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Increased forest ecosystem carbon and nitrogen
storage from nitrogen rich bedrock

Scott L. Morford', Benjamin Z. Houlton' & Randy A. Dahlgren®

Nitrogen (N) limits the productivity of many ecosystems world-
wide, thereby restricting the ability of terrestrial ecosystems to off-
set the effects of rising atmospheric CO, emissions naturally™.
Understanding input pathways of bioavailable N is therefore para-
mount for predicting carbon (C) storage on land, particularly in
temperate and boreal forests**. Paradigms of nutrient cycling and
limitation posit that new N enters terrestrial ecosystems solely from
the atmosphere. Here we show that bedrock comprises a hitherto
overlooked source of ecologically available N to forests. We report
that the N content of soils and forest foliage on N-rich metasedi-
mentary rocks (350-950 mg N kg ™) is elevated by more than 50%
compared with similar temperate forest sites underlain by N-poor
igneous parent material (30-70 mg N kg™"). Natural abundance N
isotopes attribute this difference to rock-derived N: "*N/**N values
for rock, soils and plants are indistinguishable in sites underlain by
N-rich lithology, in marked contrast to sites on N-poor substrates.
Furthermore, forests associated with N-rich parent material contain
on average 42% more carbon in above-ground tree biomass and 60%
more carbon in the upper 30 cm of the soil than similar sites under-
lain by N-poor rocks. Our results raise the possibility that bedrock N
input may represent an important and overlooked component of
ecosystem N and C cycling elsewhere.

Globally, sedimentary rocks contain 10*' g of fixed N, considerably
more than the 10" g of fixed N in the total biosphere®. Such N is
primarily derived from the burial of organic matter in marine and
freshwater sediments, where it is incorporated into rock as organic
N or as ammonium in silicate minerals. Sedimentary and metasedi-
mentary rocks are distributed globally and typically contain between
200 and 1,200mgNkg ™', whereas high-grade metamorphic and
igneous rocks typically contain less than 40 mgNkg ™" (ref. 6). Fixed
N is also found as nitrate salts in arid environments’, owing to the
deposition of atmospheric N over millennia.

Reservoirs of silicate N were identified more than half a century
ago®, but it is generally believed that rock N is not sufficiently import-
ant to alter the terrestrial N cycle, despite evidence to the contrary’. Just
as weathering of phosphorus (P) from bedrock is considered the
dominant source of P to terrestrial ecosystems'’, geological N may also
be a long-term source of bioavailable N to plants and ecosystems.
Bedrock has already been implicated as a source of N to aquifers''
and surface waters'”. Here we show, using a range of chemical and
isotopic techniques, that bedrock contributes substantial amounts of
N to temperate coniferous forests. In addition, we conducted a
regional-scale investigation of 88 forest inventory and analysis (FIA)
plots to show that total forest carbon storage is higher in ecosystems
underlain by N-rich bedrock than in those underlain by N-poor rocks.

We tested the hypothesis that rock weathering is an ecologically
significant N source that can increase forest productivity and C storage
in temperate coniferous forests of northern California, USA. The first
site, South Fork Mountain (SFM), is underlain by mica schist derived
from low-grade metamorphism of marine sediments dating to the
early Cretaceous period"’. The mica phase of the schist contains at
least 2,700 mgN kg~ as interlayer ammonium that is released to soil

solution as the rock weathers'. Our second site, adjacent to SFM, is
underlain by the Bear Wallow Diorite Complex (BWDC), a plutonic
rock dating to the Jurassic period".

These sites have common tectonic histories, with significant uplift
initiated during the Pleistocene'® and modern uplift rates estimated to
befrom1to4mmyr~ ! (see Methods). Other than parent material, all
other state factors are similar across sites (Table 1). Soils at both sites
are classified as Dystroxerepts, have sandy loam to loam texture, and
show soil development to a depth of 0.5-1.0 m. The strontium isotope
(*’Sr/*°Sr) composition of foliage from SFM and BWDC suggests that
the two sites receive similar fractions of Sr inputs from precipitation and
bedrock (Supplementary Fig. 1). Although differences in mineralogy and
Sr concentration preclude a direct comparison of bedrock weathering
inputs between sites'®, the foliar Sr data are consistent with other soil
metrics in suggesting that the weathering status of our sites is com-
parable. In addition, stand composition and tree age at SEM (tree age
121 = 7.5 years, mean =* s.e.m.) and BWDC (111 * 7.6) are similar, and
the "*C/'C of foliage is largely indistinguishable between sites (Sup-
plementary Table 1), indicating similar plant-available water regimes.
Atmospheric deposition contributes less than 1kgNha 'yr™'
(ref. 17), whereas biological N,-fixation inputs are estimated to be
about 5kgha™'yr™', on the basis of measurements from similar
mature forests in western Oregon'®, empirical models' and numerical
simulations’.

In contrast, the mean N content of bedrock differs substantially:
682 + 50 and 55 = 6 mgN kg™ ' (mean * s.e.m.) at SEM and BWDC,
respectively (Fig. 1a). The bulk-N content of the SFM rock is similar to
the global average for marine pelagic sediments, but is lower than for
most organic-rich marine sediments, which commonly exceed
1,000mgNkg ™" (ref. 20). The differences in rock N pools translate
to profoundly different N cycles: surface mineral soils in SEM forests

Table 1 | State factors and soil characteristics for forests on SFM and
BWDC

Parameter SFM BWDC

State factors

Parent material Mica schist Diorite-gabbro
Elevation (m) 1,650-1,720 1,400-1,500
Aspect N-NE N-NE
Precipitation (mm) 1,520 1,400

Mean annual temperature (°C) 9 10
Dominant soil type Dystroxerept Dystroxerept
Mineral soil characteristics (0-30 cm)

Soil texture Loam-sandy loam Sandy loam
Soil pH (1:1 soil/water paste) 4.85 5.62

Bulk density (gcm ) 1.05 1.09

Coarse fragments (%) 25 30

Clay content (%) 8-12 5-8

Total C (mass %) 5.51+0.30 3.54+0.34
C/N (mol/mol) 208+ 1.0 295+1.3
Soil C storage (Mgha 1) 1302+7.1 81.0+7.8
Soil N storage (Mgha™1) 7.3+0.35 3.2+0.26

Soil physical and chemical characteristics in the top 30 cm of mineral soil are reported. C and N pools in
soil are reported as means = s.e.m. (n = 34).

1Department of Land, Air and Water Resources. University of California — Davis, California 95616, USA.
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Figure 1 | Total nitrogen in rock, soil and foliage pools for SFM and BWDC
forests. a—c, Total nitrogen in rock (mgN kgfl, n = 18) (a), soil (%N, n = 34)
(b) and plant foliage (%N, n = 80) (c) in the BWDC (black) and SFM (grey)
forests. d, Foliar nitrogen expressed in jig N per needle, to account for biomass
dilution. Calocedrus decurrens is not presented in d because of scale-leaf rather
than needle-leaf morphology. Error bars represent s.e.m. Species sampled: Ac,
Abies concolor; P, Pinus lambertiana; Pp, Pinus ponderosa; Cd, Calocedrus
decurrens. Asterisk, P < 0.05; two asterisks, P < 0.01; three asterisks, P < 0.001.

contain significantly more N than those in BWDC forests (3,026 = 149
and 1,426 = 113 mgNkg ™' (mean = s.e.m.), respectively; Fig. 1b). In
addition, soil C/N ratios in the top 30 cm of mineral soil are significantly
lower at SEM (20.8 mol:mol) than at BWDC (29.5). Elevated total C
concentrations in SEM soil result in substantially more C storage in the
top 30 cm of soil at SFM (130 = 7 MgCha™'; mean =* s.e.m.) than in
BWDC (81 = 8MgCha71; Table 1). These differences are consistent
with a California statewide soils database (n = 183; Supplementary
Fig. 2); C and N storage at BWDC is similar to the state average for
comparable ecosystems (74.9 MgCha™', 3.89 MgNha '), whereas
SFM has among the highest C and N contents observed.

Further, N enrichment in rocks and soils is readily apparent in the
tree foliage. On average, conifer needles at SFM contain 50% more N per
needle than at BWDC; this difference is observed in three of four
sampled species (Fig. 1¢); trees on SEM contain 7-30% more N on a
foliar mass basis. Calocedrus decurrens was the most N-enriched:
145+ 0.04% N (mean * s.e.m.) at SFM, versus 1.10 = 0.03% N at
BWDC. The other trees showed similar but less substantial N enrich-
ment (Abies concolor, 1.14 £0.04% N and 1.00 = 0.04% N; Pinus
ponderosa, 1.50 = 0.06% N and 1.33 = 0.06% N; Pinus lambertiana,
1.33 £0.04% N and 1.25 * 0.03% N at SEM and BWDC, respectively).

Under N-rich conditions, plants can either concentrate N in foliage
(for example, Calocedrus) or build more foliage (or do both; for
example Abies and Pinus), the former leading to higher N concentra-
tions in foliage, the latter to no major changes in N contents. At SEM,
needle biomass in pines is roughly 70% higher than at BWDC
(Supplementary Table 2), implying significant gains in biomass with
added N. Examining N contents on a per-needle basis to account for
nutrient dilution®' reveals even more profound differences between
sites: SFM trees show 35-90% more N than those at BWDC
(Fig. 1d). It therefore seems that forest responses to geological N inputs
are manifested as higher foliar biomass production, in addition to the
higher foliar N concentrations observed.

Next, we used natural-abundance ""N/'*N stable isotopes (3'°N
parts per thousand (%o) versus air) to trace the movement of N from
rocks to soils and plants (Fig. 2). Nitrogen-isotope data for the BWDC
site are consistent with expectations for other similar N-limited tem-
perate conifer forests**?*: foliar §'°N (—1.59 = 0.19%o; mean = s.e.m.)
is depleted relative to soil (1.96 = 0.32%o0), whereas 8!°N in rocks
(18.37 = 1.55%o) is substantially elevated compared with that in plants
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Figure 2 | Nitrogen isotope values of the rock-soil-plant system. a, SEFM
forest; b, BWDC forest. The median and range are plotted for each component.
The dashed line represents the approximate isotope value for total atmospheric
N inputs.

and soils. In contrast, foliar 8!°N at SEM (3.10 = 0.17%o) is 4.7%o
higher than at BWDC and is essentially indistinguishable from that
of soils (3.6 == 0.17%o) and rock (3.3 = 0.22%o). This points to a direct
link between weathering of rock N and the elevated N status of SFM,
and conforms with general patterns of plant and soil §'"°N in N-rich
ecosystems™. Moreover, the lack of differentiation between the
N/™N of rock inputs and soils at SEM indicates little or no isotopic
expression through N losses at SFM. This agrees with observations of
high-nitrate leachates in soils'* and streams'* associated with N-rich
rock substrates, given that N leaching does not seem to impart a major
fractionation of N isotopes in comparison with gaseous losses of N
(ref. 24). Finally, the contrast of plant and soil §'°N pools at SEM and
BWDC is consistent with models that show increased isotopic expres-
sion of ectomycorrhizal N transfer under low availability of N (ref. 25)
(that is, at BWDC), although we do not observe differences in foliar
5'°N between ectomycorrhizal and arbuscular mycorrhizal species at
either site (Supplementary Fig. 3).

Rising levels of atmospheric CO, and climate change have renewed
interests in links between N and C cycles, especially in high-latitude
forests*. Nitrogen limitation of extra-tropical forests is widespread®s;
new N inputs therefore have the potential to allow for more CO,
uptake and storage on land”, thus affecting the pace and magnitude
of global climate change. Using FIA data from forests developing on
bedrock similar to that at SFM (eastern Franciscan, N-rich) and BWDC
(western Klamath, N-poor) geological provinces of Northwest
California, we show that geological N may also contribute to enhanced
forest productivity and C storage on land.

Holding other state factors constant, our analysis suggests that forests
on bedrock with high N-enrichment potentials (metapelites formed
under a low geothermal gradient), on and within the SEM region,
contain 42% more C in above-ground tree biomass than similar forests
in the region that are underlain by N-depleted bedrock (P = 0.009,
R*=0.66; Fig. 3). Although lithology in our model represents the
sum of the parent material influences on tree C stocks, the physical
properties inherited from parent material, such as soil texture and
depth, are taken into account by the available water-holding capacity
parameter (P = 0.001). This implies that the enhanced C storage on
putatively N-rich lithology is most associated with differences in nutri-
ent release from rocks. Given the N-limited propensity of such forests,
these region-wide results indicate higher productivity and C storage
owing to bedrock N, which is consistent with the higher N and C stocks
at SEM (Table 1 and Fig. 1) and with Forest Service data suggesting that
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Figure 3 | Carbon in above-ground tree biomass for forests growing on
N-rich and N-poor lithology. Plot of carbon (Mgha™") against stand age for
FIA plots (n = 88) on N-rich (crosses) and N-poor (triangles) lithologies used in
the model. To account for model axes not shown, we present detransformed
model estimates for sites on N-rich (solid line) and N-poor (dashed line)
lithologies, holding other model parameters constant at nominal values to
illustrate differences in carbon storage attributable to lithology. The grey area
indicates lithology s.e.m. Our analysis estimates that sites on N-rich lithology
contain 42% more C in above-ground tree biomass than sites on N-poor lithology
(P = 0.009; adjusted R* = 0.66) after accounting for confounding state factors.

SEM contains the most productive Douglas fir forests remaining in
California®®.

Our results raise the possibility that rock weathering may be a sig-
nificant source of N to terrestrial ecosystems underlain by N-rich
substrates elsewhere. There are many documented cases in which
the N budgets of forests are out of balance, often being in need of
substantially higher N input rates to account for N accumulation in
soil and plants®. In cases where bedrock is enriched in N, parent-
material N could explain some (or all) of the missing N inputs. For
example, using the N isotope data to devise a set of mass balance
models, we estimate that rock N sources contribute 30-100% of the
ecosystem N inputs at SFM, depending on the degree of isotopic
expression by N losses (Supplementary Table 3). These results are
comparable to simple uplift models (rock N = 47% of N inputs) and
weathering experiments in the laboratory (rock N = 64% of N inputs).
In terms of fluxes, these various approaches point to substantial N
inputs: 3.0-10.9kgha™'yr ' by rock weathering at SEM, potentially
more than doubling known inputs from the atmosphere (that is, fixa-
tion plus deposition equal to 6 kg Nha™"yr™" (refs 3, 17-19)). Given
that sedimentary and metasedimentary rocks contain 99% of the global
fixed N and cover roughly 75% of the Earth’s land surface®, the poten-
tial for bedrock N to stimulate productivity and C storage in the ter-
restrial biosphere seems globally significant.

METHODS SUMMARY

One-year-old sun foliage from the mid-canopy of mature conifer trees was col-
lected with a pole saw in autumn 2008, after full needle elongation. Foliage was
rinsed with deionized water and dried at 50 °C for 48 h. Needle biomass was
determined by a 100-needle count on dried foliage. Samples were ground and
analysed for total C and N, §"°N and §'°C by the University of California - Davis
Stable Isotope Facility with a SerCon Hydra 20/20 isotope ratio mass spectrometer
(IRMS). Isotope values are reported in parts per thousand (%) relative to Vienna
PeeDee Belemnite for '*C/*2C, and air N, for "*N/*N, using standard delta (5)
notation. Surface mineral soils were collected to a depth of 30 cm, dried in air,
sieved to 2 mm, milled to pass a 200-um sieve, and then analysed by IRMS for total
CandN, 3'°N and 8"*C. Bulk density was determined by the core method, and soil
texture by laser diffraction. Minimally weathered bedrock samples were collected
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from outcrops at each site, cut with a slab saw to remove weathered surfaces,
treated with 5% hydrogen peroxide for 24h to remove any remnant surficial
organic matter, and pulverized with a carbide-steel shatter box to pass a 75-pum
sieve. Samples were analysed by IRMS for total C and N, §'°N and §'"*C. FIA plot
data, including intensification plots, were obtained from the United States Forest
Service. Above-ground carbon stocks were calculated with the Jenkins equations
in the ‘Fire and fuels extension’ of the Forest Vegetation Simulator. Student’s
t-tests were used to compare differences between sites in total N in rocks, soil
and foliage. The FIA model took the form of a multiple linear regression. Statistical
tests and model fitting were performed in R.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS

Field sampling and laboratory analysis. Sampling areas were located near
40°18'N 123°18' W and 40°26' N 123°21' W for the SFM and BWDC sites,
respectively. Within each sampling area, three locations were chosen at random
for collection of foliage, soils and rock. A pole saw was used to collect sun needles
from 10 m above the forest floor from co-dominant conifer trees in the autumn of
2008. Three clippings from each tree were bulked into a single sample. One-year-
old needles were removed from the branches by hand, and needles showing
damage, discoloration or herbivory were discarded. The separated needles were
washed with deionized water and then dried for 48h at 50 °C. A subsample of
dried foliage was ground with a Wiley mill and then pulverized with a ball mill
before chemical analysis. From the remaining sample, 100 needles were chosen at
random and weighed to determine a 100-needle mass.

Ground samples were placed into tin capsules and analysed for total C and N,
13C/"*Cand "’N/*N on a Sercon 20/20 elemental analysis-IRMS at the University
of California — Davis Stable Isotope Facility. Isotope values are reported in parts
per thousand (%) relative to Vienna PeeDee Belemnite for '*C/**C and air N, for
N/MN, using standard delta (8) notation®'. Foliage replicates had standard devia-
tions for total C, total N, 8">C and 8"°N of less than 0.1%, 0.05%, 0.05%o and 0.2%o,
respectively.

We dug three 50 cm X 50 cm pits in each sampling location down to the C, horizon
(60-80 cm) to describe soil taxonomy. Additional smaller pits (0.3 m X 0.3 m) were
used to collect representative mineral soil samples for the top 30 cm of the profile for
chemical analysis. Soil bulk density and volume of coarse fragments were quantified
in the surface mineral horizons with the use of the core method*. Soil texture was
determined by laser diffraction®. Soils were air-dried in the laboratory and sieved
to 2mmy; fine roots were then removed with forceps. The soil fine fraction was
ground with a ball mill, weighed into tin capsules and analysed for elemental and
isotopic analysis (see foliar methods for details). Soil replicates had standard
deviations for total C, total N and 8"°N of less than 0.02%, 0.005% and 0.3%o,
respectively.

Rock samples were recovered from minimally weathered outcrops with a crack
hammer. The weathering rind was removed with a lapidary slab saw. The sample
was then treated with 5% hydrogen peroxide solution for 24 h to remove surficial
organic matter, dried and then crushed with a hydraulic press to obtain particles
with diameters of less than 10 mm. Samples were then washed with deionized
water and dried at 110 °C for 48 h. A 60 g subsample was pulverized with a carbide-
steel shatter box to pass a standard US 200 mesh (74-um) sieve. Samples were
weighed into tin capsules and submitted to the Stable Isotope Facility for elemental
and isotopic analysis. Replicates for SFM schist had standard deviations for total N
and 8"°N of 10 mgkg "' and 0.3%o, respectively. Replicates for rock samples from
the BWDC site had higher analytical uncertainty, with standard deviations of total
N of 15mgkg ™" and a §"°N of 2%o. In addition, two independent methods were
used to quantify total N in a subset of samples: vanadium oxide catalysed com-
bustion* and HF/HCI digestion followed by conductimetric NH, quantification®”.
Both methods resulted in N recovery within 10% of the standard elemental ana-
lysis—-IRMS method.

Comparison of sample means of total N in rock, soil, and foliage between SEM
and BWDC sites was performed with Student’s ¢-test in R*. Homogeneity of
variance was tested with the Sharpio-Wilk test for normality.

For Sranalysis, rock and foliage samples were prepared as described above; 0.25 g of
foliage was digested with ultrapure nitric acid and hydrogen peroxide ina CEM MDS-
2100 microwave digester. Snow was collected immediately after a storm in March 2009
and passed through pre-rinsed 0.45-um Millipore Millix syringe filters. Sr extractions
for all samples were performed with Eicrhom Sr-Spec resin and analysed on the Nu
Plasma HR multi collector-inductively coupled plasma-mass spectrometer (MC-
ICP-MS) at the University of California — Davis Interdisciplinary Center for Plasma
Mass Spectrometry. Srwas corrected to *°Sr/**Sr = 0.1194 to account for instrumental
mass fractionation, and then normalized to SRM 987 (¥7Sr/*Sr = 0.710248). The
SRM 987 standard averaged *’Sr/*°Sr=0.710269 = 0.000040 (2 sd., n=25).
Method blanks were less than 0.4 and 1.3 ng for rock and foliage, respectively.
Analysis of FIA plot data. A total of 130 FIA plots were identified within the
designated study area and included both the standard and intensification plots for
rare forest types®” > Potential N-bearing lithologies were identified with available
geological data'>**™*>, field observations and geochemistry data from our rock
collection. Potential N-rich sites occur on metasediments (blueschist facies) in
the eastern Franciscan belt, whereas N-poor sites are located in terranes of western
Klamath that have undergone substantial contact metamorphism. Of the 130 sites,
89 were initially selected for inclusion in the analysis by using the following
criteria:

1. We selected for mixed pine, Douglas fir, Douglas fir-white fir, and Douglas
fir-ponderosa pine forest types by using CalVeg classification data®.

2. Plots occurring on ultramafic/serpentine soils were excluded by using spatial
data from the Trinity serpentine soil survey"’.

3. Plots were located on slopes less than 80% and had mean annual precipitation
values from 1,000 to 2,000 mm.

4. Plots had a mean stand age (defined below) of more than 20 years and less
than 200 years.

5. The Stand Visualization System (SVS)** was used to prescreen for stands that
exhibited significant mortality in the largest diameter classes resulting from
extreme disturbance events such as high-intensity wildfires or insect and microbial
pathogens. Stands in which more than 75% of the canopy area was occupied by
dead standing trees in combination with 50-80% mortality in the largest tree
diameter classes were removed from the analysis.

A total of 88 plots were included in the final analysis (Supplementary Table 4);
one was removed after an analysis of disturbance regimes using fire history and
stand density characteristics (discussed below).

Seven parameters were used as potential explanatory variables for the analysis.
Supplementary Table 5 provides information on the central tendency and data
distribution for each parameter. Non-significant variables (P> 0.05) were
dropped from the final analysis during model fitting (see discussion below). The
full set of independent parameters tested in the analysis includes:

1. Stand age. The FIA intensification plot database does not include information
on stand age; we therefore estimated stand age (A,) using a basal area-weighted
function of measured conifer trees within each plot, calculated from

As= D AA Y Ay (1)

where A, is the age of an individual measured tree, and Ay, is a calculated value
representing the basal area per hectare. Age data from live, measured conifer trees
only were only used in this determination.

2. Slope. Percentage slope was taken directly from the FIA database and con-
verted to decimal fractions. In the case of a split plot, the mean slope across the four
subplots was used.

3. Available water-holding capacity (AWHC). An estimate of the total amount
of water the soil profile can hold, based on soil texture, depth and coarse fragments
(fraction larger than 2mm in diameter). AWHC values are spatially averaged
values of SSURGO and STATSGO data, using a 1-km? grid®.

4. Insolation. Annual solar input (W h m %) was derived from the 1/3-arcsecond
(10-m) National Elevation Data set (NED)* using the Solar Analyst function®" in
ArcGIS 9.3 (ref. 52). Insolation values were linearly rescaled from 0 to 1.

5. Precipitation. Mean annual precipitation was derived from the PRISM
30-arcsecond (800-m) data set (1971-2000).

6. Temperature. Mean annual temperature was derived from the PRISM
30-arcsecond (800-m) data set (1971-2000)*.

7. Lithology. Categorical variable that indicates whether the plot is located on
lithologies with nitrogen statuses similar to SFM (eastern Franciscan) or BWDC
(western Klamath).

The response variable in the model was above-ground carbon (C,) in standing
live trees (MgChaﬂ). C, was calculated on a per-tree basis by using Jenkins
allometric biomass equations™ in the ‘Fire and fuels’ extension™ of the Forest
Vegetation Simulator (FVS)”.

To account for potential differences in disturbance regimes between regions, we
used fire history®® in combination with stand density information to identify plots
where disturbance had substantially influenced carbon storage. A total of 26 of the
initial 89 plots had a record of fire since 1920 (29%), with 11 recorded incidents in
the eastern Franciscan and 15 in the western Klamath. Only 14 of the 26 fires
occurred within the past 50 years, with 40% occurring in the eastern Franciscan.
Inclusion of a categorical parameter in the model to account for the presence or
absence of fire was non-significant (P > 0.05) at the three timescales examined (15,
30 and 50 years).

We compared stand density with basal area across plots to identify sites where
fire significantly altered stand structure. To compare sites directly, we calculated
Reineke’s stand density index (SDI)* for each plot to account for the negative
exponential relationship (reverse J-shaped distribution) between tree size and
density®. After a log-log transformation to account for data heteroscedasticity,
we found a strong linear relationship between log(SDI) and logC, across litholo-
gies and fire histories (R* = 0.92; Supplementary Fig. 4). We identified and
removed a single plot that deviated significantly from the population SDI:Ay, trend.
The removed plot, located in the western Klamath (N-poor lithology), was
194 years old with only 59 Mg Cha™" in above-ground tree biomass.

We used R*® to fit a multiple linear regression model, accounting for two-way
interactions between local state factors. Initial model parameter selection was
performed with the ‘step’ function in R—an implementation of Akaike’s informa-
tion criterion®". In favour of parsimony, the final model included only parameters
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deemed significant (P = 0.05) by typell analysis of variance with the ‘Anova’
function from the Companion to Applied Regression (CAR)** library in R*.
The final model took the form

logC, = fo +logx; + x, + x5 + x4+ x5+ x5 + & )

where fi, is the intercept, x;—x, represent coefficients fitted by the model (x;, stand
age; x,, lithology, x5, temperature, x5, AWHG; x5, insolation; xs, AWHC X insolation)
and & represents error. An ANOVA table for the final model is presented in
Supplementary Table 6). Precipitation (P = 0.12) and slope (P = 0.49) were found
to be non-significant in the final model. Collinearity was assessed by using the
variance inflation factor from the CAR package® (Supplementary Table 7). Model
coefficient tables (Supplementary Table 7), model fit information (Supplementary
Fig. 5) and residual plots (Supplementary Fig. 6) are also presented.

Mass balance modelling methods for determination of bedrock N flux. We
developed four simple models derived from natural-abundance N isotope data,
tectonic uplift rates and laboratory weathering experiments to better constrain N
input fluxes from bedrock into our sites. Our first two models apply principles of
isotopic mass balance: model A estimates rock N contribution to the ecosystem
under the assumption of no isotopic fractionating loss, whereas model B assumes
that fractionating loss pathways are similar among sites. Model C uses steady-state
assumptions to estimate N inputs using rock N content, tectonic uplift rates, and
chemical weathering potential. Finally, modelD uses laboratory weathering
experiments, corrected for temperature with Arrhenius relationships. All models
were implemented in R and results are based on 100,000 Monte Carlo simulations.
We report 2.5th centiles, medians and 97.5th centiles of all model outputs, repre-
senting a 95% confidence interval around our estimates.

In model A we employ a simple mixing model to estimate the fraction of rock N
inputs to the ecosystems (f,oc1, equation (3)), using measured isotopic data and
estimated pool sizes. The major assumption in this model is that there is no
fractionating loss at either the BWDC or SFM site. We estimate an ecosystem
N/MN (515Nemsyslem) pool through the mixing of soil (f,,;1) and biomass (fi1ant)
pools. The relative size of the soil versus biomass pools is difficult to quantify for
these sites; however, we can use estimates of forest ecosystem carbon pools® and
the C/N of plant biomass pools***** to predict a range of possible relative pool
sizes. Using these constraints, we calculate that 0.07-0.40 of the ecosystem N
reservoir is contained within plant biomass, but larger values most probably
represent forests where soil C and N storage is low. In our model we use a range
of 0.07-0.20 for the biomass contribution to the total ecosystem N pool, and
assume that the ""N/"*N of foliage is representative of the entire biomass pool
(515Nplams, equation (4)). The 1>N/*N of the atmospheric endmember (8" Nym)
is assumed to range from —1.5%o to —0.5%o, and N/MN of the rock (8" Nyoac)
and soil (6" Ny components in the model represent the mean = s.e.m. for each
pool.

f;ock = (SlsNecosystem - 51SI\Ialm)/(BISI\Irock - 615Nalm) (3)

6ISI\Iecosystem =fsoil(615Nsoi1) +fp1ants(615Nplams) (4)

Model B differs from model A in that it incorporates a fractionating loss term
whereby isotopically light N is removed preferentially from the ecosystem (equation
(5)). Loss pathways include both leaching (fcaching) and denitrification (fgenit);
however, evidence indicates that the isotope effect of leaching is approximately
zero when integrated through space and time** (equation (6)), leaving denitrifica-
tion as the sole fractionating loss pathway in the ecosystem. To consider isotopic
effects of N losses, we make two simplifying assumptions. First, we assume that
the contribution of N from rock is effectively zero at the BWDC forest. Second, we
assume that the relative imprint of denitrification on the total eco-
system pool is the same between sites, given the similarity of climate, vegetation
and soil physical properties between SFM and BWDC. In doing so, we combine
the fraction and isotope term in the denitrification pathway into a single variable,
1 (equation (7)). Using the assumptions from equations (6) and (7), we can
solve for 1 (equation (8)) and the fraction of rock inputs at the SFM site (equation

9)):

315 . <15 15
8 Necosystem = farm(® "Natm)  frock(®' "Nrock) — faenit(edenit) — fieaching(EleachingX5)

Sleaching =0 (6)
n :fdenit(gdenil) (7)
1= 8"Nam — 8""Npwpc (®)
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For model C we estimated the rock N contribution to SFM and BWDC ecosystems
from regional uplift rates and atmospheric N inputs. We assumed that uplift equals
denudation rates at our sites and that the chemical weathering fraction is between
0.05 and 0.2 of the total denudation rates, on the basis of estimates from the Sierra
Nevada®. Total atmospheric N inputs are between 4 and 8kgha™'yr™! at both
sites, on the basis of regional estimates of N fixation®'”'® and N deposition'.
Quaternary uplift rates in the northwestern California are estimated to be between
0.001 and 0.004 m yr~ ', on the basis of geodynamic models®”*® and field data®*”°.
The fraction of rock N input to the ecosystem (f,oc) can then be estimated from
equation (10):

frock = rufcw (10,000 m2 h87 l)ﬂd Nrock[l/(l + Z‘atmos]) (10)
where r,, is uplift rate (myr "), f.,, is the chemical weathering fraction, pq is rock
density (kgm ™), Nyoc is the N content of bedrock, and iymos is the total atmo-
spheric N input (kgha™'yr ™).

In modelD we estimate rock N inputs at SEM on the basis of laboratory
weathering data”. Bulk leaching experiments estimated bedrock N fluxes to be
between 5 and 38kg "ha™'yr ' after 360-day incubations at 20 °C. Mineral
dissolution rates are sensitive to temperature®*’>”*; we therefore estimate field N
fluxes on the basis of laboratory weathering rates corrected for differences in
temperature between the laboratory (20 °C) and field (9 °C), using Arrhenius
relationships. Activity coefficients for potassium are used in place of ammonium,
given the similarity in charge and ionic radius of ammonium and large-ion litho-
philes in geochemical systems’. The field weathering rate (rgq4) is estimated from

equation (11):
Tfield = €X] — =] [Nab
b PR Trea  Tiv) |

where E, is the dissolution activity energy, R is the gas constant, 71, is the labor-
atory weathering rate, and Tpeq and Ty, are field and laboratory temperatures,
respectively.

Methods for statewide soil C and N analysis. A total of 183 pedons from the
University of California - Davis Soil library were selected for the analysis, on the
basis of vegetation data (mixed conifer and Douglas fir). Soils with andic prop-
erties were identified and excluded from the analysis by using the database soil
taxonomy and through comparison with SSURGO soil survey data at the pedon
location. The aqp”® package in R* was used to calculate the depth-integrated C and
N content for each pedon at intervals of 1 cm. Calculation of carbon and nitrogen
soil storage were based on the horizon-integrated N and C content, the volume of
coarse fragments, and the soil bulk density. The bulk density data from the data-
base were incorrect or missing for several pedons; to correct for this, we assumed
that bulk density increased linearly from 1,000kgm™> at the soil surface to
1,200kgm ™2 at 30 cm.
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