, and the cycling of soil organic matter (SOM;

Chapin et al., 2011; Houlton & Morford, 2015; LeBauer & Treseder,

2008). The majority of N in soils is found in the form of organic

biomolecules, and its distribution parallels that of soil organic carbon

(C; Berhe & Torn, 2017; Weil & Brady, 2016). Despite soils storing

up to 50% of their total N (TN) below 0.3 m (to 1 m) globally (Bat-

jes, 1996), our understanding of soil N dynamics in deep soil layers

is extremely limited. The average sampling depth, since 2000, of the

leading four soil journals is 0.23 m, suggesting that we do not fully

understand both soil and saprock (the portion of the soil profile that

retains structural parent rock fabric after having been weathered into

a friable substrate in situ and has substantial porosity) N dynamics

and how climate will impact them (Yost & Hartemink, 2020). This

is concerning because the estimated global average soil thickness is

2 m with some soils extending down to 50 m, indicating that a mas-

sive portion of the soil system is missing (Shangguan et al., 2017).

Recently, controls on the availability of soil N and how it is likely

to affect C sequestration in a world with a changing climate has

been a focus of a number of studies, especially for the topsoil (0–

0.3 m; Craine et al., 2015; van Groenigen et al., 2015; Wieder et al.,

2015). Consequently, there is now a pressing need to improve our

understanding of soil and saprock N dynamics, including variables con-

trolling subsoil (0.3–1 m) N pool distribution, persistence, and climate

sensitivity.

Climate is one of the fundamental variables that control soil N

dynamics, including TN input (rock weathering and N fixation) and

N abundance (Houlton & Morford, 2015; Jenny, 1928). Changes in

climate are expected to significantly influence overall soil nutrient

cycling includingN (Conant et al., 2011),with consequent effects on the

structure, functioning, and diversity of terrestrial ecosystems (Sistla

& Schimel, 2012). Among different climatic parameters, soil tempera-

ture and moisture stand out as key drivers that control soil N cycling

(Bell et al., 2008). For example, lower soil moisture has been shown to

lead to reducedNmineralization, increased nitrification, and increased

N availability (Manzoni et al., 2012; Niboyet et al., 2011). Wang et al.

(2016) found that reduced precipitation and warming amplified soil

N turnover time in the top 0.16 m. Auyeung et al. (2015) demon-

strated additional influence on N mineralization and nitrification with

changes in moisture and temperature in the top 0.10 m. These prior

studies illustrate climate does directly influence N persistence and

dynamics.

Most soil warming N studies focus on the topsoil and have shown

differing results in the response. For instance, ameta-analysis reported

that with warming, topsoil net N mineralization rates increased by

46% with the greatest impacts observed in forested ecosystems (Rus-

tad et al., 2001). Hart (2006) found that even small increases in

mean annual temperature can greatly impact topsoil N cycling, soil-

atmosphere trace gas exchange, and soilmicrobial communities. Larsen

et al. (2011) and Rustad et al. (2001) found that warming increased net

Nmineralization, nitrification, andN2O production rates. On the other

hand, Niboyet et al. (2011) found little influence of warming on ammo-

nia and nitrite oxidation (i.e., nitrification) in the top 0.05m. In addition

to this uncertainty, the lackof studies explicitly quantifying climate sen-

sitivity of soil N below0.5m suggests there aremajor gaps in our ability

to extrapolate these findings to include the whole soil and saprock N

response.

C sequestration is driven by net primary productivity (plant photo-

synthesis), andN is essential for plant growth; therefore, if ecosystems

are N-limited, it could constrain C sequestration (LeBauer & Treseder,

2008). There has been growing concern for nutrient N limitation and

its ability to reduce ecosystem C sequestration because bioavailable

forms of N are mobile and readily lost from ecosystems (Cleveland

et al., 2013; Vitousek & Howarth, 1991). However, emerging studies

have shown that rock N weathering plays important roles in ecosys-

temN and therefore C sequestration, especially in sedimentary parent

materials (Houlton & Morford, 2015). A global analysis demonstrated

that rock N inputs contributed roughly two to 11 times more to

plant CO2 capture than N deposition (Dass et al., 2021). Since cli-

mate impacts the rate of rock weathering (Dahlgren et al., 1997),

and these aforementioned studies suggest that N rock weathering

could greatly influence ecosystem N and therefore C sequestration,

it becomes clear that it is important to understand the interactions

between soil/saprock andN amount and persistence.

To further our understanding of how projected climate change can

influence subsoil N accumulation and persistence, we conducted a

complete accounting of the soil N pool including topsoil, subsoil, and

saprock and derive mechanistic insights on the controls of whole soil

N accumulation and persistence. The objective of this research was to

determine how climate affects accumulation and persistence mecha-

nisms of near-surface, compared to deep N. Specifically we asked two

targeted questions:

1. Does climate affect the accumulation of N in soil and saprock?

2. How does climate influence soil N distribution, persistence, and the

mechanisms responsible for N persistence?
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118 MORELAND ET AL.

TABLE 1 Sites at the Southern Sierra Critical ZoneObservatory with the corresponding elevation (m asl), mean annual precipitation (MAP;
mm year–1), mean annual temperature (MAT;◦C), evapotranspiration (ET; mm year–1), gross primary productivity (GPP; g Cm–2 year–1), and deep
water percolation (DWP;mm year–1)

Site

Elevation

(m asl)

MAP

(mmyear–1)

MAT

(C)

ET

(mm year–1)

GPP

(g Cm–2 year–1)

DWP

(mmyear–1)

Oak savannah 400 502 16.6 395 480 212

Pine-oak 1160 860 13.8 749 1900 369

Mixed conifer 2020 994 9.2 564 1700 564

Subalpine 2700 1066 5.2 260 700 745

2 MATERIALS AND METHODS

2.1 Sites descriptions

The Southern Sierra Nevada Critical Zone Observatory (SSCZO) is

a bio-climatic sequence in California. These sites are well suited to

answer questions related to changes in climate because the bio-

climatic sequence has soils developed under similar state factors of

soil formation except climate, and consequently vegetation (Jenny,

1994). All the sites experience a Mediterranean climate, with cool,

moist winters and warm, dry summers. The four study sites are on

the western slope of the Southern Sierra Nevada: San Joaquin Exper-

imental Range (oak savannah), Soaproot (pine-oak forest), Providence

(mixed-conifer forest), and Shorthair (subalpine forest). As elevation

increases, the mean annual air temperature decreases and the mean

annual precipitation (MAP) increases (Table 1; Goulden et al., 2012).

Actual evapotranspiration (ET) is highest in the mid-elevation sites

and lower at the lowest elevation and highest elevation sites (Table 1;

Goulden et al., 2012). TheETpattern has a positive correlationwith the

gross primary productivity (GPP). Deep-water percolation (DWP) was

calculated as the difference between precipitation and ET (Goulden &

Bales, 2014). The parent material for all sites is residuum granodiorite

with igneous-felsic intrusive lithology except the lowest-elevation site,

where the soil is derived from tonalite residuum (O’Geen et al., 2018).

The parent material is thought to be of comparable age except the

highest elevation site where bedrock was scoured by glaciers during

the Last Glacial Maximum (Giger & Schmitt, 1983). Plant productivity

andweathering are limited by lowprecipitation in the lowest-elevation

oak savannah ecosystem, and by low temperature and historic glacia-

tion in the high-elevation subalpine forest ecosystem causing changes

in the thickness of the saprock (O’Geen et al., 2018). The boundary

between soil and saprock was between 1.7 and 2 m at all sites, except

the subalpine forest, where saprock did not exist. In all sites, except the

subalpine, the thickness of saprock ranged from 2.25 to over 9 m, with

the deepest Geoprobe core being over 10m.

2.2 Soil and regolith sampling

A total of 36 soil and saprock profiles were analyzed. At the oak savan-

nah site (405 m), three Geoprobe (a hydraulic coring device, model

DT22) cores and four pits excavated by a backhoewere sampled. At the

pine-oak forest site (1160 m), five Geoprobe cores, five hand augers,

and five pits excavated by hand were sampled. Five Geoprobe cores,

one hand auger, and four pits excavated by hand were sampled at the

mixed-conifer forest site (2015m).Only four hand-excavated pitswere

sampled at the subalpine forest site (2700m) because of the relatively

shallow depth of bedrock at this site. Soil pits were sampled by genetic

horizons. Regolith is characterized as saprock that retains the relative

positions of mineral grains of the parent bedrock. Saprock is a slightly

weathered bedrock, where the original rock fabric is maintained but

has become more porous and friable (Graham et al., 2010). The deep-

est sample of the saprock measured at each site was 2.70, 4.67, 10.67,

and 1.15m for the oak savannah, pine-oak forest, mixed-conifer forest,

and subalpine forest sites, respectively.With hand augers, the depth of

transition from soil to saprock was identified in the field by a change in

color and consistency.

2.3 General soil analysis

Particle size analysis on bulk pit samples (40 g air-dried and sieved

[<2 mm]) was performed by the hydrometer (ASTM 152H) method.

Bulk density of soil and saprock was measured using the core method

(Dane & Topp, 2020). Three core samples were taken in each horizon

from three soil profiles and averaged. They were oven-dried at 105◦C

until there was no weight change (24–48 h) and the >2 mm fraction

and roots were removed. Samples were reported as the weight of the

fine-earth fraction (<2 mm) divided by the volume of the fine-earth

fraction. The volume percent of gravel in soil pits was estimated by

dividing the weight of the coarse fraction by 2.65 mg m–3, dividing by

the total volume of >2 mm plus <2 mm material, and multiplying by

100. Bulk density of lower saprock was measured by cutting an exact

volume from the bottom 0.05 m of each core, which was sampled by

the Geoprobe at 1-m depth intervals and oven-dried at 105◦C. Soil pH

was measured on air-dried and sieved soil (< 2mm) in deionized water

at a1:2 (5 g:10mL) soil-water suspension after 30min, stirring every10

min (Thomas., 1996). The pHmeter usedwas an Accumet Basic, Model

AB15, Fisher Scientific with an Ag/AgCl combination electrode.

2.4 C and N analyses

Soil and saprock materials were air-dried, gently crushed, and sieved

(2 mm mesh openings). Percentage of fine-earth (<2 mm) and coarse-

earth fractions (>2 mm) were measured based on air-dry mass.
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CLIMATE CONTROLS DEEP N POOL AND PERSISTENCE 119

Fine-earth fractionswere assumed to have no inorganic C due to acidic

pH and testing for effervescencewith 1Mhydrochloric acid. Gravimet-

ric water content was determined on air-dried subsamples by drying

at 105◦C until a constant mass. Total C and N concentration (%) of

the fine-earth fraction was determined on samples ground to pass

a 180-µm sieve and analyzed by dry combustion (Costech Analyti-

cal ECS 4010 instrument, Costech Analytical Technologies, Inc., at the

University of California, Merced andDavis).

TN pool (Ns, kg N m–2) was calculated from TN concentration (N,

g kg–1), thickness of the sample layers (dc, cm) and bulk density (ρb,
mg m–3), with correction for the weight percent of the coarse earth

fraction (Equation 1).

Ns = Σ N × dc × pb × 100 . (1)

2.5 Density fractionation

Density fractionationwas used to separate the SOM into pools that are

distinct in composition and to infer dominantmechanisms of SOMper-

sistence (Lybrand et al., 2017; McFarlane et al., 2013; Swanston et al.,

2002). The following fractions were separated: free light (debris out-

side aggregates, free light fraction [fLF]), occluded (light fraction inside

aggregates, occluded light fraction [oLF]), and heavy fractions (HFs)

organic matter (OM; bound to minerals, HF) separated using sodium

polytungstate (SPT-O lowC andN SPT, Geoliquids). Briefly, 30 g of air-

dried, sieved (<2 mm) soil was initially mixed with 1.7 g mL–1 of SPT

for 24 h; 1.7 g mL–1 was chosen in order to compare across other stud-

ies done at these sites, and a density of 1.6–1.8 g mL–1 is commonly

used to exclude themostmineral andorgano-mineralmaterial from the

light fractions while maximizing recovery of plant-like particulate OM

(Young & Spycher, 1979). The fLF is first isolated by floating OM to the

top as the supernatant where it is removed by aspiration and rinsed.

To break up the aggregates and collect the oLF, the remaining sample

wasdispersedwith ultrasonic energy at 2500 JmL–1 (1500 J g–1)with a

Branson 450 Sonifier (BransonUltrasonics) probe tip 0.05mbelow the

liquid surface and what floats to the top is collected as oLF and what

remains at the bottom is HF. The dense particles, mineral HF, formed a

pellet at the bottom after centrifuging. All three fractions were exten-

sively rinsed with 0.01 M CaCl2 to desorb the SPT and then deionized

water and the fLF and oLFwere filtered and rinsed using 0.8-µm filters

(Lybrand et al., 2017). All samples recovered 85%ormoreN, compared

to the bulk N after fractionation.

2.6 Radiocarbon analysis

Radiocarbon analyses were conducted on soil samples after sealed-

tube combustion of organic C to CO2 (with CuO and Ag) that was

then reduced onto Fe powder in the presence of H2 (Vogel et al.,

1984). Radiocarbon values were measured on the Van de Graaff FN

accelerator mass spectrometer at the Center for Accelerator Mass

Spectrometry at the Lawrence Livermore National Laboratory. OM

δ13C values were determined at the University of California, Merced,

using a DELTA V Plus Isotope Ratio Mass Spectrometer (Thermo

Fisher Scientific, Inc.). Radiocarbon isotopic values were corrected for

mass-dependent fractionation with measured δ13C values and were

reported in Δ- notation corrected for 14C decay since 1950 (Stuiver &

Polach, 1977).

2.7 Soil N accumulation model

To estimate the rate of N accumulation in bulk soil, the radiocarbon

analysis and%TNwereused in a first-order kineticmodel ofNaccumu-

lation (Berhe & Torn, 2017; Hilton et al., 2013; Jenny, 1994; Trumbore

&Harden, 1997):

dNpool

dt
= I − k × Npool, (2)

where Npool is the N pool in the bulk soil profile (kg m−2); I is the net

N input to a soil pool from combined processes of atmospheric depo-

sition, biological N fixation, and deposition of eroded topsoil (kg m−2

year−1); and k (year−1) is the coefficient for first-order loss of N from

soil through all particulate, dissolved and gaseous pathways. Equa-

tion (2) is solved subject to the initial conditions N pool = N 0 at t = 0

at the start of N accumulation in the soil profile. Hence, assuming that

N 0 = 0 at the beginning of soil development, Equation (2) is solved as

Npool (t) =
I
k
[1 − exp (−kt)] . (3)

For each site, all four pits and the Geoprobe samples (after the

deepest pit sample ≈ 3 m Geoprobe samples were used to extend the

profile to bedrock to 5 m) were used in calculations of Npool. At the

two mid-elevation sites, only soil samples taken to a maximum depth

of 5 m were used in this calculation to avoid skewing the mean resi-

dence time (MRT) from the abundance of older radiocarbon ages from

5 to 10 m. This is because when calculating Npool using Equation (3),

the MRT of the mixed-conifer site were skewed by thousands of years

due to the use of samples past 5 m that have radiocarbon ages up to

20,000 (Moreland et al., 2021) years causing worse model fit; there-

fore, we only used samples collected to a depth of 5 m. For example,

when all of the data were included to 10 m, the sum of squares error

was 17 as opposed to 5.1 × 10–1 when using the data to 5 m. We

postulate that poor model fit is due to that radiocarbon values var-

ied by more than 5 orders of magnitude below 5 m. The soil Npool and

the 14C radiocarbon ages from each pit and Geoprobe samples were

used to derive cumulative N and estimated MRT of the N in each pro-

file (Berhe et al., 2008; Berhe & Torn, 2017). For each soil profile, the

Npool in each horizon and then Geoprobe samples (thickness ≈ 0.5–0.7

m) were summed at each depth increment to estimate the N accu-

mulation between successive time stages. No tracer for estimating N

MRT exists, so we assumed that N and C turned over at equivalent

rates. This decision is based on our data and numerous other past stud-

ies that have shown that more than 95% of N in soils is organic and

most organic N is covalently bonded to C-based SOM (Allison, 1973;
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120 MORELAND ET AL.

TABLE 2 Mean bulk density, clay concentration and pH (1:2 ratio of soil to deionized water) from eachMaster horizon and Cr horizon along
the bio-climatic sequence

Site Horizon

Average

depths (m)

Bulk density

(mgm–3)

Clay

(%)

pH

(DI)

Oak savannah A 0–0.28 1.46± 0.10 5.53± 0.81 5.38± 0.57

B 0.28–1.08 1.63± 0.13 9.83± 5.06 5.70± 0.77

C 1.08–1.30 1.64± 0.14 4.31± 0.94 6.14± 0.97

Cr 1.30–1.86 1.67± 0.06 2.72± 2.52 5.81± 0.78

Pine-oak A 0–0.40 0.92± 0.33 5.40± 1.86 5.50± 0.38

B 0.40–1.59 1.02± 0.46 6.84± 1.93 5.29± 0.56

C 1.59–1.91 1.45± 0.18 10.97± 6.38 5.72± 0.85

Cr 1.91–3.56 1.42± 0.00 8.50± 5.86 5.57± 0.65

Mixed conifer A 0–0.14 0.98± 0.22 3.26± 2.82 5.55± 0.08

B 0.14–1.10 1.39± 0.13 6.08± 1.93 5.34± 0.27

C 1.10–1.47 1.41± 0.09 6.91± 1.96 5.25± 0.45

Cr 1.47–9.36 1.54± 0.13 5.44± 2.10 5.22± 0.18

Subalpine A 0–0.08 1.25± 0.10 3.23± 0.61 5.25± 0.30

B 0.08–0.67 1.42± 0.14 4.27± 1.73 5.60± 0.29

C 0.67–1.00 1.33± 0.09 3.66± 0.68 5.69± 0.25

Batjes, 1996; McGill & Cole, 1981). In addition, we found that the

concentration of the bulk sample C andNwere strongly correlated (R2

= 0.84, p= 0.049, n= 400), as has been shown previously (e.g., Berhe &

Torn, 2017). For each pit, the N that accumulated between the succes-

sive time stages is summed into a total profile N accumulation, and the

MRT is estimated from radiocarbon-based ages of each soil layer. The

total profile N pool versus years of accumulation (t) was used to esti-

mate I and kby fitting thedatawithEquation (3) to thedata determined

in Excel (MS Office 2011). Model fit was assessed by non-linear least

squares. The accumulation starts from the bottom up because of the

assumption that the deepest soil formed first and the OM associated

with the soil layers on top formed later (Riebe et al., 2017).

2.8 Data analyses

Data are presented with mean ± standard error. ANOVA was per-

formed on average clay % and bulk density to test if they significantly

variedby site. Pairs ofmeansat thedifferent siteswere comparedusing

the Tukey--Kramer HSD test, and simple linear regression was used

to assess the degree of covariance. For all statistical tests, an a priori

significance level of p < 0.05 was used. All statistical tests were per-

formedusingRversion1.1.456.Weuseda randommixedeffectsmodel

to assess the relationship between climate and soil N in fractions (mg

N g–1). We used individual climatic variables (GPP, ET, MAT, MAP, and

DWP) as the fixed random effects and the independent variable of TN

(mg N g–1) of each fraction. The climatic variable values were taken

from Goulden and Bales (2014), and deep water percolation is the dif-

ference between precipitation and ET. R2 and p-values were calculated

for each fraction within topsoil (< 0.3m) or subsoil (> 0.3m).

3 RESULTS

3.1 Physical and chemical characterization of
soils

Across thebio-climatic sequence, bulk density generally increasedwith

depth for all sites and ranged from0.92mgm–3 in theA horizon to 1.67

mg/m3 in the Cr horizon (Table 2). The soils were generally coarsely

textured with clay below 1%. Clay concentration increased from the A

to B horizons on average by 1.6% across all sites. At the highest and

lowest elevation sites, clay concentration decreased from the B to C

horizon on average by 2.2%. The mid-elevation soils both increased

in clay concentration from the B to C horizons. Soils across the bio-

climatic sequencewere strongly tomoderately acidic, ranging from5.2

and6.1. Therewasno clear or consistent trend in pHchangewithdepth

for all sites (Table 2).

3.2 Total N pool in soil and saprock

In all sites, soil contains more TN than the saprock with the soil TN

pool accounting for 63% to 100% of the total soil profile N (Figure 1).

Saprock accounted for a large proportion of the TN pool at mid-

elevation sites (Figure 1). In soil, TN pool increased with elevation to

a maximum of 0.75 kg N m–2 at the mixed-conifer forest (2015 m) but

decreased to 0.25 kg Nm–2 at the subalpine forest (2700 m; Figure 1).

Soil TN content increased (relative to saprock) at the subalpine forest

(2700 m) because this site did not have deep saprock (Figure 1). The N

proportion in saprock went from 4% in the oak savannah to 23% in the

pine-oak and then to 37% in the mixed-conifer forest (Figure 1). The
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CLIMATE CONTROLS DEEP N POOL AND PERSISTENCE 121

F IGURE 1 (A) Depth profiles across the bio-climatic sequence of nitrogen (N) pool (g cm−2, n= 77). (B) Partitioning of N in soil and saprock
across the bioclimatic gradient using Geoprobe-derived samples. Bar charts represent the total N (TN) pool (error bars represent standard
deviations, n= 48) in soil and saprock. Pie charts represent the proportion of N pool of soil and saprock among the four study sites: oak savannah,
pine-oak, mixed-conifer forest, and subalpine forest. Standard deviation is represented as the error bars.

F IGURE 2 Modeled (blue line) andmeasured (red circles) net accumulation of soil and saprock N over time for all four sites of the Southern
Sierra Critical Zone bio-climatic sequence. Samples include soil pit and Geoprobe-collected soils down to a 5-m depth. Years of accumulation were
calibrated with radiocarbon ages of bulk samples taken from the soil pits and Geoprobe samples. Note: scales on both axes for themixed-conifer
site are greater than for the other sites.

saprock of some sites stored more N than the soil systems alone, for

example, the oak savannah (405m) stored 0.387 kg Nm–2 in soil, com-

pared to themixed-conifer forest saprock,which stored0.432kgNm–2

(Figure 1).

3.3 Net N accumulation over time along the
bio-climatic sequence

The rate ofNaccumulation varied considerably between sites basedon

the first-order model. During the early years of model simulation, the

rate of N accumulation was highest at the pine-oak and subalpine sites

and occurred within a few hundred years (Figure 2). The oak savannah

site reached a steady state right before 5000 years, the pine-oak site

reached a steady-state N around 500 years, themixed-conifer reached

a steady-stateNbetween7500and10000years, and the subalpine site

reached a steady-state N in 500 years.

Results from our model showed that down to 5 m, the MRT of N

increased with elevation from 64 years for the oak savannah to a max-

imum of 652 years for the mixed conifer and then decreased to 117

years for the subalpine site (Table 3). Themodeled rate ofN input in the

mixed-conifer site was around 10 times slower than the oak savannah
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122 MORELAND ET AL.

TABLE 3 Mean TN pool (Npool) of soil and saprock andmodeled values of whole soil profile-integrated net input of N to the soil N pool (IN),
modeled coefficient for first-order N loss from for the soil profile (k), andmodeledmean residence time of N (MRTN) in soil profiles at each site to 5
m

Site

Npool
(kgm–2)

IN
(kgm–2 year–1)

k
(year–1)

MRTN

(year–1)

Sum of squares of

errors

Oak savannah 0.5 6.4× 10–03 1.5× 10–02 64 1.3× 10–03

Pine-oak 0.9 1.1× 10–02 1.4× 10–02 70 7.0× 10–04

Mixed conifer 4.7 7.5× 10–03 6.9× 10–04 652 5.1× 10–01

Subalpine 0.6 3.8× 10 –03 8.5× 10–03 117 1.0× 10–02

and pine-oak sites. The general trend suggested that drier and hot-

ter climates (low elevation) have faster NMRT than cooler and wetter

climates (Table 3).

3.4 N partitioning across fractions in topsoil
versus subsoil

All density fractions decreased in N concentration from the topsoil (0–

0.3 m) to the subsoil (0.30–1 m). N concentrations in both fLF and oLF

decreased drastically (by an average rate of 0.5%) from 0 to 0.25 m

and stayed relatively consistent below that depth. Comparatively, the

N concentration in the HF decreased more than any other soil fraction

with depth from 0 to 0.5 m (Figure 3A,F,K). However, the N concen-

tration in each fraction decreases substantially with depth for both

the fLF and oLF. There is more N in the topsoil fLF, compared to the

topsoil oLF. The proportion of TN in the fLF and oLF decreased

with depth, while the proportion of N in the HF generally increased

with depth (Figure 3B,G,I). Radiocarbon concentrations (∆14C) were

depleted (older) with depth for all fractions with the most depleted

samples in the oLF andHF pools (Figure 3C,H,M). The stable N isotopic

composition of δ15N in the light fraction across the depth profiles at all

sitesmirror eachother,where the δ15N in all fractionsbecomes isotopi-

cally heavier from the A to B horizon but isotopically lighter from the B

to C horizon (Figure 3E,J,O).

Figure 4 illustrates the average proportion of N in each fraction in

the topsoil (0–0.3m), subsoil (0.3–1m), andbelow1mfor each site. The

proportion of fLF N is highest in the topsoil and declined with depth

at all sites. In general, as elevation increased, the proportion of fLF N

increased. The proportion of oLF N is also highest in the topsoil and

declined with depth at all sites. The proportion of N in the HF fraction

accounts for the largest proportion (over 50%) of N across all sites and

depths (Figure4). Thehighest proportionofN in theoLFand the largest

difference, between the topsoil and subsoil, was also found in the mid-

elevation sites.Withdepth,N in the fLFandoLFdecreased inevery site.

As elevation increased, there was a greater proportion of N in the fLF

and oLF.

Table 4 presents the results from a mixed-effect model for N dis-

tribution in the different fractions with elevation and the five climate

variables. This provided insight into the relative contribution of climate

in explaining the variability of N partitioning between topsoil, com-

pared to subsoil layers within the fractions. Considering topsoil fLF N

(mg N g–1), GPP explained 65% of the variation, MAP explained 66%

of the variation, DWP explained 68% of the variation, and MAT and

ET were not statistically significant. In the N (mg N g–1) of the topsoil

oLF, GPP explained 57% of the variation, MAP explained 66% of the

variation, ET explained 28% of the variation, and MAT and DWP were

not statistically significant. In the N (mg N g–1) of the subsoil fLF DWP

explained 26% of the variation, MAP explained 25% of the variation,

and GPP, MAT, and ET were not statistically significant. In the subsoil

oLF N (mg N g–1), GPP explained 53% of the variation, MAP explained

54% of the variation, and GPP, MAT, and ET were not statistically sig-

nificant. The HF did not significantly correlate to any of the climate

proxies in the topsoil and subsoil (Table 4).

4 DISCUSSION

4.1 Allocation of N in soil and saprock across the
bioclimatic gradient

We demonstrated that climate indirectly impacts the TN pool in

saprock through its influence on the thickness of saprock. This is evi-

dent in that sites that have a favorable climate help to create a thick

saprock layer and consequently have larger TN pools (soil + saprock),

compared to the other sites with little to no saprock. Over time, the

parent material is weathered as a function of the five state factors

of soil formation: climate, biota, parent material properties, relief, and

time that regulate the input of material and efflux of byproducts,

via a combination of abiotic and biotic weathering processes (Pope,

1995). The mid-elevation sites in the SSCZO extend down from 5 to

10 m depths, illustrating that the conditions are optimal for extensive

loosening of the bedrock. Such conditions include increased volume

of voids by activity of plants, animals, or physical processes and by

removal of material by leaching (Buol et al., 1980; Moreland et al.,

2021). Our results show that in the SSCZO bio-climatic sequence,

the soil TN pool was highest at the mid-elevation sites (pine-oak and

mixed-conifer forest) where climate optimizes GPP (Figure 1; Goulden

& Bales, 2014; Kelly & Goulden, 2016). Our findings are consistent

with previous studies using a bio-climatic sequence to show that soil

development and weathering rates are maximized at the rain–snow

transition with mesic temperatures and relatively high precipitation,
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CLIMATE CONTROLS DEEP N POOL AND PERSISTENCE 123

F IGURE 3 MeanN concentration (g N kg–1), proportion of soil TN in each density fraction normalized to 100%, radiocarbon valueΔ14C (‰),
weight ratio of nitrogen to carbon (N:C), and the δ 15N (‰) in free light fraction (fLF, A–E), occluded light fraction (oLF, F–J) and the heavy fraction
(HF, K–O). n= 3 for each point in every fraction, except some of the deepest samples were n= 1. *Note that the heavy fraction N (HFN)
concentration panel (K) has a different X-axis scale than the fLF and oLF (panels A and F, respectively).

F IGURE 4 Mean proportion of N in each fraction in the topsoil (0–0.3m), subsoil (0.3–1m), and regolith below 1m for each site. Means were
normalized to 100% to account for any N loss during fractionation. Note that regoliths were<1m deep at the subalpine forest site so there are no
bars shown for>1m.
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124 MORELAND ET AL.

TABLE 4 Mixed effect model results betweenN concentration in soil density fractions (g N kg–1) and climate variables and proxies with
conditional R-squared (R2C, includes random andmixed effects) and p-value (*p< 0.05, *). Sample size (n) was 25 for topsoil and 38 for subsoil.
Topsoil was grouped by A horizons equivalent to 0.3m and subsoil was classified as the B and BC horizons going down to 1.5m

Fraction GPP MAT MAP DWP ET

R2C p-value R2C p-value R2C p-value R2C p-value R2C p-value

Topsoil fLF 0.654 <0.010* 0.681 0.051 0.662 <0.010* 0.682 0.042* 0.680 0.171

Subsoil fLF 0.261 0.146 0.263 0.054 0.251 <0.010* 0.261 0.041* 0.252 0.701

Topsoil oLF 0.574 <0.010* 0.332 0.141 0.663 <0.001* 0.493 0.053 0.283 <0.010*

Subsoil oLF 0.528 0.010* 0.561 0.072 0.542 <0.010* 0.561 0.051 0.554 0.191

Topsoil HF 0.136 0.065 0.001 0.873 0.221 0.173 <0.010 0.963 0.141 0.065

Subsoil HF 0.242 0.579 0.221 0.241 0.018 0.512 0.221 0.232 0.232 0.980

Abbreviation: fLF, free light fraction; HF, heavy fraction; oLF, occluded light fraction.

such as the mid-elevation pine-oak forest and mixed-conifer forests

we studied (Dahlgren et al., 1997; Egli et al., 2003; Jenny, 1980; Ras-

mussen et al., 2007). Given that TN concentrations were relatively low

in saprock, the main factor influencing the magnitude of N pools was

thickness, and the systematic trends in thickness are controlled by cli-

mate. This low concentration of N in saprockmirrors the trends seen in

the relative concentrations of organic C in soil, compared to saprock in

the same study sites,where saprockC represents up to30%of the total

profile C pool (Moreland et al., 2021; Yang et al., 2022), compared to

the 37% profile N being accounted for by saprock in this study. Recent

studies are highlighting that, in addition to biological fixation of atmo-

spheric N2, the weathering of parent material can contribute to soil N

pools and availability (Houlton &Morford, 2015). Houlton et al. (2018)

found that more than 38% of the ecosystem N budget came from

bedrock sources in temperate forest ecosystems. This indicates that

saprockNsources have thepotential to influencebothnutrient cycling,

C storage/sequestration, and vulnerability to changes in climate.

Subsoil and saprockNcould originate fromacombinationof sources

including dissolved OM, particulate OM, above- and below-ground

vegetation, bioturbation, and geogenic N. As OM is mineralized, some

of the mineralized N becomes mobile via dissolved and particulate

OM leaching into the saprock (Klotzbücher et al., 2013). Kaiser and

Guggenberger (2000) suggest that translocation of dissolved OM is

one of the dominant mechanisms that moves OMdeeper into soils and

saprock. Dissolved N enters the mineral soil through root exudates,

leaching of soluble plant litter, and atmospheric N deposition and has

also been found to have a greater microbial signature in saprock (see

Section 4.3 for further discussion onmicrobial processing; Gabor et al.,

2014; Knicker, 2011; Sleutel et al., 2009). Sleutel et al. (2009) observed

that a coniferous forest had up to 20% of dissolved N fluxes enter

the mineral soil from the forest floor. Leaf litter, root litter, and root

exudates are important sources of dissolved N that are translocated

throughout the mineral soil. In some cases, root litter and exudates

can contribute large amounts of N, compared to leaf litter N (Sleutel

et al., 2009; Uselman et al., 2012). Once the N is in the mineral soil,

it may cycle between roots, microbial biomass, adsorption and des-

orption from minerals, dissolution, and precipitation (Knicker, 2011).

Because deeper soils and saprock have a larger volume of reactive sur-

face, compared to the topsoil, percolating dissolved N could be one of

themain sources of deepN.

Besides the contribution of dissolved and particulate N, N deeper in

the regolith can be coming from bioturbation or geogenic sources. Bio-

turbation is when animals such as earthworms, termites, arthropods,

fungi, and plant roots physically move soils andmix them. Bioturbation

is also often cited as a major process influencing the vertical distribu-

tion of soil OM (Amundson et al. 2007; Tonneijck & Jongmans 2008).

Biturbation, especially from animals, is likely to impact just the subsoil

and not the saprock.

Anothermechanismof deepN is related to the emplacement of geo-

logic N through primary weathering and soil formation on parent rock

containing N (Houlton &Morford, 2015). The contribution of geogenic

N to total soil Nmay vary based on themineralogy and geologic history

of the parent material with N in higher concentrations in sedimentary

rocks, compared to more trace amounts in igneous parent materials

(Holloway&Dahlgren, 2002).Granite rockshavebeen found to contain

N with low concentrations varying from 1 to 243 Nmg kg–1 (Holloway

& Dahlgren, 2002). Stevenson (1962) suggests that the N in igneous

rocks is the ammonium contained within potassium-bearing primary

minerals such as mica and feldspar. X-ray diffraction analysis at these

sites shows that the granitic parent materials consist of kaolinite, gibb-

site, mica, vermiculite, smectite, and feldspars suggesting that some of

theN in saprock could be rock derived, especially themica and feldspar

(Tian et al., 2019).

4.2 Differential rates of accumulation and MRT of
N along the bio-climatic sequence

Maintaining SOMpools requires a balance between plant primary pro-

ductivity and decomposition, both of which are affected by climate

(i.e., temperature and moisture; F. A. Dijkstra & Morgan 2012). Vege-

tation drivesmaximumSOM input to the soil and varies across climatic

regimes, primarily with moisture gradients (Jobbágy & Jackson, 2000).

Results from our N accumulation model in the soil profiles illustrate

that the rate of soil N accumulation and profile-averaged MRT of N

is distinctly different in all the sites. The general steady-state trend
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CLIMATE CONTROLS DEEP N POOL AND PERSISTENCE 125

indicates that a drier and warmer climate (low elevation) will have a

shorter MRT, and climates that are cooler and wetter will have longer

N residence times until temperatures become cool enough to limit

primary production, such as in the subalpine site (Table 3). Since the

mid-elevation sites have a climate that is not too hot, dry, or cold, the

above- and below-ground biomass (input) is higher, reducing N limita-

tion and possibly explainingwhy there is a longerN residence time. The

fLF and oLF TN amounts are higher in these mid-elevations, also sug-

gesting more available N. Previous work at a similar mixed-conifer site

asused in this study, estimated that theMRTofNof the forest floorwas

7 years and the mineral soil (mostly A horizon) below that had anMRT

of 34 years (Hart & Firestone, 1991). The authors suggested that this

is due to increasedmicrobial immobilization of N and a greater propor-

tion of the total organicNmineralization in theOhorizon, compared to

below it (Hart & Firestone, 1991). This suggests that N is incorporated

into the mineral soil system, and a larger proportion of the N persists

in the mineral soil as opposed to the faster cycling organic (O) horizon.

These results indicate that climate influences N MRT throughout the

soil profile.

4.3 Climatic influence on the distribution of N in
soil fractions

Overall, our results suggest that climate does influence the distribu-

tion of N and mechanisms of N persistence. Results from the density

fractionation show that most N throughout the profiles we studied

is in the HF (Figure 4). HF N accounts for over 50% or more of TN.

In the >1 m samples in the oak savannah, HF N accounts for over

95% of TN. This pattern is consistent with the density fractionation

data from grassland sites inNorthernCalifornia reported byBerhe and

Torn (2017) where 90% of N was in the HF pool with parent material

types that ranged in extent of crystallinity, indicating that even crys-

talline parent materials form HF mineral-associated N. The majority

of soil organic N (SON) tends to be in the form of amides and amide-

containing compounds such as proteins, which are more likely to be

charged molecules, increasing their affinity for mineral attachment

(von Lützow et al., 2006). N-containing compounds can adsorb directly

onto mineral surfaces reducing further translocation and vulnerabil-

ity to oxidative attack by blocking enzyme attachment (Kögel-Knabner

et al., 2008). Iron oxides and aluminum silicatesmay also play an impor-

tant role in N retention, especially in deep soils because iron and

aluminummineral concentration generally increase with depth (Kaiser

& Zech, 2000). OM associated with the mineral portion of soil is typi-

cally more persistent, compared to OM that is not sorbed or physically

protected (von Lützow et al., 2006). Most of the N in all of the sites are

in theHFpool, suggesting that this pool contributes substantially to the

persistence of ecosystemN.

Mineral-associated—within aggregates and attached to primary and

secondaryminerals—OMis typically associatedwith slowerMRT, recy-

cled materials, and persistence (Schrumpf & Kaiser, 2015). Although

our study did not identify the exact source of the N, however, a

likely source for the HF N is microbial-derived dissolved organic N.

As the HF N increased with depth, the ratio of microbial-derived OM

compounds, compared to the plant-derived compounds, increase, indi-

cating a pattern of both microbially processed and newer material

deposited deeper into the profile (Gabor et al., 2014; Moreland et al.,

2021). Microbial-derived OM is likely to sorb onto soil minerals sug-

gesting that some of the HF N may be microbially derived (Mikutta

et al., 2019). The δ15N of the HF is more enriched, compared to the fLF

and oLF for all of the sites, except the oak savannah site, indicating that

someof theHFpool could bemicrobially derived (Figure 3E,J,O; P.Dijk-

stra et al., 2006). However, granite δ15N is reported to be between 1%

and 10‰, indicating that the HF δ15N could also be representative of

the parent rock and may not all be due to microbial processing (Hol-

loway&Dahlgren 2002). Since theHFNpool increaseswith depth, this

suggests that the subsoil N may be more persistent, compared to the

topsoil, which is consistent with deep soil organic C at these sites (von

Lützow et al., 2006;Moreland et al., 2021; Yang et al., 2022). HFNmay

be a large, overlooked persistent pool of N.

Soil OM found in the light fractions, which is fresher plant debris,

typically cycles faster, compared toHFOM, and radiocarbon values are

typically more depleted (get older) from fLF to oLF to HF (Schrumpf &

Kaiser, 2015). We found important trends in the relative proportion

of the light fractions (fLF and oLF) between sites that vary with cli-

mate, indicating that the accumulation of most N in the fLF and oLF

is sensitive to changes in climate. As elevation increases, we observed

a greater proportion of the soil TN contained within the fLF and oLF,

mimicking C trends at these sites (Moreland et al., 2021; Rasmussen

et al., 2005; Yang et al., 2022). This is due, in part, to the higher GPP

at the higher elevation sites where there are greater inputs of N from

aboveground plant and root sources (Goulden et al., 2012; Yang et al.,

2022). Furthermore, the mixed effect model results indicate that vari-

ability in the topsoil and subsoil fLF and oLF can be explained most by

GPP, MAP, and DWP. This also suggests that the higher elevation sites

have more TN in the fLF and oLF because of higher GPP resulting in

greaterNcycling asGPP increases.However, because climatevariables

are highly correlated, it is difficult to discern which climate proxy is the

driving force of these relationships. Follett et al. (2012) also found that

soil organic N pools in the US Great Plains were strongly negatively

related toMAT and positively related toMAP:PET, suggesting that soil

N pools are vulnerable to increased temperature and decreasingwater

availability. Our study raises questions about the response of subsoil N

to changes in climate and suggests that the subsoil fLF and oLF N may

bemore vulnerable than HFN.

Subsoil OM concentration decreases with depth and typically has

a longer MRT, compared to topsoil (Jobbágy & Jackson 2000; More-

land et al., 2021; Yang et al., 2022). Lower concentrations of OM, lower

microbial abundance, and increased persistence of OM due to burial,

aggregation, and organo-mineral associations decrease the rate of sub-

soil OM decomposition (Chabbi et al., 2009; Rumpel & Kögel-Knabner,

2011; Schrumpf et al., 2013). Our results suggest that climatic con-

trols appear higher for the surface than subsoil N. Trends in themodels

(lower R2 in subsoil) suggest that less variability in the subsoil fLF, oLF,

and HF can be explained by climate, indicating more persistent N in

the subsoil that is less vulnerable to changes in climate, compared to
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126 MORELAND ET AL.

topsoil fractions (Table 4). This interpretation is consistent with the

finding that radiocarbon in the bulk soil and density fractions is more

depleted (older) with depth (Moreland et al., 2021).

Even though subsoil OM is more persistent, compared to the top-

soil, some studies have suggested that subsoil OM, and especially C,

may be vulnerable tomineralization due to climate change (Hicks-Pries

et al., 2017; Moreland et al., 2021; Yang et al., 2022). We observed

increases inN:C ratios in soil with depth in themineral-associated frac-

tion and soils withmore depleted (older) 14C in deep layers, suggesting

more effective retention of N, compared to C, especially in the sub-

soil (Berhe & Torn, 2017). Previous studies suggested that bulk soil

N:C trends with depth—if combined with increasing DON concentra-

tion (not measured in this study)—could indicate enrichment of more

microbial-derived N in deeper soil layers (Kaiser & Kalbitz, 2012; Ros

et al., 2009). This concept is also supported by the Fourier-transformed

infrared spectroscopy and subsoil enrichment of d15N of the HF that

suggested more microbially processed OM, compared to the fLF and

oLF (Moreland, 2020; Figure 3E,J,O). Overall, these results suggest

that the more labile topsoil N in the fLF and oLF may be vulnerable

to changes in climate, whereas the topsoil HF and all the fractions in

the subsoil may be less vulnerable to changes in climate and therefore

could persist longer.

5 CONCLUSION

Climate exerts both a direct and indirect control on soil N accumulation

and persistence. Our bulk soil and saprock results evaluating the entire

profile N from topsoil to bedrock suggest that the effect of climate on

deep saprock N storage might be primarily through its effect on thick-

ness, not necessarily the concentration ofN in the regolith. The density

fractionation results suggest that the mineral-associated oLF and HF

pool contributes substantially to the persistence of N, especially in the

subsoil, and is indirectly influenced by climate via weathering. N that

becomes associated with minerals may be the pool where most of the

accumulation and retention of soil N takes place, especially in deep

soils. The modeled rate of N MRT and input indicated that a drier and

warmer climate (low elevation) has a shorter MRT, and climates that

are cooler andwetter have longer N residence times in soil.

The findings of our study highlight the important role of saprock in

storing soil N and the interactions of different pools of soil N with cli-

mate. The critical zone science perspective used in our study allowed

for an improved conceptualization of controls over N cycling and

long-term ecosystem interactions between plants, soils, and saprock.

Beyond the importance for plant growth, N availability has a strong

influence on C sequestration (Fernández-Martínez et al., 2014), and

hence adds another layer of urgency to why it is critical that we derive

realistic representations of the total amount and dynamics of N in soil

to inform current global climate research. Many terrestrial ecosys-

tems are limited in their productivity by the availability of N for plant

growth; therefore, the future response of these ecosystems to global

changes as well as their ability to take up and store C may be limited

by N. With estimates of biomass production increasing with climate

change (increased CO2), N availability may hinder plant growth caus-

ing ecosystems to respond by mining for mineral-associated N in deep

soil layers. Overall, this indicates that ecosystems that have deep soil

and saprock stored Nmay be less vulnerable to changes in climate if N

is plant accessible,whereas ecosystemswithdrier/hotter climateswith

less deeply stored Nmay bemore vulnerable.
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