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Key points
1. In Mediterranean-climate regions, warming will decrease forest storage of C, N, and P at warmer
sites but not at colder sites
2. Climatic impacts on soil C storage can remain substantial even in deep soil and weathered
bedrock
3. Ecosystem C residence times will decrease with rising air temperatures but will increase with

major droughts
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Abstract

Understanding potential response of forest carbon (C) and nutrient storage to warming is
important for climate mitigation policies. Unfortunately, those responses are difficult to predict in
seasonally dry forests, in part, because ecosystem processes are highly sensitive to both changes in
temperature and precipitation. We investigated how warming might alter stocks of C, nitrogen (N), and
phosphorus (P) in vegetation and the entire regolith (soil + weathered bedrock or “saprock™) using a
space-for-time substitution along a bioclimatic gradient in the Sierra Nevada, California. The pine-oak
and mixed-conifer forests between 1160 — 2015 m elevation have more optimal climates (not too dry or
hot) for ecosystem productivity, soil weathering, and cycling of essential elements than the oak savannah
(405 m) and subalpine forest (2700 m). We found decreases in overstory vegetation nutrient stocks with
decreasing elevation because of enhanced water limitation and greater occurrence of disturbances. Stocks
of C, N, and P in the entire regolith peaked at the pine-oak and mixed-conifer forests across the
bioclimatic gradient, driven by thicker regolith profiles and greater nutrient input rates. These
observations suggest long-term warming will decrease ecosystem nutrient storage at the warmer,
transitional pine-oak zone, but will increase nutrient storage at the colder, subalpine zone. Assuming
steady-state conditions, we found the mean residence time of ecosystem C decreased with projected rising
air temperatures and increased following a major drought event across the bioclimatic gradient. Our study
emphasizes potentially elevation-dependent changes in nutrient storage and C persistence with warming
in seasonally dry forests.
Plain Language Summary

Carbon accumulation in forest ecosystems is a promising natural climate solution to offset rising
temperatures. However, major knowledge gaps exist on warming impacts on carbon storage in seasonally
dry forests, where ecosystem processes are highly sensitive to both changes in temperature and
precipitation. We investigated nutrient pools in vegetation, soil, and weathered bedrock along a 2300-m

bioclimatic gradient in the Sierra Nevada, California. We observed unimodal changes in ecosystem
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nutrient stocks with decreasing elevation, suggesting long-term warming will decrease nutrient storage at
relatively warm sites (e.g., transitional pine-oak zone), but will increase nutrient storage at cold sites (e.g.,
subalpine zone). Deep soil and weathered bedrock respond to a changing climate similarly to surficial
soils, demonstrating the importance of accounting for deep carbon to accurately assess carbon turnover
rates. Estimated average time (assuming steady-state) that a carbon atom resides in forests from initial
photosynthetic fixation until respiration loss increases with projected rising air temperatures and
decreases following a major drought event, which emphasizes the complex response of carbon storage to
warmer and drier conditions. Our study provides a broader understanding of how ecosystem structure and
function may respond to warming in Mediterranean-climate regions, some of the most vulnerable to

climate change.
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1 Introduction

The world’s forest ecosystems store considerable amounts of carbon (C), and removed ~30% of
annual fossil fuel emissions from 2009 to 2018 (Dixon et al., 1994; Friedlingstein et al., 2019; Harris et
al., 2021; Pan et al., 2011). Therefore, forest C accumulation has been proposed as an important natural
climate solution, and forest C pools have been used in ecosystem models for developing climate
mitigation policies. However, forest C cycle is sensitive to a changing climate and will be altered by the
rising air and soil temperatures (Giorgetta et al., 2013; Zhang et al., 2016). Accurate C storage forecasts
depend on an understanding of warming impacts on forest ecosystems.

Regions experiencing Mediterranean climates, found on western coasts of continents roughly
between 30° and 45° latitude north and south of the equator, have strong seasonal and interannual
variability in precipitation (Deitch et al., 2017; Seager et al., 2019). The temporal asynchrony of warm
temperatures and moist conditions constrain biological and geochemical activity, except during spring
and fall when both temperature and moisture are co-limiting (Hart et al., 1992; van der Molen et al.,
2011). These climatic controls, along with the extent by which air temperature and precipitation are
predicted to change as the Earth continues to warm, have resulted in some researchers classifying these
climatic regions as climate change “hot-spots,” defined as a region whose climate is especially responsive
to global change (Giorgi, 2006; Lionello, 2012; Lionello & Scarascia, 2018). Excessive warming in these
regions increases the magnitude and duration of precipitation deficits, which can have catastrophic effects
on ecosystem productivity and services (Diffenbaugh et al., 2015; Lund et al., 2018). Little is known how
future warmer and drier conditions might alter forest C pools in these seasonally dry regions (Prichard et
al., 2021; Siyum, 2020).

The availability of soil nitrogen (N) and phosphorus (P) constrains forest C storage by influencing
biological activity such as growth, mortality, and decomposition rates (Campo, 2016; Maaroufi & De,
2020; Terrer et al., 2019). In most forests, soil N originates primarily from biological N fixation and
atmospheric deposition, and is found mostly in organic forms. Nitrogen becomes available to most plants

only after microorganisms decompose the organic compounds, releasing inorganic N into the soil solution
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(Boring et al., 1988; Gower, 2003; McGill & Cole 1981). Soil P originates primarily from mineral
weathering of the parent material and atmospheric deposition, and is found in both organic and inorganic
forms. Most soil P is unavailable for plant uptake because it exists in organic forms, precipitates with
calcium or aluminum, or is strongly sorbed to minerals (e.g., aluminum and iron oxides; Gu et al., 2020;
Walker & Syers, 1976; Wood et al., 1984). In seasonally dry forests, nutrient cycling processes are
sensitive to changes in temperature and precipitation (Allen et al., 2017; Berner et al., 2017; Serrano-Ortiz
et al., 2015). Thus, climate warming will impact the amount of total and available N and P in soils (Hou
et al., 2018; Yang et al., 2022), indirectly influencing ecosystem productivity and C storage.

Carbon residence time determines the C storage in forests, but its response to climate warming
remains unclear. The mean residence times of ecosystem C (MRT, the mathematical inverse of mean
turnover rate) is defined as the average time a C atom resides in an ecosystem, from the initial fixation of
carbon dioxide from the atmosphere during photosynthesis until its loss from the ecosystem back to the
atmosphere primarily by respiration (Barrett, 2002). However, current estimates of the MRTSs are often
based on C stocks of near-surface horizons (typically just the upper 30 cm of the regolith profile, e.g.,
Berner et al., 2017; Carvalhais et al., 2014; Yan et al., 2017). Carbon stored in subsoil horizons and
materials below soil such as saprock (defined as weathered bedrock where the structure of the rock is
maintained but its mechanical strength is considerably reduced; Graham et al., 2010) can accumulate up
to 70% of total regolith C (Jobbagy & Jackson, 2000; Moreland et al., 2021). The large amount of C
stored in deep soil and saprock, similar to surficial soils, are responsive to rising temperatures (Gross &
Harrison, 2019; Hicks Pries et al., 2017; Li et al., 2020; Soong et al., 2021). Studies exploring the entire
regolith will improve the understanding of ecosystem responses to warming.

Our current knowledge of warming-associated changes in nutrient pools and turnover is primarily
derived from manipulative studies, and therefore limited to relatively short time periods (i.e., less than
one decade, Lu et al., 2013; Melillo et al., 2011; Rustad et al., 2001). These transient, shorter time-scale
responses may not be representative of warming impacts in forest ecosystems, where vegetation is long-

lived, and soils form slowly (Melillo et al., 2017). Observations from manipulative experiments alone are
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also insufficient to help predict forest nutrient storage under climate warming because models are often
simulated at multidecadal time scales (Friedlingstein et al., 2014; Luo et al., 2008; Todd-Brown et al.,
2013). Elevation gradients, that include both climatic and vegetation changes (i.e., bioclimatic gradients;
Korner, 2007), have been used as surrogate experimental systems to predict long-term responses of
ecosystem processes to climate change. In these space-for-time substitutions, changes in ecosystem pools
and fluxes along an elevational gradient are used to predict potential changes in these characteristics over
decadal to centennial time scales, assuming a directional shift in temperature (Pickett, 1989). However,
most studies evaluating the impacts of elevational gradients on nutrient pools have been conducted in
relatively humid forests, where temperature is the primary driver of ecosystem change not water
availability (e.g., subtropical humid forests and tropical rainforests; He et al., 2016; Moser et al., 2011;
Phillips et al., 2019). Elevational gradient impacts on nutrient pools in seasonally dry forests have been
overlooked.

We synthesized ecosystem productivity and nutrient composition in vegetation and the entire
regolith (soil + saprock) along a 2300 m elevational gradient in the southern Sierra Nevada, California
(Barnes, 2020; Kelly, 2014; Moreland, 2020; Tian et al., 2019). Specifically, we addressed the following
questions: 1) How do ecosystem productivity, litterfall nutrient fluxes, and nutrient stocks in vegetation,
soil, and saprock vary with elevation?; 2) How do climate (i.e., temperature and precipitation) and
regolith properties (e.g., stocks of N and P) influence the C stock in vegetation and regolith along the
elevational gradient?; 3) To what degree are estimated MRTs of ecosystem C underestimated if based on
C stock contained within surficial soil as opposed to the entire regolith?; and 4) How do estimated MRTs
of ecosystem C based on the entire regolith change along an elevational gradient and following a major
drought event? Answers to these research questions will improve our understanding of how climate
change impacts ecosystem structure and function in Mediterranean-climate regions, some of the most

vulnerable to climate warming.
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2 Methods
2.1 Site Description

The Southern Sierra Critical Zone Observatory (SSCZO) bioclimatic gradient is located on the
western slope of southern Sierra Nevada in California, spanning from 405 to 2700 m in elevation (Figure
1). The lowest site is an oak savannah at 405 m elevation within the San Joaquin Experimental Range
(37°6.484° N, 119°43.949° W). Soils at this site are classified primarily as members of the Ahwahnee
(coarse-loamy, mixed, active, thermic Mollic Haploxeralfs) and Vista (coarse-loamy, mixed, superactive,
thermic Typic Haploxerepts; Beaudette & O’Geen, 2016) soil series. Dominant overstory vegetation
includes blue oak (Quercus douglasii Hook. & Arn.) and interior live oak (Quercus wislizeni A. DC.),
with an understory of evergreen shrubs and naturalized, exotic annual grasses. Going up in elevation, the
next site is a pine-oak forest at 1160 m at Soaproot Saddle (37°2.4° N, 119°15.42° W). The main soil
series at this site are Holland (fine-loamy, mixed, semiactive, mesic Ultic Haploxeralfs) and Chaix
(coarse-loamy, mixed, superactive, mesic Typic Dystroxerepts). Dominant overstory vegetation includes
ponderosa pine (Pinus ponderosa Douglas ex C. Lawson), incense cedar (Calocedrus decurrens (Torr.)
Florin), canyon live oak (Quercus chrysolepis Liebm.), and a dense understory of evergreen and
deciduous shrubs. The third site is a mixed-conifer forest at 2015 m elevation near Providence Creek
(37°3.120° N, 119°12.196” W). Major soil series at this site include Gerle (coarse-loamy, mixed,
superactive, frigid Humic Dystroxerepts) and Cagwin (mixed, frigid Dystric Xeropsamments; Bales et al.,
2011). Dominant overstory vegetation includes ponderosa pine, Jeffrey pine (Pinus jeffreyi Balf.), white
fir (Abies concolor (Gordon) Lindley ex Hildebrand), sugar pine (Pinus lambertiana Douglas), and
incense cedar, with a patchy understory of evergreen and deciduous shrubs. The fourth, and highest
elevation site is a subalpine forest at 2700 m elevation near Short Hair Creek (37°4.049° N, 118°59.204°
W). Soils at this site are classified as members of the Stecum series (sandy-skeletal, mixed Typic

Cryorthents; Gillespie & Zehfuss, 2004). Dominant overstory vegetation includes lodgepole pine (Pinus
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contorta Loudon ssp. Murrayana (Grev. & Balf.) Critchf.) and red fir (Abies magnifica A. Murray bis),
with a patchy understory of perennial herbs.

Mean annual air temperature (MAAT) and mean annual precipitation (MAP) are (respectively)
16.7 °C and 481 mm y* in the oak savannah, 14.0 °C and 815 mm y* in the pine-oak forest, 9.4 °C and
1018 mm y'! in the mixed-conifer forest, and 4.8 °C and 1139 mm y! in the subalpine forest (period of
record 1970 — 2020; 800-m resolution PRISM; https://www.prism.oregonstate.edu/). From 2012 to 2016,
California experienced a historic multi-year drought, with near-record low precipitation combined with
above-average temperatures (Diaz & Wabhl, 2015; Robeson, 2015). This major drought event contributed
to relative losses of tree basal area between 2010 and 2016 of 2% in the oak savannah, 79% in the pine-
oak forest, 21% in the mixed-conifer forest, and 6% in the subalpine forest (Bales et al., 2018; Goulden &
Bales, 2019). More detailed site characteristics have been described previously (Hunsaker et al., 2012;
Johnson et al., 2011; O’Geen et al., 2018) and can also be found at the SSCZO website
(http://criticalzone.org/sierra/infrastructure/field-areas-sierra/). The SSCZO program was
decommissioned in year 2020. Future meteorological and biogeochemical datasets can be found at the
nearby National Ecological Observatory Network sites with similar environmental conditions

(https://www.neonscience.org/field-sites).

2.2 Ecosystem Productivity

The net ecosystem exchange of carbon dioxide (NEE) was measured every half hour since
October 2009, using one eddy covariance flux tower situated at each of the four sites
(https://www.ess.uci.edu/~california/). Ecosystem respiration rate (ER) was determined as the y-intercept
of a linear fit to the half-hour NEEs during turbulent periods with incoming solar radiation less than 200
W m2, The half-hour gross ecosystem exchange (GEE) was calculated as the difference between
observed NEE and ER. Gross primary productivity (GPP, Mg C ha? y1) and net ecosystem productivity
(NEP, Mg C ha! y'*) were the annual cumulative GEE and NEE, respectively (Goulden et al. 2012; Kelly

2014). We reported the pre-drought GPP, NEP, and ER by averaging annual values in water years (WY
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2010 — 2012. Post-drought GPP were the average annual values of WY 2015 and 2016, and were used for

estimating the MRT of ecosystem C following the drought period.

2.3 Litterfall Nutrient Concentrations and Fluxes

Litterfall samples were collected using forty litter traps equally spaced on a grid within the same
one ha plot at each site (Kelly, 2014). Litter traps were emptied two times each year: in autumn after most
of the litterfall had occurred and in the following summer before the next litterfall season. Litter
collection was conducted across multiple years at each site: WY 2010 — 2011 in oak savannah, WY 2011
— 2013 in the pine-oak and subalpine forests, and WY 2010 — 2013 in the mixed-conifer forest. The trap
size was 0.74 m x 0.74 m across all sites and years, except for WY 2012 — 2013 in the mixed-conifer
forest, where a new size of litter traps (0.28 m x 0.56 m) was used because the former traps were
destroyed by heavy snowfall.

Litterfall samples from each trap were sorted to remove woody materials greater than 1-cm
diameter and non-litterfall contaminants (e.g., dead insects), oven-dried at 65 — 70 °C for 72 h, and
weighed. Sample measurements in WY 2012 were not included because collections only occurred in
autumn at all four sites. Because litterfall nutrient concentrations are often less variable than litterfall
mass across years (Yang et al., 2017), we analyzed nutrient concentrations on annual composites by trap
for the forty samples collected only in one year (WY 2010 for the mixed-conifer forest and WY 2011 for
the oak savannah, pine-oak forest, and subalpine forest). Concentrations of N and P were measured using
Kjeldahl digestion followed by diluted digestate analysis with a Lachat AE Flow Injection Auto Analyzer
(Method 13-107-06-2-D for N and Method 13-115-01-1-B for P, Lachat Instruments, Inc., Milwaukee,
WI, USA). The site-level concentrations for litterfall N and P (%) were calculated using the average
concentration of the forty composited samples at each site. Litterfall C concentrations were not measured
and assumed to be 50% for all species for flux calculations (Guo et al., 2013; Neumann et al., 2018). We
multiplied the mean nutrient concentration of forty samples measured in WY 2010 or WY 2011 by the

mean weight of sample annual-composites taken from each of the 40 traps per site measured across
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different years to calculate the nutrient fluxes (kg ha* y*) at each site in each year. Mean annual litterfall
nutrient fluxes were the average nutrient fluxes across different years. Our estimates did not include grass
productivity, which can be an important pathway of nutrients into soils in oak savannah. Mean annual
grass nutrient fluxes in the oak savannah site were estimated at 335 kg ha* y* for C, 3.6 kg ha* y* for N,
and 0.9 kg ha! y for P, based on measured annual grass productivity (WY 2010 — 2013; Becchetti et al.,
2016) and nutrient concentrations within the San Joaquin Experimental Range, California (46% for C
measured in summer, Barnes, 2020; 0.5% for N and 0.13% for P measured immediately following

senescence, Woodmansee & Duncan, 1980).

2.4 Vegetation Nutrient Concentrations and Stocks

The diameter at breast height (DBH, 1.4 m) of all live trees > 0.10 m were measured within a
one-ha plot oriented around the flux tower at each site during the 2009 and 2010 growing seasons (Kelly,
2014). Total aboveground biomass (AGB) was estimated based on the DBH and species-specific
allometric equations (Matchett et al., 2015). Biomass of foliage, branches, stem bark, stem wood, coarse
roots (> 2 mm diameter), and fine roots (< 2 mm diameter) were estimated based on their proportions to
AGB by species (Jenkins et al., 2003 for aboveground components and Chojnacky et al., 2014 for coarse
and fine roots).

We collected green leaves from 6 — 12 individuals (i.e., field replicates) of the eight dominant
overstory species within the same one-ha plot across the four sites in August 2018 and 2019 (Figure S1in
Supporting Information S1). Green leaves were collected from the outer, sunlit portion of the upper third
crown of each individual and composited for nutrient concentration measurements. We used the same
analytical methods for green leaves to measure N and P concentrations as with litterfall samples, except
we measured C concentrations in green leaves using dry combustion on an elemental analyzer (Costech
Analytical ECS 4010 Elemental Analyzer, Costech Analytical Technologies, Inc., Valencia, CA). Green
leaves were not collected for incense cedar, sugar pine, white fir, and red fir. Therefore, we used the

average foliar C concentration (53.5%) of measured conifer species at our sites to estimate the four
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unmeasured species because of the small variations in foliar C concentrations among those measured
species (coefficient of variation was 3% among foothill pine, Jeffery pine, ponderosa pine, and lodgepole
pine; Figure S1 in Supporting Information S1). Variations in foliar N and P concentrations among those
measured conifer species were relatively large (i.e., 15% and 19%, respectively); hence, we used foliar N
and P concentrations reported from the literature for the unmeasured species (Figure S1 in Supporting
Information S1). To estimate the site-level nutrient concentration in green leaves (%), we averaged values
from all overstory species weighted by the proportion of foliar biomass represented by each species to the
total amount of foliar biomass in that one-ha plot at each site. We did not measure nutrient concentrations
in aboveground woody tissues or roots. We considered C concentrations to be 50% in all non-foliar
components of all tree species (Fahey et al., 2005), and used N and P concentrations from the literature to
estimate nutrient stock in these tree tissues (Table S1 in Supporting Information S2). Site-level overstory
nutrient stock (Mg ha*) was calculated as the sum of whole-tree nutrient stocks in all trees within the one-
ha plot.

We did not measure the biomass of understory vegetation (mainly shrubs and herbaceous plants).
To evaluate the contribution of understory vegetation to ecosystem nutrient storage, we used modeled
biomass of shrubs and herbaceous plants at low-, mid-, and high-elevations in the same year of overstory
inventory (2009) from a dynamic global vegetation model (i.e., Lund-Potsdam-Jena General Ecosystem
Simulator; Guo et al., 2022). Nutrient stocks were estimated to be smaller in understory than overstory
vegetation across all sites; the proportion of understory nutrient stocks to overstory nutrient stocks
decreased from oak savannah (15%, 55%, and 78% for C, N, and P, respectively) to pine-oak and mixed-
conifer forest (2%, 20%, and 12%) and then to subalpine forest (< 1%, 6%, and 3%), based on the
modeled biomass and understory nutrient concentrations in the literature (Table S2 in Supporting
Information S2). Nutrient stocks including both overstory and understory were lowest in low elevation,
oak savannah and highest in high elevation, subalpine forest (Table S2 in Supporting Information S2),

which was similar to the elevational trends in nutrient stocks of overstory alone. Thus, excluding
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understory biomass and nutrient stock does not bias our interpretations of changes in ecosystem nutrient

storage under warming using a space-for-time substitution.

2.5 Regolith Nutrient Concentrations and Stocks

Four soil pits were excavated within the same one-ha plot at each site in 2015 and 2016. The
locations of four soil pits were determined to be representative of the major topographic features of the
landscape at each site. We sampled the entire regolith profile by genetic horizons to a depth of hard
bedrock, including soil (the O, A, and B) and saprock horizons in oak savannah and the subalpine forest,
with average depths of the four pits of 164 cm and 100 cm, respectively. We did not acquire the entire
saprock horizon at the two mid-elevation sites, with average depths of four pits of 222 cm in the pine-oak
forest and 164 cm in the mixed-conifer forest (Figure S2 in Supporting Information S1). Therefore, we
collected five Geoprobe samples until refusal with average depths of 424 cm and 950 cm, respectively.

Bulk density was calculated as the weight of the oven-dried fine fraction (< 2 mm dia.) divided
by the volume of the oven-dried fine fraction (< 2 mm). The volume percent of gravel (> 2 mm) in soil
and saprock was estimated by dividing the weight of the coarse fraction by 2.65 Mg m, and then
dividing this value by the total volume of fine and coarse fractions (Barnes, 2020). Soil pH was measured
on air-dried and sieved materials in 0.01 M CaCl; with a 1:2 (5 g:10 ml) mixture (Thomas & Sparks,
1996). Particle size analysis was conducted on oven-dried and sieved materials using the hydrometer
method (Gee & Bauder, 1986). We conducted these measurements for soil and saprock from soil pits and
for Geoprobe samples taken below the average lower boundary of soil pits at the two mid-elevation sites.
We reported % clay, % silt, and pHcaci, by averaging three horizons (A, B, and saprock) across four pits,
weighted by bulk density, thickness, and rock fraction.

We measured nutrient concentrations in all horizons from soil pits and Geoprobe samples.
Concentrations of organic C and total N were determined using dry combustion on an elemental analyzer
(Costech Analytical ECS 4010 Elemental Analyzer, Costech Analytical Technologies, Inc., Valencia,

CA). Total P concentrations were determined by lithium metaborate fusion (Lajtha et al., 1999), and
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measured with an inductively coupled plasma-optical emission spectrometer (Perkin-Elmer Optima 5300
DV, Environmental Analytical Laboratory at University of California, Merced). For the mid-elevation
sites where soil and saprock samples from both pits and Geoprobe samples were taken, nutrient
concentrations in the saprock were estimated based on the weighted average value of soil pits and
Geoprobe samples, and the standard deviation of the total was propagated for addition (for details, see
Barnes, 2020). Stocks of C, N, and P in each horizon (kg m2) were calculated using measured
concentrations (%) multiplied by the thickness (m) of the sampled layer and the measured bulk density
(Mg m?®), and then multiplied by 1- rock fraction (vol%). We reported the site-level nutrient stock for
each horizon and the entire regolith profile (Mg ha™) using the average values from the four soil pits at

each site.

2.6 Data Analyses on Ecosystem Productivity and Nutrient Fluxes and Stocks

Elevational changes in ecosystem productivity and nutrient fluxes and stocks were examined by
fitting linear and quadratic regression models in proc mixed using SAS 9.4 (SAS Institute, Inc. 2013).
The dependent variables were: pre-drought GPP; pre-drought NEP; pre-drought ER; litterfall fluxes of C,
N, and P; and stocks of C, N, and P in overstory vegetation, each master horizon (i.e., O, A, B, and
saprock), and the entire regolith profile. We used elevation as the independent variable for linear
regressions, and elevation and elevation? as the two independent variables for quadratic regressions. In
each case, we chose the model with the lowest AlCc (the Akaike information criterion that corrects for
small sample sizes, AlCc). A simpler model (i.e., linear) was chosen if two models had similar AlCc
values (differing by < 2; Burnham & Anderson, 2002). Additionally, we applied one-way ANOVAs with
Tukey’s Honest Significant Difference (HSD) tests to identify differences in the above dependent
variables among the four sites; tests were not conducted for overstory nutrient stocks because values were
estimated for the whole one-ha plot at each site. We applied the same analyses to nutrient concentrations
in overstory green leaves, litterfall, and each regolith master horizon to help understand the elevational

changes in nutrient fluxes and stocks (Figure S3 in Supporting Information S1). For the above analyses,
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data were log-transformed to meet the assumption of normality and homoscedasticity of the residuals. A
priori alpha level of 0.10 was used to evaluate statistical significance because of the greater variation
typically found in field studies (Amrhein et al., 2019).

Structural equation modeling (SEM) was used to investigate the influences of potential
environmental factors on regolith C stock. This analysis uses a multivariate statistical framework to
examine linear causal relationships among variables. It allows us to examine both direct and indirect
associations between C stock and influencing factors, as well as evaluate the relative importance of each
factor (informed by the standardized regression coefficients; Gustafsson & Martenson, 2002).
Environmental factors were MAAT, MAP, and regolith properties known to constrain uptake of water
and nutrients, and hence vegetation productivity, including % clay, % silt, pHcaci, N stock, and P stock.
We included values from individual pits in the model to increase the power of the analysis, assuming four
pits at a minimum horizontal distance of 50 m apart were independent within each site. We examined the
direct impact of climate (i.e., MAAT and MAP) and regolith properties (i.e., weighted mean % clay, %
silt, and pHcaci. for mineral soils and saprock, and total regolith N and P stocks) on total regolith C stock
(n = 16). The indirect impact of climate on total regolith C stock was evaluated by examining its
influences on regolith properties. We also performed the same analyses for C stock in the A, B, and
saprock horizons individually (n = 16) to examine if the influences of climate and regolith properties on
regolith C stock would vary by depth. We did not perform the analysis for C stocks in the O horizons
because this horizon, by definition, does not have a soil texture and we did not make pHcac.
measurements on this horizon. The SEM was conducted on log-transformed values using the maximum
likelihood method in Amos software (version 21, Chicago, IL, USA). We were not able to apply the SEM
for overstory C stock and productivity data because of the small number of statistical replicates (n = 4
because our measurement unit was the whole one-ha plot at each site). Instead, we examined the
relationship among climate (i.e., MAAT and MAP), regolith properties (i.e., weighted mean % clay, %

silt, and pHcaci, for the mineral soil and saprock horizons, and total regolith stocks of C, N and P), and

This article is protected by copyright. All rights reserved.



vegetation (i.e., overstory C stock, GPP, NEP, ER, and litterfall C flux) using a Pearson correlation test

based on the log-transformed datasets in SAS.

2.7 Data Analyses on Mean Residence Times of Ecosystem C

The MRTSs of ecosystem C can be estimated as the ratio of total ecosystem C pools to GPP,
assuming that the ecosystem is neither gaining nor losing C (i.e., steady-state conditions; Carvalhais et al.,
2014). We could have also used the total output flux of C (i.e., ER) instead of GPP to calculate the MRTs
because of the steady-state assumption. However, estimates of ER are less reliable than GPP estimates
using eddy covariance due to the challenges in measuring nighttime gaseous fluxes in mountainous terrain
(Goulden et al., 1996); in contrast, measurements of daytime fluxes (i.e., GEE) are comparatively reliable
in both mountainous and flat terrain (Turnipseed et al., 2002, 2003).

We estimated the pre-drought MRT using the sum of overstory and regolith C stocks divided by
the pre-drought GPP at each site. We evaluated the importance of including C stock in deep soil and
saprock in our estimates by comparing the MRTSs calculated using different ecosystem C stock values
divided by the same pre-drought GPP. Different ecosystem C stock values included: overstory shoot and
root biomass; overstory plus O horizon; overstory plus O and A horizons; overstory plus O, A, and B
horizons; and overstory plus O, A, B, and saprock horizons. We used one-time measurements of C stock
and multi-year measurements of GPP for the MRT estimates because C stock has a much smaller
interannual variation than C input and output fluxes at an ecosystem scale. Note that, our estimates of
MRTSs assume that soil and saprock respond to a changing climate as a single C pool. However, C in soil
and saprock that is stabilized by chemical or physical processes usually respond to warming at different
rates (Li et al., 2020; Moreland et al., 2021; Song et al., 2012).

We used a space-for-time substitution to project changes in overstory C stock, total regolith C
stock, pre-drought GPP, and corresponding MRTSs, with increases in MAAT. In this approach, change in
ecosystem structure and function that will occur in the future with a given increase in MAAT is estimated

from these same characteristics found currently in another ecosystem at a lower elevation (and hence with
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a higher MAAT). This approach relies on the assumption that factors driving spatial and temporal
variations in ecosystem processes are the same, and ecosystems have reached steady-state conditions in
their new climate (Pickett, 1989). This approach is suitable for studying warming impacts on vegetation C
stock in the Sierra Nevada and other montane regions because vegetation change associated with warmer
temperatures is relatively unimpeded by plant propagule dispersal (Kelly & Goulden, 2008; Rumpf et al.,
2018; Steinbauer et al., 2018). The space-for-time substitution is also the only field-based experiment to
help describe soil changes over multimillennial time scales (Richter et al., 2007), and has been used
previously to assess long-term climate-driven changes in soil C stock (Adhikari et al., 2019; Ziegler et al.,
2017). We projected overstory and total regolith C stock and pre-drought GPP based on their
relationships with elevation (Figure S4 in Supporting Information S1), but not directly with MAT, to
account for other environmental factors that covary under rising air temperatures (i.e., MAP, vegetation
type, soil properties). For example, upward vegetation migrations are often accelerated at lower elevations
with more frequent disturbances (Guo et al., 2018), but delayed at higher elevations due to constraints of
shallower and nutrient-poorer soils on root development (Hagedorn et al., 2019; Maxwell et al., 2018).
We estimated the local temperature lapse rate to be 5.2 °C per km based on the linear relationship
between the MAAT and elevation ([MAAT, °C] = -5.20 x [Elevation, km] + 19.38, p < 0.01, R2=0.98, n
= 4; Figure S4 in Supporting Information S1), similar to the average environmental lapse rate in the lower
atmosphere (6.5 °C per km, Barry & Chorley, 1987). Thus, the forest C stock and GPP at 192 and 385 m
elevation below each of our four sites can be considered as the potential values with an increase in the
MAAT of 1.0 and 2.0 °C, respectively. We then calculated the MRTs based on those projected values,
assuming steady-state. We estimated percent changes in the overstory C stocks, total regolith C stocks,
pre-drought GPPs, and MRTs due to these projected increases in MAAT from the projected values minus
the measured estimates in the current climate, and then dividing these quantities by the current estimates
for each site.

To examine changes in MRT following a major drought event at each site, we first estimated the

remaining live trees in years following the four-year drought condition (i.e., year 2016 and 2017) to
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determine post-drought C stock in overstory vegetation. We applied the percent dead trees per ha
documented in the Sierra (relative tree losses between year 2012 and year 2016 — 2017; DeSiervo et al.,
2018; Fettig et al., 2019) to our pre-drought tree inventory (year 2009 and 2010) by species and DBH at
each site (Figure S5 in Supporting Information S1). Percent dead trees were estimated to be 9% in oak
savannah, 41% in the pine-oak forest, 32% in the mixed-conifer forest, and 14% in the subalpine forest
(Figure S6 in Supporting Information S1 and Table S3 in Supporting Information S2). We used a Monte
Carlo simulation (2,000 iterations) to randomly draw estimated remaining numbers of live trees by
species and DBH size from our pre-drought inventory, and then used the same allometric equations and C
concentrations mentioned above for calculating post-drought overstory C stock. The post-drought MRT
was then estimated using the sum of total regolith C stock and projected post-drought overstory C stock,
divided by the measured post-drought GPP at each site. We reported the percent changes in ecosystem C
stock, GPP, and MRT using the difference between the post-drought and pre-drought estimates, divided

by the latter for each site.

3 Results
3.1 Ecosystem Productivity and Nutrient Fluxes and Stocks Along the SSCZO Bioclimatic
Gradient

Pre-drought GPP and NEP showed similar trends across the bioclimatic gradient, with values
highest at two mid-elevation sites (mixed-conifer and pine-oak forests). Specifically, pre-drought GPP
and NEP increased from the subalpine forest (4.8 + 0.4 and 2.6 + 0.4 Mg C hay?, respectively, mean
and standard error of three WY) to the mixed-conifer forest (12.5 + 0.7 and 9.8 + 0.5), and decreased
from the pine-oak forest (16.8 + 0.3 and 10.3 + 0.6) to oak savannah (8.6 + 0.8 and 0.2 + 0.4; R>=0.99, p
=0.04, n = 4, quadratic fitted with elevation for both; Figure 2). Pre-drought ER increased linearly with

decreasing elevation (R? =0.98, p < 0.01, n = 4; Figure 2).
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Overstory C stocks were similar between the subalpine (155.8 Mg C ha*) and mixed-conifer
forest (147.4), decreasing from the pine-oak forest (86.0) to the oak savannah (24.3; R> =0.99, p = 0.05, n
= 4, quadratic regression fitted with elevation; Figure 3a and 3c). Overstory stocks of N and P were again
greater in the subalpine and mixed-conifer forest compared to the pine-oak forest and oak savannah
(Figure 3d, 3f, 3g, and 3i). Annual litterfall fluxes of C, N, and P were greater in the pine-oak and mixed-
conifer forests compared to oak savannah and the subalpine forest (based on ANOVA; Figure 3a, 3c, 3d,
3f, 3g, and 3i).

Total regolith C stock was greater in the pine-oak (222.2 + 35.1 Mg ha, mean and standard error
of four replicated pits) and mixed-conifer forests (235.7 + 16.5) compared to oak savannah (56.5 + 5.7)
and the subalpine forest (122.1 £ 20.3, based on ANOVA, p < 0.01; Figure 3b and 3c). Total regolith
stocks of N and P peaked again at the two mid-elevation sites along the SSCZO bioclimatic gradient
(based on ANOVA, p <0.02; Figure 3e, 3f, 3h, and 3i). In O horizons, stocks of C, N, and P were
statistically similar among the pine-oak, mixed-conifer, and subalpine forests; the oak savannah did not
have an O horizon (based on ANOVA,; Figure 3c, 3f, and 3i). In A horizons, stocks of C, N, and P were
greater in the pine-oak forest compared to oak savannah, the mixed-conifer forest, and the subalpine
forest (p = 0.03; Figure 3c, 3f, and 3i). In B horizons, elevational patterns of nutrient stocks varied across
nutrient elements. Specifically, C stocks in B horizons were lower in oak savannah compared to the other
three sites at higher elevations (p = 0.02; Figure 3c), whereas N stocks were similar among the four sites
(p = 0.46; Figure 3f), and P stocks were lower in the subalpine forest than the other three sites at lower
elevations (p = 0.03; Figure 3i). In saprock horizons, stocks of C, N, and P were greatest in the mixed-

conifer forest among the four sites, where saprock was thickest (p < 0.01; Figure 3c, 3f, 3i).

3.2 Influences of Climate and Regolith Properties on C Stocks in Regolith and Vegetation
The SEM showed that both climate and regolith properties helped explain changes in regolith C
stock along the SSCZO bioclimatic gradient. For total regolith C stock, the most direct influential factor

was total regolith N stock, followed by MAP and MAAT (Figure 4a). Other tested factors had relatively
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small influences on total regolith C stock, including % silt, % clay, pHcaci2, and total regolith P stock.
Based on the standardized total impact, MAP was the most influential factor among all factors tested
(Figure 4b). In each master horizon, the strength of influence of individual predictive factors of regolith C
stock were different among horizons. For example, climate (i.e., MAP and MAAT) had direct impact on
C stock in B and saprock horizons but not in A horizons, and P stock had a direct impact on C stock in A
horizons but not in B and saprock horizons (Figure 4c, 4e, and 4g). Based on the standardized total
impact, MAP was the most influential factor on the size of the soil C stock among all factors evaluated in
A and B horizons; in saprock horizons, N stock exerted the most influence on the size of the C stock
(Figure 4d, 4f, and 4h).

Influences of climate and regolith properties on overstory C stock and ecosystem productivity
were not examined using the SEM because of the small number of statistical replicates. Pearson
correlation tests among climate, regolith properties, and vegetation revealed that: MAP was positively
correlated with overstory C stock along the SSCZO bioclimatic gradient (p < 0.01, r = 0.99, n = 4; Figure
5); GPP was positively correlated with total regolith P stock (p = 0.05, r = 0.94; Figure 5); and NEP was
positively correlated with litterfall C flux (p = 0.06, r = 0.94), % silt (p < 0.01, r =0.99), and total regolith

C stock (p < 0.01, r =0.99) along the bioclimatic gradient.

3.3 Mean Residence Times of Ecosystem C and Response to Projected Rising Air Temperatures
and a Major Drought

The MRT of ecosystem C was longer at higher compared to lower elevation sites (based on MRT
estimates using the sum of overstory and total regolith C stock divided by the pre-drought GPP). Along
the SSCZO bioclimatic gradient, MRT of ecosystem C was 10 y in oak savannah, 18 y in pine-oak forest,
31y in mixed-conifer forest, and 57 y in subalpine forest (Figure 6). The MRTs would be substantially
underestimated at each site if the calculation was based on an incomplete accounting for the size of the
total regolith C stock. For example, estimated MRT based on C stock in overstory plus O and A horizons,

decreased by 4 y (39%) in oak savannah, 6 y (32%) in pine-oak forest, 14 y (45%) in mixed-conifer
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forest, and 14 y (24%) in subalpine forest compared to estimates based on C stock in overstory plus
whole-regolith profile (O+A+B+saprock horizons; Figure 6).

The MRTSs of ecosystem C decreased with projected increases in MAAT (Figure 7). This result is
based on statistical regressions among overstory C stock, total regolith C stock, pre-drought GPP, and the
current MAAT along the SSCZO bioclimatic gradient. With an increase of 2.0 °Cin MAAT, the projected
MRTs of ecosystem C decreased by 3y (27%) in oak savannah, 4 y (25%) in pine-oak forest, 7 y (24%)
in mixed-conifer forest, and 19 y (30%) in subalpine forest compared to the estimates under the current
climate. However, projected changes in overstory and total regolith C stocks and pre-drought GPP varied
among the four elevation sites. Overstory C stock decreased in oak savannah, pine-oak, and mixed-
conifer forests, but slightly increased in subalpine forest with increasing MAAT (Figure 7). Total regolith
C stock and pre-drought GPP decreased in oak savannah and pine-oak forest (Figure 7a and 7b), but
increased in mixed-conifer and subalpine forests with increasing MAAT (Figure 7c and 7d).

A major drought event increased the MRTSs of ecosystem C along the SSCZO bioclimatic
gradient. Post-drought MRTs were estimated using the sum of measured total regolith C stock and
projected post-drought overstory C stock, divided by the post-drought GPP. Following the four-year
drought event and compared to the pre-drought MRTSs, the estimated MRT increased most in pine-oak
forest (by 35y or 191% increase) and least in oak savannah by (1 y or 8% increase). Increases in the
MRT were intermediate in mixed-conifer (9 y or 31% increase) and subalpine forests (21 y or 37%
increase; Figure 8a). Percent reductions in overstory C stock and GPP following the drought event were

also greatest in pine-oak forest compared to the other three sites (Figure 8).

4 Discussion

The Sierra Nevada of California is one of the major mountain ranges in western North America.
It is also found within one of the five Mediterranean-climate regions worldwide that have dense human
population and direct linkages to global food production (Rick et al., 2020). Hence, understanding C

cycles in Sierran forests is important to model projections of regional and global C storage. We
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investigated nutrient pools along a 2300-m bioclimatic gradient on the western slope of this mountain
range and used a space-for-time substitution to examine vegetation and regolith C stocks in association
with MAAT, MAP, and regolith properties (i.e., %clay, %silt, pHcaci2, N stock, and P stock). We
estimated the mean residence time of ecosystem C and projected its changes with rising mean annual air
temperatures (space-for-time substitution) and following a major drought, assuming steady state
conditions. This study advances the knowledge of C storage in the critical zone and forest ecosystems

facing a warmer and drier climate.

4.1 Vegetation and Soil Nutrient Storage to Climate Warming

Lower overstory C stock with decreasing elevation (Figure 3a) suggests that warmer conditions
will reduce vegetation biomass input and consequently C storage in the Sierra Nevada. In other seasonally
dry forests, lower vegetation C stock has also been observed with decreasing elevation (e.g., Arizona’s
Coconino National Forest, Conant et al., 1998; China’s Loess Plateau, Liu & Nan, 2018; California’s
northern Sierra Nevada, Mattson & Zhang, 2019). In contrast, increases in vegetation biomass and C
stock with decreasing elevation has been observed along six elevational gradients (Moser et al., 2011) and
temperature gradients in tropical rainforests (Raich et al., 2006). Thus, unlike humid forests where
vegetation C storage has been found to increase with warmer temperatures and longer growing seasons,
our findings demonstrate vegetation C storage in seasonally dry forests will decrease with warming
because of enhanced water limitation; tree biomass in seasonally dry forests is strongly constrained by
precipitation and water availability (e.g., Figure 5). In the Sierra Nevada, lower overstory biomass with
decreasing elevation can also be attributed to reduced proportion of large trees (Figure S5 in Supporting
Information S1), which may be due, in part, to the greater occurrence of disturbances below the subalpine
zone (e.g., timber harvest, drought, and wildfire; Laudenslayer & Darr, 1990; Paz-Kagan et al., 2017;
Schwartz et al., 2015). Climate is not commonly the primary control over vegetation C storage in humid

forests. For instance, vegetation C stock decreased (e.g., the Brazilian coastal Atlantic Forests; Alves et
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al., 2010; Vieira et al., 2011) or remained similar (e.g., the Hawaiian tropical wet forests; Selmants et al.,
2014; the Ecuadorian tropical rainforests; Unger et al., 2012) with decreasing elevation in some humid
forests, which was attributed to variations in topography and nutrient supply. Overall, changes in
vegetation C storage with long-term warming are likely different between seasonally dry and humid
forests, with some exceptions due to unique local conditions.

Regolith thickness plays a major role in determining nutrient storage in the regolith. We observed
total regolith stocks of C, N, and P peaked at mid elevations along the SSCZO bioclimatic gradient
primarily due to thicker saprock. Along the western slopes of the Sierra Nevada, mid-elevation forest
ecosystems experience relatively high precipitation and mild temperatures. This favorable climate
stimulates biological and mineral weathering processes, resulting in thick saprock at the pine-oak and
mixed-conifer forest sites (Hasenmueller et al., 2017; Holbrook et al., 2014; Kelly & Goulden, 2016;
Moreland et al., 2021; Tian et al., 2019). Regolith development is constrained by moisture conditions at
the oak savannah (lower elevation) and by low temperatures and past glaciation at the subalpine forest
sites (higher elevation; O’Geen et al., 2018). In the Sierra Nevada, regolith nutrient storage is also
influenced by climate indirectly. For example, the mixed-conifer forest had thinner topsoil (thus smaller
nutrient stocks) than the pine-oak forest (Figure 3b, 3e, and 3h) partially because of higher rates of
surficial soil erosion with greater precipitation (Stacy et al., 2015; Yang et al., 2022), although they both
receive a favorable climate for regolith development. Dust deposition of P to soils is substantial at our
four sites, and can outpace the bedrock P input during drought years (Aarons et al., 2019; Aciego et al.
2017; Arvin et al., 2017). In montane forests experiencing a Mediterranean-type climate, nutrient storage
in the regolith is strongly determined by regolith development and external processes that are sensitive to
climate.

The unimodal response in C, N, and P stocks in the entire regolith with decreasing elevation
suggests changes in regolith nutrient storage with long-term warming are elevation dependent. This
unimodal pattern can be attributed to the inconsistent changes in nutrient input and output rates along the

bioclimatic gradient, which is revealed by the nonlinear patterns of nutrient concentrations in soil and
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saprock (Figure S3 in Supporting Information S1). In the Sierra Nevada, nutrient input rates peak at pine-
oak and mixed-conifer forests compared to oak savannah and subalpine forest (e.qg., litterfall input for C,
N, and P in Figure 3 and weathering input of P in Figure S7 in Supporting Information S1), and nutrient
output rates generally increase with decreasing elevation (e.g., soil organic matter decomposition; Wang
et al., 2000 and ER in Figure 2 in this study). Thus, warming within the subalpine forest zone will largely
increase nutrient inputs to soils, driven by stimulated rates of organic matter decomposition and saprock
weathering under rising temperatures and unchanged precipitation. However, warming below the mixed-
conifer and pine-oak forests will constrain nutrient inputs to soils by strongly reduced precipitation and
water availability, along with increases in nutrient output with warmer conditions. In contrast, in
relatively humid forests, soil C and N concentrations and stocks generally decrease linearly with
decreasing elevation, suggesting a consistent decrease in soil C and N storage with warming among
elevations (e.g., Dieleman et al., 2013; He et al., 2016; Sun et al., 2019; Tashi et al., 2016; Tsozué et al.,
2019). Responses of soil P storage to warming in humid forests will vary among elevations, as nonlinear
changes in soil P concentrations have been observed along an elevational gradient and attributed to
influences of geochemical weathering and leaching (e.g., He et al., 2016). Clearly, nutrient storage in soil
and saprock responses of seasonally dry forests to climatic warming are more complex than in humid
forests because of water availability constraints on ecosystem responses in addition to changes in

temperature (Hart et al., 1992).

4.2 Climate-Soil-Plant Interactions

We observed positive correlations between total regolith P stock and GPP based on the four sites
(Figure 5), suggesting that warming-induced changes in soil and saprock nutrients will influence plant
growth and productivity. Soil nutrient availability strongly influenced leaf development and plant growth
along bioclimatic gradients in previous studies (He et al., 2016; Santiago et al., 2004, 2005; Tan & Wang,
2016). At our sites, available P concentrations in soil and saprock increased from the subalpine forest to

the mixed-conifer and pine-oak forests (Figure S7 in Supporting Information S1), driven apparently by
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higher apatite content in parent materials and decreased depletion rates (Barnes, 2020; O’Geen et al.,
2018). Thus, changes in available P in the regolith mirrored that of foliar P from the subalpine to pine-oak
forest. This result suggests that, above the pine-oak forest, increases in soil nutrient availability with
warming will be sufficient to keep up with increased vegetation demand. In contrast, P availability in soil
and saprock decreased from our mid to low elevation sites (Figure S7 in Supporting Information S1),
suggesting vegetation productivity below the pine-oak forest will be constrained by available nutrients in
the regolith with warming. Taken together, warming in seasonally dry forests will cause an imbalance
between nutrient demand by the vegetation and nutrient supply from the regolith at sites that are currently
warm (e.g., transitional Pine-Oak Forests), but nutrient supply and demand will be more balanced in sites
that are currently colder (e.g., subalpine forests).

Understanding the factors controlling regolith C stocks is important for estimating the capacity
for C storage belowground, yet it is unclear whether the same factors will govern C storage in surficial
and deep regolith pools. Based on the standardized total impact from the SEM (Figure 4d and 4f), we
found MAP remained the most influential factor on C stock in soil A and B horizons, suggesting climatic
controls on soil C storage can remain significant even in subsoil horizons. Similar elevational changes in
soil C stock have been observed across different depths above 1 m or different subordinate mineral
horizons in other seasonally dry forests (e.g., Castillo-Velasquez, 2017) and humid forests (e.g., Ma &
Chang, 2019; Tashi et al., 2016). These observations suggest, in part, that deep soil C can be as sensitive
as surficial soil C to warming. However, in situ manipulative experiments have shown similar (e.g., Hicks
Pries et al., 2017), lower (e.g., Soong et al., 2021), and higher (e.g., Jia et al., 2019) temperature
sensitivities of deep soil C compared to surficial soil C, suggesting that the vulnerability of deep soil C
storage to warming varies by site and will be dependent on C availability to microbes (Pries et al., 2021).
We further observed strong influences of MAAT and MAP on C stock in the saprock (Figure 49g), a
regolith layer that has weathered bedrock and lower biological activity. This is likely due to the strong
regulation of climate on transport rates of dissolved organic matter from upper soil horizons (Marin-

Spiotta et al., 2011; Rumpel & Kdgel-Knabner, 2011) and saprock thickness available for C storage
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(Moreland et al., 2021). The SEM also revealed that the C and N cycles will remain coupled within the
entire regolith with climate warming (Figure 4). However, warming-induced changes in the influence of P
cycle on C storage may only occur in surficial soils (Figure 4). To conclude, warming impacts on regolith

C storage can remain substantial from the surficial to the bottom of the regolith profile layers.

4.3 Ecosystem C Persistence Under Warmer and Drier Conditions

Reductions in the MRTSs of ecosystem C with projected warming were driven by different
mechanisms among elevations. Below the mixed-conifer zone in the Sierra Nevada, the reduced MRTs of
C with projected increases in MAAT were mainly driven by reductions in C stocks in overstory trees and
regolith (Figure 7a, 7b). This result suggests that forest C stock at relatively warm sites will decrease with
long-term warming due to reduced ecosystem productivity and increased plant and soil microbial
respiration rates. From the mixed-conifer to subalpine zone, reduced MRTs with projected increases in
MAAT were driven by large increases in GPP accompanied by decreases (mixed-conifer, Figure 7¢) or
comparatively smaller increases (subalpine, Figure 7d) in C storage within the overstory trees plus
regolith pools. Thus, although long-term warming can increase forest C stock at relatively cold sites by
increasing rates of ecosystem productivity and regolith forming processes, warming will also stimulate
ecosystem respiration (as shown in Figure 2), partially offsetting ecosystem C gains (Melillo et al., 2011;
Raich et al., 2006; Schlesinger & Andrews, 2000). In other forests experiencing a similar Mediterranean-
type climate, an ecosystem process model (i.e., Biome-BGC) predicted slower rates of increase in forest
C stock than GPP under a future climate scenario consisting of +2 °C and + 550 ppm CO; concentrations
above the preindustrial level (Chiesi et al., 2010). Thus, changes in forest C storage may lag behind the
rates of rising temperatures due, in part, to stimulated ecosystem respiration. Overall, long-term warming
will reduce forest C persistence in Mediterranean-climate regions primarily by limiting primary
productivity at warmer sites and increasing ecosystem respiration at colder sites.

Drought impacts on forest C persistence are largely unknown (van der Molen et al., 2011).

However, understanding drought impacts on ecosystem C storage and accumulation is critical for
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predictive model development because more frequent and severe drought events are predicted with
climate warming (Brando et al., 2019; Williams et al., 2020). We observed increases in estimated MRTs
of ecosystem C following a four-year drought event, driven by decreases in GPP to a greater degree than
decreases in ecosystem C stock (Figure 8a). Although overstory trees at mid elevations can access water
and nutrients from deep soil and saprock when the surface soils are relatively dry (Klos et al., 2018),
higher mortality rates and greater reductions in overstory biomass following drought were observed at
pine-oak and mixed-conifer forests compared to oak savannah and subalpine forests (Figure 8b). Hence, a
multi-year drought event will pose severe threats to the vegetation at mid elevations in the Sierra Nevada
by depleting the water reservoir in deep regolith (revealed by the lower water runoff relative to the near-
average precipitation in the year following drought; Bales et al., 2018; Goulden & Bales, 2019).
Relatively high drought-induced mortality rates at mid elevations can also be attributed to the species
composition and tree density. For example, ponderosa pine and white fir that mostly occur at mid
elevations are less resistant to drought compared to oak species at low elevation because of their poorer
stomatal control and greater susceptibility to mortality from bark beetle infestation (Fettig et al., 2019;
Garcia-Forner et al., 2017; Reed & Hood, 2021). Denser forests are more susceptible to drought-induced
mortality because of the increased tree competition (Bradford & Bell, 2017). Drought-induced dead
vegetation can exist and continue to release CO; at decadal and centennial time scales (Harmon et al.,
2020; Woodall et al., 2021). With increased occurrence of major droughts under warmer conditions, more
dramatic changes in forest C storage and persistence will occur at sites that originally receive a relatively

favorable climate for ecosystem productivity.

5 Conclusions

Very few studies have reported the whole-ecosystem stocks of C, N, and P and their association
with elevation and environmental factors in forests growing in Mediterranean climates. Using a space-for-
time substitution along a bioclimatic gradient, our observations emphasize that warming-induced changes

in nutrient storage and C persistence will differ in these seasonally dry forests compared to relatively
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humid forests. Our findings have important implications for model projections of nutrient dynamics and C
persistence under climate warming in seasonally dry forests. First, accurate descriptions of the current
climate (e.g., MAAT and MAP) and predictions of future climate at the site level are important to help
predict the complex changes in forest nutrient storage with warming. Second, our findings highlight the
need to quantify and include nutrients in deep soil and weathered bedrock in model formulation as
nutrients stored in deep regolith layers can be substantial and are responsive to a changing climate. Third,
scenarios of warming-induced disturbances (e.g., a major drought) are needed in model predictions
because these disturbances will strongly alter forest nutrient balance at decadal to centennial time scales.
Because space-for-time substitution studies are observational and not experimental, the inferential power
of the space-for-time substitution is limited. However, these observational studies are the only type of
data-driven investigations currently available to forecast terrestrial ecosystem changes over time scales
relevant to ecosystem development and long-term atmospheric changes. As such, the space-for-time
substitution approach will be invaluable in the future to help constrain ecosystem and Earth system

models to accurately project forest C storage in the context of climate change.
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Figure Captions

Figure 1. The conceptual diagram (left), representative site pictures (central), and location and climatic
values (right) of Southern Sierra Critical Zone Observatory bioclimatic gradient on the western slope of
the Sierra Nevada, California, USA. The four sites consist of oak savannah (elevation 405 m.a.s.l.), pine-
oak forest (1160 m), mixed-conifer forest (2015 m), and subalpine forest (2700 m). The pine-oak and
mixed-conifer forest at mid elevations receive a more favorable climate (not too dry or too hot) compared
to the oak savannah and the subalpine forest at lower and higher elevations, respectively, which results in
thicker regolith profile (soil + weathered bedrock) and denser vegetation (shown in the conceptual
diagram). Regolith thickness in this study was ~1.6 m in oak savannah, ~4.2 m in the pine-oak forest,
~9.5 m in the mixed-conifer forest, and ~1.0 m in the subalpine forest. The mean annual air temperatures
(MAAT) and mean annual precipitation amount (MAP) were estimated based on period of record 1970 —
2020 (PRISM; https://www.prism.oregonstate.edu/).

Figure 2. Gross primary productivity (GPP), net ecosystem productivity (NEP), and ecosystem
respiration rate (ER) along the Southern Sierra Critical Zone Observatory bioclimatic gradient, California,
USA. The four sites consist of oak savannah (elevation 405 m.a.s.l.), pine-oak forest (1160 m), mixed-
conifer forest (2015 m), and subalpine forest (2700 m). Measurements were based on one eddy
covariance flux tower situated at each of the four sites (https://www.ess.uci.edu/~california/). Error bars
are the standard error of three replicated years prior to drought (water year 2010 — 2012; not shown if
smaller than the symbol). Stylized trends with elevation are shown based on optimal regression models
(linear for ER and quadratic for GPP and NEP).

Figure 3. Litterfall fluxes and vegetation and regolith stocks of carbon (C, a-c), nitrogen (N, d-f), and
phosphorus (P, g-i) along the Southern Sierra Critical Zone Observatory bioclimatic gradient, California,
USA. The four sites consist of oak savannah (elevation 405 m.a.s.l.), pine-oak forest (1160 m), mixed-
conifer forest (2015 m), and subalpine forest (2700 m). Error bars for litterfall nutrient fluxes were the
standard error of replicated years (n = 2 or 3 depending on site). Error bars for regolith nutrient stocks
were propagated from the individual standard errors for each horizon of 4 replicate soil pits. Error bars
smaller than the symbol are not shown. Panel c, f, and i are stylized trends with elevation and associated
statistics for nutrient stocks based on a regression model, either linear or quadratic (selected based on the
Akaike information criterion corrected for small sample sizes). One-way ANOV As with Tukey’s
Honestly Significant Difference was used to examine differences among sites (indicated by different
lower case letters), except for plant nutrient stocks where values were estimated once in 2009 and 2010
for the whole one-ha plot per site (i.e., no replicates across space and time and hence no error bars). The
oak savannah site did not have an O horizon (i.e., forest floor), and P stock in O horizons were negligible
compared to total regolith P stock at the other sites (< 1% of total soil P stock).

Figure 4. Climatic impacts and the corresponding standardized total impact (unitless) on regolith carbon
(C) stock according to path analyses for the entire regolith profile (a and b), A horizons (c and d), B
horizons (e and f), and saprock horizons (g and h) along the Southern Sierra Critical Zone Observatory
bioclimatic gradient, California, USA. Climatic variables were mean annual precipitation (MAP) and
mean annual air temperature (MAAT). Indirect impacts of climate are indicated by the influences of
regolith properties on regolith C stock. Regolith properties included % clay, % silt, pHcaci,, and stocks of
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nitrogen (N) and phosphorus (P) in each horizon. Goodness-of-fit statistics were y%/df = 3.42, RMSEA =
0.41 for whole regolith profiles, ¥%/df = 3.77, RMSEA = 0.42 for the A horizons, ¥?/df = 3.83, RMSEA =
0.43 for the B horizons, and y?/df = 3.42, RMSEA = 0.40 for the saprock horizons. In the four path
analysis diagrams, red and blue arrows indicated significantly (p < 0.10) positive and negative influences,
respectively; black arrows were non-significant relationships. The widths of red and blue arrows are
proportional to the strength of standardized path coefficients.

Figure 5. Linear correlations among climatic variables, regolith properties, overstory carbon (C) stock,
and productivity variables along the Southern Sierra Critical Zone Observatory bioclimatic gradient,
California, USA. Climatic variables were mean annual precipitation (MAP) and mean annual air
temperature (MAAT). Regolith properties were mean % clay, % silt, and pHcacr, and total regolith stocks
of C, nitrogen (N), and phosphorus (P). Mean % clay, % silt, pHcacl. were averages across mineral soil
and saprock horizons and pits, and weighted by bulk density, thickness, and rock fraction. Productivity
variables were gross primary productivity (GPP), net ecosystem productivity (NEP), ecosystem
respiration rate (ER), and litterfall C flux. Correlation coefficients were estimated using Pearson
correlation tests (n = 4 sites) and colored based on their magnitudes and directions. Bolded values were
statistically significant, and lighter values were not (o = 0.10).

Figure 6. Changes in mean residence time (MRT) of ecosystem carbon (C) along the Southern Sierra
Critical Zone Observatory bioclimatic gradient, California, USA. The four sites consist of oak savannah
(elevation 405 m.a.s.l.), pine-oak forest (1160 m), mixed-conifer forest (2015 m), and subalpine forest
(2700 m). Different MRT estimates were generated using different combinations of C stocks within a
given site, divided by the same pre-drought gross primary productivity (all assuming steady-state
conditions). Different combinations of C stocks included: overstory biomass, overstory biomass plus the
O horizon, overstory biomass plus the O + A horizons, overstory biomass plus the O + A + B horizons,
and overstory biomass plus the O + A + B + saprock horizons). The oak savannah site did not have an O
horizon.

Figure 7. Projected percent changes in overstory carbon (C) stock, total regolith C stock, gross primary
productivity, and mean residence time (MRT) of ecosystem C under a modeled increase in mean annual
air temperature of 0.5 and 1.0 °C in the oak savannah (a), pine-oak forest (b), mixed-conifer forest (c),
and subalpine forest (d) at the Southern Sierra Critical Zone Observatory bioclimatic gradient in
California, USA. The MRT of ecosystem C is defined as the average time that a C atom resides within the
ecosystem from initial photosynthetic fixation until loss from the ecosystem primarily by respiration, and
is calculated as the ratio of C stock in overstory biomass and the entire regolith (soil + saprock) to gross
primary productivity assuming that ecosystem C is in steady-state. Values in red inside each panel were
the absolute changes in MRT of ecosystem C under projected increases in the mean annual air
temperature at each site.

Figure 8. Percent changes in gross primary productivity, ecosystem carbon (C) stock (overstory and
whole-regolith profile), and mean residence time (MRT) of ecosystem C (panel a), and the overstory C
stock prior to (2009 — 2010) and following a major drought event (2016 — 2017; panel b) along the
Southern Sierra Critical Zone Observatory bioclimatic gradient in California, USA. The four sites consist
of oak savannah (elevation 405 m.a.s.l.), pine-oak forest (1160 m), mixed-conifer forest (2015 m), and
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subalpine forest (2700 m). Carbon stock in live trees following drought was calculated based on the
remaining trees by applying the percent dead trees observed at nearby sites from the literature to our tree
inventory prior to drought (Figure S5 and S6 in Supporting Information S1 and Table S3 in Supporting

Information S2). Absolute changes in MRT of ecosystem C following drought were indicated by values
in red inside panel a.
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a) Path analysis for the entire regolith profile b) Standardized total impact on C stock in the entire regolith profile
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