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A B S T R A C T

Although nitrogen deposition and tropospheric ozone have impacted California forests for decades, broad scale
studies of these impacts on forest growth and mortality are lacking. Because of the summer-dry climate over
most of the state, forest responses to air pollution are expected to differ from more mesic climates. In this study,
data from US Forest Service Forest Inventory and Analysis (FIA) permanent (remeasured) plots were combined
with modelled atmospheric N and S deposition and an ozone exposure index to evaluate tree growth and
mortality responses in California. Seven of 18 species exhibited significantly greater carbon increment (CI) in
tree boles as N deposition increased, though the magnitude of the effect was quite small in most California
forests. However, increases in CI were substantial in the coastal ecosections of central and northern California
where precipitation and fog exposure are greatest. Redwood (Sequoia sempervirens (D. Don) Endl.) trees exhibited
the strongest CI response to N deposition. Our model results imply a mean CI increase of 4.2 kg ha−1 yr−1 of C
per kg ha−1 yr−1 of N deposition statewide versus 13.6 in the Central and Northern California Coast ecosections,
where > 50% of the trees are redwood or tanoak (Lithocarpus densiflorus (Hook. & Arn.) Rehd.). Increased
carbon sequestration rates in response to N deposition in these California coastal regions were similar to in-
creases reported for Europe and global estimates. Nitrogen and S deposition significantly increased the odds of
top damage and trees with crown damage exhibited higher mortality, although the effect was small. Elevated
ozone exposure was associated with significantly larger rates of overall tree growth. However, for ozone-sen-
sitive ponderosa pine at moderate ozone levels (ozone index values of ca. 20–30 ppb) and moderately-elevated N
deposition (15–25 kg ha−1 hr−1), CI begins to decline, before increasing at higher pollution levels, presumably
because of the fertilizing effect of N deposition; although data are limited for these more polluted conditions.
Sulfur deposition in California forests was low, ranging from 0.3 to 3.1 kg ha−1 yr−1, but was associated with
positive growth response in seven coniferous species. The combined effect of N and S deposition and ozone
exposure statewide is a net increase in bole CI. However, aridity reduces the stimulatory growth effect of N
deposition, and alters the threshold, capacity and sometimes the direction (e.g., S deposition) of the CI response
to deposition, factors that need to be considered in global change models.

1. Introduction

Long term N deposition and ambient ozone are the two major pol-
lutants impacting forests in California, USA. Ozone is a phytotoxic
secondary gaseous air pollutant observed to cause foliar injury and
canopy dieback in some forest tree species, such as ponderosa and
Jeffrey pine. Ozone has also been linked to plant injury that does not

immediately result in visible symptoms (Bussotti & Ferretti, 1998).
Ozone exposure and N enrichment increase shoot:root ratios in plants,
and in P. ponderosa in particular (Agathokleous et al., 2016; Grulke
et al., 1998; Mills et al., 2016). The N enrichment of trees growing on
sites with a high pollution burden in the San Bernardino Mountains in
southern California appears to result in increased bole growth (Fenn &
Poth, 2001), at least in part because of decreased C translocation to
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roots (Grulke et al., 2001). Enhanced N status of P. ponderosa also ap-
pears to mitigate some of the negative effects of ozone injury, by in-
creasing N availability for photosynthetic pigments and enzymes
(Beyers et al., 1992), which may promote reparation of photosynthetic
pigments. On the other hand, increased N availability appears to also
increase stomatal conductance and ozone uptake (Grulke, 2003).
Likewise ozone and N deposition have been shown to predispose pon-
derosa and Jeffrey pine trees to increased bark beetle attack and beetle-
induced mortality (Jones et al., 2004). Thus, because of increased
aboveground growth, exposure of California forests to ozone and ele-
vated N deposition may at first glance appear beneficial, but the health
and vigor of trees under co-occurring stressors such as drought, long-
term fire suppression and bark beetles is compromised by these addi-
tional air pollution stressors (Grulke et al., 2009).

Considering the global-scale anthropogenic alteration of the N cycle
(Smil, 2001), an ongoing question is how chronic N deposition affects C
sequestration in forests and other ecosystems. Most studies address this
issue in temperate and boreal forests, documenting positive effects on C
accumulation. For instance, analyses in other European regions (De
Vries et al., 2009, 2014b, 2014a; Laubhann et al., 2009; Solberg et al.,
2009) indicate that N deposition increases C sequestration in woody
biomass. Likewise, a study in the northeastern U.S based on a dataset
similar to ours (i.e. remeasured inventory plots from the USDA Forest
Service, Forest Inventory and Analysis (FIA) program) found notable
differences in tree growth, mortality and C sequestration among the
region’s 24 most common tree species (Thomas et al., 2010). However,
little work has been done in Mediterranean climates similar to Cali-
fornia’s (but see Ferretti et al., 2014) and few studies have considered
the impacts of co-occurring exposure to ozone (De Vries et al., 2014b).
Furthermore, many questions remain regarding the sustainability of
some forests under the influence of chronic N deposition over time
(Ferretti et al., 2014) owing to impacts such as soil acidification and
nutrient imbalances (Carter et al., 2017).

Ozone concentrations and N deposition levels vary widely across
California’s forests. Little is known about the dose–response relation-
ships of tree growth and mortality to the combined exposure to these
pollutants in California. An elevated tree mortality event concentrated
in California’s Sierra Nevada region was estimated to have resulted
in>129 million tree deaths attributed to drought and insects on 3.6
million hectares over a six-year period ending in 2015, with the
southern Sierra experiencing the highest mortality rates (Forest Climate
Action Team, 2018; USDA Forest Service, 2017). Extended drought,
bark beetles and high stand densities resulting from declines in

management intensity, especially on public forests, are considered to be
the major factors responsible for the extensive tree mortality (e.g.,
Stephens et al., 2018). However, the role of air pollution has not been
investigated as a potential contributing factor, even though the pre-
ponderance of tree mortality occurred in the most polluted portion of
the Sierra Nevada.

We analyzed responses of basal area increment (growth), bole C
increment and mortality to both ozone exposure and N and sulfur (S)
deposition for 18 major tree species, most with broad distribution
across California (Fig. A.1). We relied on tree data from FIA inventory
plots initially measured in 2001–2005, then remeasured ten years later.
While S deposition tends to be low in California (Bytnerowicz et al.,
2016), we included it because a recent U.S. study, also using FIA data,
reported significant tree growth and mortality responses for some
species for both N and S deposition (Horn et al., 2018). We also in-
cluded a variety of non-pollutant explanatory attributes such as climate,
with the goal of controlling for those attributes to better discern the
response to air pollution.

2. Materials and Methods

We combined five “panels” of remeasured FIA forest inventory plots
(see Appendix B, FIA Sampling Methods for details) with modelled at-
mospheric N and S deposition to evaluate tree growth and mortality
responses across California for 18 forest tree species—the sixteen most
common species in the state plus two of particular interest (western
white pine and interior live oak) (Table 1). We constructed statistical
models that controlled for tree size, site productivity, climate, tree top
damage, and competition experienced by each remeasured tree so that
we could estimate the significance, magnitude and direction of the ef-
fects of N and S deposition on carbon increment (CI), basal area in-
crement (BAI), and mortality odds. The effects of ozone were evaluated
separately for a portion of California for which ozone exposure data
were available (see Fig. 1c).

2.1. Preparation of the inventory data

Because our target population was trees growing on California’s
forest lands, we first filtered the inventory data to trees growing on the
3314 remeasured, spatially referenced FIA plots containing conditions
(full or partial plots) that were forested at both the initial visit (“Visit
1”) that occurred between 2001 and 2005 and the ensuing re-visit
(“Visit 2”) between 2011 and 2015 (Table C.1). All land owner

Table 1
Tree species names, codes and number of trees included in the analysis.

Common Name Code Number of Live Trees1 Ozone Analysis Mortality Tree Count Species Name

Blue oak QUDO 892 479 65 Quercus douglasii
California black oak QUKE 2,650 1,145 285 Quercus kelloggii
Canyon live oak QUCH 3,808 1,516 268 Quercus chrysolepis
Interior live oak QUWI 571 403 84 Quercus wislizeni
Tanoak LIDE 3,071 192 202 Lithocarpus densiflorus
Pacific madrone ARME 1,009 53 101 Arbutus menziesii
Incense-Cedar CADE 4,079 2,305 284 Calocedrus decurrens
Ponderosa pine PIPO 7,860 2,137 322 Pinus ponderosa
Sugar pine PILA 1,510 734 134 Pinus lambertiana
Redwood SESE 2,087 140 12 Sequoia sempervirens
Singleleaf pinyon PIMO (mono) 347 347 88 Pinus monophylla
California red fir ABMA 2,337 2,082 327 Abies magnifica
Douglas-fir PSME 10,336 1,284 414 Pseudotsuga menziesii
Jeffrey pine PIJE 3,998 2,425 85 Pinus jeffreyi
Lodgepole pine PICO 2,519 1,831 107 Pinus contorta
Western juniper JUOC 1,230 246 8 Juniperus occidentalis
Western white pine PIMO (mont) 556 335 34 Pinus monticola
White fir ABCO 10,543 4,431 841 Abies concolor
Total 59,403 22,085 3,661

1 Refers to the number of live trees with DBH>12.7 cm.

M.E. Fenn, et al. Forest Ecology and Management 465 (2020) 118084

2



categories are represented, including corporate, family and national
forest. Most (72%) of the plots comprise a spatially balanced re-
measurement sample of the entire state; the others were established by
national forests as a strata-based spatial intensification, primarily to
ensure adequate sampling of rare forest types. Modeled pollutant esti-
mates for each plot over a period commensurate with the remeasure-
ment interval between 2001 and 2005 and 2011–2015 (Table C.1) were
obtained via spatial overlay.

To calculate the dependent variables (e.g., CI and BAI) used in our
models, data for trees > 12.7 cm dbh at Visit 1 and Visit 2 on these
forested plots were filtered to exclude trees 1) of species other than the
18 listed in Table 1; and 2) with missing data for one or more ex-
planatory variables (e.g., on site quality), or 3) unsuitable for growth or
mortality analyses (e.g., ingrowth trees not observed at Visit 1, the Visit
2 crew noting a dbh or height error made at Visit 1, or the dbh mea-
surement location changing between visits). Models of CI and BAI
considered only trees that were alive at both visits; mortality was
analyzed for trees live at Visit 1 and live or dead at Visit 2. The ~ 5% of
trees recorded as having negative CI, typically owing to bole breakage
or imprecision in height measurement, were assigned a zero increment.
Ultimately, 87% of all live trees, of the 18 selected species, met the
criteria for the growth analysis and 34% of the trees dead at Visit 2
proved suitable for the mortality analysis; many of the dead trees were
below the minimum size threshold of 12.7 cm, or no longer measurable
as standing trees, owing to fire.

Elemental mass of bole C, the basis of C increment (CI) in our
analysis, is not a measurement included with the inventory data.
Instead, diameter, height and species, collected with high accuracy and
precision thanks to an extensive QA program integral to the inventory
(Adams & Christensen, 2012; Melson et al., 2002), are used to calculate
volume and biomass for each tree component for each tree by applying
allometric equations (See Appendix D). Carbon is then approximated as
half of dry woody biomass. We also calculated basal area increment
(BAI) as the difference between basal area ((DBH2/4)*π) at visits 1 and
2 as an additional growth measurement. BAI is independent of height,
and thus avoids the imprecision introduced by tree height measure-
ments. BAI data are also free of potential bias introduced by applying
volume equations, which are often estimated from a sample of trees
with far more limited geographic extent than the statewide sample
represented by the FIA data.

2.2. Pollutant data

Total annual N deposition was estimated with the Community
Multi-scale Air Quality (CMAQ) Model for the most polluted two-thirds
of the state on a 4-km resolution grid. A 36-km grid resolution (Fenn
et al., 2010; Fig. 1a) was used for the relatively unpolluted northern and
far southeastern areas (Tonnesen et al., 2007). Total nitrogen deposi-
tion was adjusted based on the linear relationship with empirical
throughfall data from 36 sites in the Sierra Nevada and southern Cali-
fornia (from 2002 − 2014) using the method described in Fenn et al.
(2010; See Appendix E.)

N deposition patterns in California correspond to urban and agri-
cultural sources, dominant climate and topography, and are manifest as
steep spatial gradients. The 3314 on-grid and spatially intensified FIA
plots used for this study sample trees across most of the N deposition
gradient, though forests are largely absent where deposition is greatest.
N deposition estimates were obtained for each FIA plot via spatial
overlay on a GIS layer of throughfall-adjusted CMAQ model predictions.
In order to estimate the CI response to anthropogenic N deposition, pre-
industrial N deposition was estimated as 0.6 kg ha−1 yr−1 based on
data from Holland et al. (1999) and from the lowest deposition data
from CMAQ in this study.

Estimated annual total S deposition (kg ha−1 yr−1) for the FIA plots
(Fig. 1b) was obtained from data provided by NADP Total Deposition
Science Committee (TDEP model; Schwede & Lear, 2014) at their
website: http://nadp.slh.wisc.edu/committees/tdep/tdepmaps/.
Gridded data of the variable: “s_tw” (total S deposition) for the year
2015 was downloaded in June 2017 from ftp://ftp.epa.gov/castnet/
tdep/grids and S deposition estimates assigned to FIA plots via overlay
on exact coordinates.

The ozone data or Ozone Index (OI, ppb) used for this study were
derived from a continuous prediction surface developed from an ex-
tensive active and passive monitoring network in California’s Sierra
Nevada Mountains and Transverse Range Mountains in southern
California. (See Appendix E).

2.3. Climate data

Climate data for the FIA monitoring plots used in the analysis were
derived from: ClimateWNA (http://cfcg.forestry.ubc.ca/projects/

Fig. 1. Annual N deposition (a) in California based on the CMAQ model with values adjusted based on empirical throughfall deposition measurements (see text for
details). Annual S deposition (b) is based on the TDEP model. Ozone exposure index values are shown in (c). Black dots in (a) and (b) indicate the location of FIA plots
used in the analyses for responses to N and S deposition. Black dots in (c) indicate the location of FIA plots used in the analyses for responses to ozone.

M.E. Fenn, et al. Forest Ecology and Management 465 (2020) 118084

3

http://nadp.slh.wisc.edu/committees/tdep/tdepmaps/
http://ftp%3a//ftp.epa.gov/castnet/tdep/grids
http://ftp%3a//ftp.epa.gov/castnet/tdep/grids
http://cfcg.forestry.ubc.ca/projects/climate-data/climatebcwna


climate-data/climatebcwna; Wang et al., 2016). Climatic data and in-
dices used included 30-year normals (1981–2010) of the following
variables: mean annual temperature (MAT), mean annual precipitation
(MAP), mean annual summer precipitation (MSP), summer heat-

moisture index (SHM), number of frost-free days (NFFD), and Har-
greaves climatic moisture deficit (CMD). However, MAP and CMD were
not significant in the final model as indicated in Table 2.

2.4. Statistical analysis

2.4.1. Model for estimating annual carbon increment (CI) and basal area
increment (BAI)

We used a log-normal model to evaluate the effects of the ex-
planatory variables on CI and BAI. We chose a log-normal model, in
part to obtain an error distribution closer to Gaussian, but more im-
portantly, because the response variable, growth rate, as we’ve defined
it, can only be positive. Therefore, we made the assumption that the
expected value of the growth rate can be approximated by an ex-
ponential function which is bounded by zero at the lower end. Growth
rate is often modeled similarly in the literature, for example, Thomas
et al., 2010; Ferretti et al., 2014; Horn et al., 2018. The change in bole
C, CI, was estimated as the derivative, K = dC/dt, of bole C with respect
to time (t), by fitting a regression model to the observed rate of change

Y = CI = (C2 – C1)/Δt where Δt = elapsed time (decimal years)
between measurements and C1, C2 are the elemental C in the bole at
Visit 1 and Visit 2, respectively.

Assuming Y is a random variable with multiplicative error and ex-
pected value K such that

Y = K × ε, one can model K by

= × ×

× × ×

K g (Ndep, species) g (Sdep, species) g (OI, species)

g (Site characteristics) g (Tree characteristics) g (Climate)
1 2 3

4 5 6

(1)

Where ε ~ a multiplicative random noise such as log-normal
gi ~ one or two dimensional spline function
Ndep ~ Nitrogen deposition (see Fig. 1a)
Sdep ~ Sulfur deposition (Fig. 1b)
OI ~ ozone exposure index (Fig. 1c)
Site characteristics include disturbances, such as fire, insects and
disease, and treatments that harvest trees, in addition to elevation,
site location (latitude and longitude), site quality (as assessed by the
potential rate of live tree volume accretion), and stand basal area.
Tree characteristics include species, size and crown ratio.
Climate includes mean annual temperature, mean summer pre-
cipitation, number of frost free days, and summer-heat moisture
index.

Table 2 lists all explanatory variables that proved to be significant
predictors in our final model, along with the magnitude and direction of
their influence.

Estimation for BAI follows analogously, with Y defined as BAI=
(BA2 – BA1)/Δt.

We used the generalized additive model, gam, in the R-statistical
package (R Core Team, 2018) to estimate, for both CI and BAI, the
relationships with each of the explanatory variables. Gam uses Gen-
eralized Cross Validation (GCV) and Unbiased Risk Estimator (UBRE)
for selecting terms and smoothness levels (Craven & Wahba, 1978;
Wahba, 1990; Wood, 2017; Wood et al., 2016). Results using GCV or
UBRE are similar to those obtained using AIC (Akaike Information
Criteria). We used the GCV criteria and the approximate P-values pro-
vided by gam to identify candidate variables for selection or removal
from the final model. Our final model included only those variables that
were selected by the above criteria. Additionally, we provide plots of
the partial residuals showing the estimated effects of the pollutant
variables (together with ± 2 SE bounds) for each tree species which
can be used to identify the species that are significantly affected by the
pollutants. The standard errors in these plots are one of the outputs of
the gam program and they are based on a Bayesian approach using

Table 2
Variables retained by the selection criteria as significant explanatories in final
models of C increment (CI) and percentage of variability ‘explained’. Model
form is specified by Eq. (1) under Statistical Analysis in the Materials and
Methods. The table also provides the overall direction of the estimated effect
(increasing ↑, decreasing ↓or variable ↑↓).

Effects on CI

Variable Variability
explained

(Ozone)6% Effect
direction

Site and sampling
characteristics

16%7

Latitude, Longitude 3.6%8 ↑↓
Elevation 3.9% ↓
Site quality (mean annual

increment) 1
74% ↑

Tree size category(TPA)2 3.5% Medium ↑
Large↓

Plot intensified (yes, no)3 15.1% yes ↑no↓
Tree characteristics 73.4%
Bole Carbon Mass at Visit 1 4.5% ↑
Crown Ratio at Visit 1 6.0% ↑
Crown Ratio at Visit 2 15% ↑
Tree species 3.8% ↑↓
Basal area of trees larger than

this tree
8.5% ↓

Diameter at Breast Height at
Visit 1

2.4% ↑

Tree top damage (tree top
broken or missing)

60% ↓

Climate 1.4%
Mean Annual Temperature 33% ↑
Mean Summer Precipitation 22% ↓
Summer heat-moisture index 26% ↓
Number of frost-free days 18% ↓
Pollutants 8.4% (19%)7

N deposition4 30% (28%)8 ↑ ↓
S deposition4 70% (25%) ↑ ↓
Ozone NA9 (46%) ↑
Disturbances 1.2%
Basal Area Harvested 26% ↓
Basal Area Killed by Fire 56% ↓
Disturbances present5 18% ↑↓
Total Explained Variability 37% (39%)
Sample Size 59,403 (22,085)

1 Mean annual increment, derived from field-measured and modeled site
index (height of dominant, free-to-grow trees at a species-specific “base
age”), accounts for potential productivity driven by site factors such as soil
depth, precipitation, elevation, and temperature, independent of the amount
and size of vegetation currently present.

2 Tree sampling intensity for large (> 61.0 cm dbh) sized trees, sampled on 1
acre (4047 m2) plot areas was six times as great as for medium (12.7–61.0 cm
dbh) sized trees sampled on 1/6 acre (674 m2) plot areas, so they are more
heavily represented in the tree sample used to build the model.

3 Intensified plots were in addition to the spatially-balanced remeasurement
sample of the entire state. They were established by national forests in
California as a strata-based spatial intensification, primarily to ensure adequate
sampling of rarer forest types.

4 Effects and significances for tree species responses to N and S deposition
are given in Figs. 2 and 6.

5 Disturbances present refers to disturbances not included in the first two
categories listed, such as insect pests, diseases, and miscellaneous other dis-
turbances.

6 Values in parenthesis in table are for model using subset of data that have
ozone measurements.

7 Explained variability as a percentage of total.
8 Explained variability as a percentage of subtotal in each of the variable

categories.
9 NA = not applicable.
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penalized maximum likelihood (Marra & Wood, 2012; Nychka, 1988).

2.4.2. Model for estimating probability of tree damage and survival
Our interest was in estimating effects of the pollutants on 1) prob-

ability of tree damage (where damage was defined as the top of a tree,
either missing or damaged) and 2) probability of tree mortality during
the 10 years between measurements.

We used the following semiparametric logistic regression model to
estimate these probabilities:

=

=

Let Y 1 if a tree alive at Visit 1 was damaged by Visit 2

(for damage study) or dead by Visit 2 (for mortality study)
0 otherwise

= = = + −
−θPr[Y 1 ] p {1 exp( )} 1

where the linear predictor, θ = odds = p/(1-p), is given by

= + + + +

+ +

θ α g (Ndep) g (Sdep) g (OI) g (Site characteristics)

g (Tree characteristics) g (Climate)
1 2 3 3

4 5 (2)

and the explanatory variables are as described above. The model for
tree mortality distinguished between pollutant effect in the presence
and absence of damage to the tree top.

3. Results

The model for predicting annual CI explained 37% (for model
without ozone) and 39% (for model with ozone) of the total variance
(Table 2). Most of the variability explained by the model was due to
tree characteristics (73%), with only 16% explained by site and sam-
pling characteristics. As expected, CI was enhanced in more productive
sites, with greater tree vigor (as indicated by crown ratio), and with
greater initial tree size (bole C; Table 2). In contrast, top damage and
sum of basal area of trees larger than each tree (a measure of compe-
tition) were associated with lower CI. Of the variability explained, 8.4%
was due to N and S deposition. For a subset of sites where ozone ex-
posure data are available (37% of the FIA plots), the combined effect of
all three pollutants explained more than twice as much of the varia-
bility in annual C increment at 19% (Table 2). Climate only accounted
for 1.4% of the explained variability, likely because climate attributes
are already accounted for by site quality, elevation, latitude and long-
itude, and species.

3.1. Effect of N deposition on annual CI and BAI

Most (> 95%) of California’s forested area experiences an N de-
position rate of well under 20 kg ha−1 yr−1, and of the 18 species
analyzed, eight species exhibited a statistically significant (P-value <
0.05) growth response within that range of deposition. Seven species
exhibited a positive CI response to increasing N deposition: western
juniper, incense-cedar, singleleaf pinyon pine, redwood, tanoak,
California black oak, and canyon live oak; Lodgepole pine had a ne-
gative CI response, albeit over a narrow deposition range (maximum N
deposition < 10 kg ha−1 yr−1; Fig. 2). Seven species exhibited a po-
sitive BAI response to N deposition: incense-cedar, singleleaf pinyon
pine, California black oak, canyon live oak, white fir, ponderosa pine
and Douglas-fir (Fig. 3), and seven species exhibited no response for CI
or BAI: California red fir, Jeffrey pine, sugar pine, western white pine,
Pacific madrone, blue oak, and interior live oak.

Four species showed a positive response only for CI: western ju-
niper, lodgepole pine, redwood and tanoak; and three only for BAI:
white fir, ponderosa pine and Douglas-fir. Differences in responses for
CI and BAI may be explained by the greater variability in CI owing to its
calculation requiring tree height (a more imprecise measurement than
the DBH required to compute BAI) and a species specific volume
equation.

Similar to CI, median BAI was greatest in redwood at 30.1 cm2

tree−1 yr−1, although the increasing response to N deposition was not
statistically significant at the 5% level. Of the species with a significant
BAI response, median values ranged from 16.5 to 21.2 cm2 tree−1 yr−1

for Douglas-fir, white fir and ponderosa pine (Fig. 3). For the other four
species with a significant response to N deposition, median basal area
increment ranged from 3.0 to 9.8 cm2 tree−1 yr−1.

California consists of a number of ecosections, or regions of unique
ecological characteristics, as defined by McNab et al., 2007 (see
Appendix C and Fig. C.1 for further details and a map of the ecosections
of California). Nearly half of the statewide CI increase in response to N
deposition above pre-industrial levels (0.16 Tg C) was from the
Northern California Coast ecosection (0.08 Tg C) where> 50% of the
trees in the FIA plots were redwoods and tanoak trees, species that
responded positively to N deposition. Including both of the two primary
ecosections (Northern California Coast, Central California Coast) where
redwood trees were commonly found in the FIA plots accounted for
83% (0.15 Tg C) of the estimated annual statewide CI increase in re-
sponse to N deposition above pre-industrial levels, but included<7%
of the trees on the FIA plots. The remainder of the CI in response to N
deposition was primarily from the following ecosections, in descending
order of CI increase: Southern California Mountain and Valley,
Northern California Coast Ranges, Modoc Plateau, Klamath Mountains,
and Sierra Nevada Foothills. Three of the ecosections had negative net
C increment in response to N deposition: Northern California Interior
Coast Ranges, Southern Cascades and Sierra Nevada. Average CI values
for all of the California ecosections, expressed as kg ha−1 yr−1 in re-
sponse to N deposition, are shown in Table 3.

We estimate a 1.7% statewide increase in bole CI per kg ha−1 yr−1

increase in N deposition based on the eight species that showed a sig-
nificant response to N. This equates to a statewide mean of 4.2 kg ha−1

in the aboveground bole CI per kg ha−1 yr−1 of N deposition. In the
Northern California Coast ecosection, mean CI per kg ha−1 yr−1 of N is
much greater—19.9 kg ha−1.

3.2. Effects of ozone on annual C increment

Based on the subset of FIA plots for which the ozone exposure index
was available, CI increased with ozone for three conifer species (lod-
gepole pine, western white pine and ponderosa pine) and exhibited a
bimodal response for California red fir increasing with ozone index to a
threshold of 30 ppb, then declining (Fig. 4). For two hardwoods
(canyon live oak and California black oak), CI increased with ozone.
Blue oak showed decreasing CI with increasing ozone exposure until the
ozone index reached a value of 40, after which CI began to increase
(Fig. 4).

Potentially confounding effects of ozone and N deposition are pre-
sented in Fig. 5a, suggesting that the highest levels of ozone (OI >
40 ppb) and N deposition (> 15 kg ha−1 yr−1) result in the highest CI
responses observed in this study. These results are also confounded with
locations, since they only occur in Southern California (see Fig. 1). At
lower levels of ozone and N deposition, responses may vary with spe-
cies. Significant combined effects of ozone and N deposition were evi-
dent for only two species in the mixed conifer zone (Fig. 5a), which
spans a wide range of ozone and N deposition exposure. At moderate
ozone exposure (index values of ca. 20–30 ppb) and N deposition of
15–25 kg ha−1 yr−1, CI for ozone sensitive ponderosa pine begins to
decline, before increasing again at the highest pollutant levels (Fig. 5a),
although data are limited for these highest pollution levels and thus
uncertainty is greater. CI for canyon live oak doesn’t decline at mod-
erate ozone levels. When considering the response of CI to ozone and N
deposition with all species combined, we again see the greatest CI at the
highest ozone and N deposition. However, at ozone index values below
around 20 ppb, increasing N deposition was generally associated with
reduced CI (Fig. 5b).
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3.3. Effects of S deposition on annual C increment

Estimated S deposition in California forests is low (0.3 – 3.1 kg ha−1

yr−1), and thus the following growth responses were largely un-
expected. For singleleaf pinyon pine and redwood, CI declined as S
increased, though for redwood, CI began to increase again when S de-
position exceeded 2.3 kg ha−1 yr−1. Pacific madrone and Douglas-fir
showed bimodal CI responses, initially increasing, then decreasing
above a threshold of 1.5 and 1.9 kg ha−1 yr−1 of S respectively. CI
response was positive in seven conifer species (Fig. 6), negative for
tanoak and canyon live oak, and not significant for the other four
hardwoods (only significant trends shown in Fig. 6).

3.4. Effects of N and S deposition and ozone on tree survival and damage

There was a small but significant increase in the odds of tree mor-
tality in trees with damaged tops until deposition reached 25 kg ha−1

yr−1 of N or 1.5 kg ha−1 yr−1 of S, after which there was no further
increase in the odds of mortality (Fig. 7; Table 4). A small but sig-
nificant N deposition mortality effect on trees with damaged tops was
observed for white fir, California red fir, lodgepole pine, western white
pine and blue oak. In trees without top damage, N and S deposition
didn’t significantly impact mortality. Nitrogen and S deposition in-
creased the odds of tree top damage until deposition reached 5 kg ha−1

yr−1 of N or 1.5 kg ha−1 yr−1 of S, respectively, after which there was

no further increase in top damage (Table 4). The effects of increasing N
deposition on canopy damage was mostly observed in hardwoods, in
particular tanoak, blue oak, California black oak, interior live oak and,
to a lesser extent, canyon live oak (data not shown). No effects of ozone
on the odds of top damage was observed; however, regardless of top
damage, odds of tree mortality decreased with increasing ozone ex-
posure until the ozone index reached a threshold of 30 ppb (Fig. 7,
Table 4)

4. Discussion

As in our study, previous studies looking at N or S deposition effects
on tree growth and mortality based on FIA data reported a range of
responses among different forest tree species (Horn et al., 2018; Thomas
et al., 2010). Etzold et al. (2020) reported varying species stem growth
responses to N deposition in Europe. Growth of spruce increased line-
arly, beech showed a non-linear quadratic response with a tipping point
at 24–34 kg N ha−1 yr−1, while pine and oak did not show a significant
growth response to N deposition. However, because of the strong in-
fluence of dry deposition in California and the large topographic var-
iation, N deposition can vary greatly over just a few km. Thus, some
species in California (lodgepole pine, California red fir, western white
pine, western juniper) are exposed to a relatively narrow range of N
deposition (e.g., 2–12 kg ha−1 yr−1, while others (incense-cedar,
canyon live oak, California black oak, sugar pine, ponderosa pine) are

Fig. 2. Effect of N deposition on annual C increment estimated for the 18 tree species listed in Table 1. Values accompanying tree species codes in the legend
represent median annual C increment (kg tree−1 yr−1). Displayed values are estimates of the function g1 (N dep) in Eq. (1). Shading indicates approximate 95%
confidence interval bounds for each value of N deposition.

Fig. 3. Effect of N deposition on annual basal area increment per tree for 18 tree species. Numbers in the legend after the tree species codes represent the median
annual basal area increment (cm2 tree−1 yr−1) for each species. Displayed values are estimates of the function g1 (N dep) in Eq.1. Shaded areas are approximate
pointwise 95% confidence bounds.
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distributed across a much broader range of N deposition (e.g.,
2–50 kg ha−1 yr−1; Fig. C.2), albeit with much less representation at
the highest levels. Likewise for ozone exposure, and to some degree for
S deposition, there were fewer trees at the upper range of exposure.
Thus the spatial distribution of pollutants and trees resulted in greater
uncertainty (and standard error estimates) in the response to N, S and
ozone exposure in California’s most polluted forests (see Figs. 2–4; 6 &
7).

Nearly 90% of the marginal CI response to N deposition (i.e., re-
lative to a pre-settlement baseline of 0.6 kg ha−1 yr−1of N) occurs in
the coastal ecosections of central and northern California even though
N deposition in these ecosections only exceeds 10 kg ha−1 yr−1 near
the urbanized Bay Area (Fig. 1a). On a per tree basis, the highest mean
rates of CI in this study were approximately 14 kg tree−1 yr−1 in
redwood trees with N deposition at 25 kg ha−1 yr−1 and also in canyon
live oak trees with N deposition of 50 kg ha−1 yr−1. However, as al-
ready noted, few trees in the inventory sample were found at such high
levels of N deposition. Nonetheless, the stimulatory response to N at

levels above 30 kg ha−1 yr−1 was observed in most of the tree species
found in mixed conifer forests typical of mid-elevation locations in
southern California and the southwestern Sierra Nevada. Ozone and N
deposition levels there are highly elevated by direct exposure to pol-
luted air masses originating from urban and agricultural regions with
high nitrogenous emissions (Bytnerowicz et al., 2019; Fenn et al.,
2003a,b, 2010).

4.1. Aridity and thresholds for response to N deposition

Redwood trees, which grow in humid, often foggy, coastal settings,
exhibited a significant growth response to even low levels of N de-
position (< 5 kg ha−1 yr−1). With the exception of redwood, western
juniper and singleleaf pinyon pine, growth responses weren’t generally
observed until N deposition reached a threshold of 20 kg ha−1 yr−1 or
greater. This seems to be especially true for hardwoods. Based on these
findings, we hypothesize that the generally more xeric context common
in southern California’s mixed conifer forests, eastside forests and

Table 3
Average (kg ha−1 yr−1 of C) and total (Tg) C increment in each ecosection in California in response to N deposition above the pre-industrial background (0.6 kg ha−1

yr−1). Ecosections are as defined by McNab et al. (2007). Values account only for the eight tree species for which a significant growth response to N was observed.

Ecosection Name1 Average C increment
(kg ha−1 yr−1)

Total C (Tg) Tree Count Hectares (x1000)

Northern California Coast 50.83 0.083243 3209 1638
Central California Coast 50.49 0.067183 637 1331
Southern California Mountain and Valley 3.91 0.010760 376 2755
Northern California Coast Ranges 2.54 0.004070 1628 1599
Modoc Plateau 1.87 0.004361 726 2330
Klamath Mountains 1.69 0.006435 2975 3806
Sierra Nevada Foothills 1.54 0.002807 176 1819
Central California Coast Ranges 0.34 0.000855 57 2485
Mono 0.33 0.000559 247 1689
Southeastern Great Basin 0.10 0.000712 189 6932
Northwestern Basin and Range 0.01 0.000102 11 7074
Mojave Desert 0.01 0.000075 3 13,457
Northern California Interior Coast Ranges −0.19 −0.000139 51 750
Southern Cascades −2.59 −0.004790 1,215 1848
Sierra Nevada −3.19 −0.016739 6,474 5253

1 See Fig. C.1 for the location of these ecosections.

Fig. 4. Effect of ozone exposure on annual change in C increment. Only the tree species with a significant response are shown. Values accompanying tree species
codes in the legend represent median annual C increment (kg tree−1 yr−1). This analysis covers a subset of FIA plots where ozone data are available. Displayed values
are estimates of the function g3 (OI) in Eq.1. Shading indicates approximate 95% confidence interval bounds for each value of the ozone index.
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elsewhere, reduces tree response to N deposition for most species. The
arid conditions prevalent in California result in greater N retention in
the canopy (Avila et al., 2017), but not necessarily foliar uptake or
biological assimilation (Padgett et al., 2009; Temple & Miller, 1998).
High canopy retention of N and little precipitation during the growing
season also results in minimal throughfall moisture and dissolved N flux
to the rooting zone in spring and summer. In addition, over most of
montane California, the largest precipitation inputs occur in winter
when root nutrient uptake is likely temperature limited, whereas dry
deposition of N and S pollutants are thought to be greatest during the
dry summer season (Bytnerowicz & Fenn, 1996; Fenn & Bytnerowicz,
1997).

The end result of such scenarios in the summer-dry climate of
California is a relatively low proportion of atmospherically-deposited N
that is available for plant nutrient uptake compared to more mesic
environments. All of these factors may contribute to the high N de-
position threshold growth response in the inland forests of California.
For western juniper and singleleaf pinyon pine, CI responded positively

as N deposition increased from near background levels to 5 or
10 kg ha−1 yr−1, respectively (Fig. 2). Thus, these two species, which
are generally found in low elevation highly-arid sites, stand out as ex-
ceptions to the coastal, more humid environment hypothesis described
above. These are also the two species with the lowest median annual CI
(0.5 kg tree−1 yr−1 at the lowest N deposition sites), an order of
magnitude lower than for redwood trees. Thus, increases in absolute
levels of CI by these species with increased N deposition were not
comparable to much faster growing species such as redwood or tanoak.
One hypothesis explaining the favorable growth response to low levels
of N deposition for singleleaf pinyon pine and western juniper is that
the milder winters experienced by these two low-elevation species al-
lows for greater biological availability, physiological uptake and as-
similation of N from atmospheric deposition during winter when more
favorable moisture conditions generally prevail.

Fig. 5. Plots showing combined effects of N deposition and ozone exposure on C increment per tree. Fig. 5a shows results for ponderosa pine (PIPO) and canyon live
oak (QUCH). Marker color indicates annual N deposition range (kg ha−1 yr−1). Horizontal lines represent C increment at the statewide mean ozone index (18 ppb).
Fig. 5b shows estimated C increment response (kg C tree−1 yr−1; contour lines and color scale), to ozone (x-axis) and N deposition (y-axis), averaged over all 18 tree
species. Displayed values in both plots are estimates of the function g1 (N dep) × g3 (OI) in Eq. (1).
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4.2. Effects of N and S deposition and ozone on annual C increment

The effects of N and S deposition on annual C increment was small
but significant, with 2.5% of the overall variance explained due to N
deposition. This is similar to the findings in previous studies (De Vries
et al., 2014b). Of the effects explained by N and S deposition (8.4%),
30% was attributed to N deposition and 70% to S deposition. The
combined effects of N and S deposition and ozone increased the var-
iance explained from 8.4 to 19%. At the sites where ozone exposure
data were available, of the effects explained by air pollution, 28% was
attributed to N deposition, 25% to S deposition and 46% to ozone ex-
posure. The combined exposure to ozone and N deposition, at suffi-
ciently high levels, appears to cause a synergistic effect on bole growth.
The stimulatory effects of ozone on bole growth increased further with
increasing N deposition and vice-versa. We hypothesized that such N
deposition levels sufficient to affect tree growth would also be reflected
in increased N fertility levels. This was confirmed by C:N ratios in soil
from the FIA P3 plots showing a negative power function in relation to
N deposition (See Appendix F and Fig. F.2).

Nitrogen amendment field studies and physiological studies of the

combined effects of N deposition and ozone in California forests also
indicate that ozone and N deposition combined result in greater
aboveground growth, presumably because of the reported decrease in C
accumulation in fine and coarse roots accompanied by increased car-
bohydrate levels in the bole (Grulke et al., 2001). Both ozone and in-
creased N fertility result in reduced C translocation to roots, lower fine
root biomass and increased shoot:root ratios (Agathokleous et al., 2016;
Braun et al., 1999; Grulke et al., 1998, 2001; Mills et al., 2016). Needle
and branch growth and woody biomass production were all greatest at
sites in the San Bernardino Mountains in southern California where
ozone and N deposition were elevated. The authors concluded that “N
deposition dominated the ponderosa pine response despite high ozone
exposure” (Grulke & Balduman, 1999). Thus, it isn’t unexpected to find
a positive aboveground growth response to elevated N deposition and
an even greater response to the combined effects of N deposition and
ozone exposure, at least at the highest levels of the pollutants. However,
as these results suggest, the stimulation of aboveground growth may be
at the expense of belowground growth.

Ozone is a known phytotoxicant with clear injury responses to
seedlings and saplings fumigated experimentally with ozone, and plant

Fig. 6. Estimated effect of S deposition on annual C increment by species, where significant. Values accompanying tree species codes in the legend represent median
annual C increment (kg tree−1 yr−1). Displayed values are estimates of the function g2 (Sdep) in Eq. (1). Shading indicates approximate 95% confidence interval
bounds for each value of S deposition.

Fig. 7. Estimated odds of tree mortality as a function (see Eq. (2) in Methods for details) of N deposition, S deposition or ozone exposure. For the first two graphs,
only trees with top damage are included in the analysis, while for the ozone index graph, all trees are included. For trees with no top damage, effect of N or S
deposition on the odds of tree mortality was not significant. All odds are relative to the odds at the mean deposition or ozone exposure value: 4 and 0.7 kg ha−1 yr−1

for N and S deposition respectively, and an ozone index value of 20 ppb for ozone exposure, which is set to one in each instance.
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species vary widely in their degree of ozone sensitivity (Miller et al.,
1983). However negative effects on tree growth under field conditions
are more difficult to determine (Arbaugh et al., 1999; Etzold et al.,
2020; Paoletti, 2006) or are not observed (Cailleret et al., 2018; Ferretti
et al., 2018; Verryckt et al., 2017). In a recent review of ozone impacts
on forest growth in Europe, Cailleret et al. (2018) concluded that ozone
effects on growth of forest trees seem negligible for various reasons,
including the presence of confounding factors such as drought, N fer-
tilization, past land use and management. They also state that “ozone
concentration is usually positively correlated with air temperature and
N deposition (see also, De Vries et al., 2014b), which both can be re-
lated to increased tree growth”. Furthermore, high levels of N deposi-
tion were reported to ameliorate some of the phytotoxic effects of ozone
on photosynthetic pigment concentrations in ponderosa pine (Grulke,
1999).

In a study of European forests, Etzold et al. (2020) found that sto-
matal ozone flux was positively related to stem volume growth for
Norway spruce (Picea abies (L.) H. Karst) and pine (Pinus sylvestris L.),
but not for beech (Fagus sylvatica L.) and oak (Quercus petraea (Matt.)
Liebl. and Quercus robur L.). The authors concluded that the positive
response to ozone was likely due to collinearity with temperature and N
deposition. However, AOT40 (cumulative ozone exposure above
40 ppb) showed a non-linear relationship in spruce and pine with in-
creased growth up until a threshold, after which growth declined.
However, from the statistical models used, ground-level ozone showed
little evidence of a generalized relationship with stem volume growth
(Etzold et al., 2020). In summary, broad-scale studies in Europe
(Cailleret et al., 2018; Etzold et al., 2020) confirm our findings in Ca-
lifornia of an apparent increased stem growth as ozone exposure in-
creases, although it is difficult to disentangle this response from the
effects of co-occurring factors such as increased temperature and N
deposition.

For those tree species that are found across a broad range of air
pollution exposures (Fig. C.2), which are primarily those associated
with the mixed conifer zone in mid-elevation sites, the highest CI re-
sponses were observed in FIA plots where maximum values of N de-
position and ozone co-occur. At lower ozone levels and with N de-
position< 15 kg ha−1 yr−1 ozone reduces C allocation belowground,
resulting in greater C accumulation in the bole. As ozone increases
(ozone index ca. 20–35 ppb) sensitive species such as ponderosa pine
begin to be more negatively affected by ozone, presumably with overall
reduced tree growth. Then as N deposition reaches ≥ 25 kg ha−1 yr−1

CI begins to increase again. This may be because at the highest N de-
position levels enough of the deposited N is biologically available to
compensate for ozone injury and to cause a greater fertilization effect,
resulting in increasing CI. Increased N can also provide added N for
reparation of photosynthetic pigments in ozone-damaged foliage
(Beyers et al., 1992; Grulke, 2003). However, our statistical model
could not formally test for an interaction between ozone and N. Fur-
thermore, Cailleret et al. (2018) concluded that the interdependency
among environmental drivers such as climate, atmospheric deposition
and biotic stressors, ultimately leads to complex synergistic and an-
tagonistic relationships that are difficult to disentangle and predict.
Ozone concentration is usually positively correlated with air tempera-
ture and N deposition (De Vries et al., 2014b), which are both related to
increased tree growth in various geographical regions (Cailleret et al.,
2018).

4.3. Coastal forest responses to N deposition

This study and another FIA-based study looking at 94 species in the
continental U.S. (Horn et al., 2018) found that in California, the
dominant region of C increment increase in response to N deposition is
along the NW coast of California, a region where California redwood
and tanoak are common species. Mean CI per kg ha−1 yr−1 of N from
atmospheric deposition in the forests of the Northern California Coast
ecosection was 19.9 kg ha−1 yr−1 of C, which is nearly five times the
statewide average of 4.2 This strong N response in coastal ecosections
likely results from redwood’s legendary growth rates and favorable
growth conditions (Olson et al., 1990). We offer four plausible ex-
planations for the high level of responsiveness of redwood trees to N
deposition.

(1) Greater humidity likely enhances canopy uptake of atmospheric N
via stomata and foliar surfaces (Gessler et al., 2002), twigs, bran-
ches and bark (Dail et al., 2009; Earles et al., 2016; Fenn et al.,
2013). The more humid coastal environment also enhances the
solubility of N compounds within the canopy and within the rooting
zone, leading to greater canopy and root utilization of atmospheric
reactive N. Simultaneously, the frequent fog exposure during the
otherwise dry summer season, in conjunction with high annual
precipitation in the northern California coastal regions (as much as
3000 mm), relieves much of the drought stress to which most of
California is exposed in spring and summer. Templer et al. (2015)

Table 4
Estimated effect on, and standard error of, the change in odds (p/1-p) for tree top damage and for tree mortality1 associated with the three pollutants: N deposition; S
deposition, and Ozone Index, based on the logistic regression model in Eq. (2). See also Fig. 7. The change in odds is evaluated relative to the odds at the mean value
of the pollutant. For example, if p = 0.4 at N deposition = 5 kg ha−1 yr−1 for mortality of trees with top damage, then the odds are 0.4/(1–0.4) = 0.67. Therefore,
we should expect a 0.1 fold increase in the odds for each 1 kg ha−1 yr−1 increase in N deposition (up to 25 kg ha−1 yr−1). At N deposition = 25 kg ha−1 yr−1 this
leads to an increase in probability of mortality to 57%2 from the assumed 40% at N deposition = 5 kg ha−1 yr−1.

Tree Top Damage Tree Mortality
Pollutant (unit) Pollutant range Change in odds Pollutant range Change in odds

Damaged tops Undamaged tops

N deposition ≤5 + 0.35 ± 0.05 per unit ≤ 25 + 0.1 ± 0.04 per unit n.s.3

(kg ha−1 yr−1) > 5 Plateau4 > 25 Plateau4 n.s.
S deposition ≤1.5 + 2.2 ± 0.5 per unit ≤ 1.5 + 0.1 ± 0.04 per unit n.s.
(kg ha−1 yr−1) > 1.5 Plateau4 > 1.5 Plateau4 n.s.

Damaged or undamaged tops
≤30 − 0.1 ± 0.05 per unit

Ozone index
(ppb)

All n.s. > 30 Plateau4

1The odds of tree mortality refers to mortality occurring between T1 (the initial site visit) and T2 (the second site visit), which on average was a time interval of
9.9 years.
2Calculated as =

× × −

+ × × −
0.57{0.67 [0.1 (25 5)]}

1 {0.67 [0.1 (25 5)]} .
3n.s. not significant (P-value < 0.05).
4Plateau means no further significant increase with increasing pollutant above the specified threshold.
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found that summer fog provides nitrogen for direct canopy uptake
and assimilation and increases throughfall canopy drip, providing N
for root uptake, especially at the forest edge. Thus summer fog and
ocean aerosols (Zinke et al., 1996) provide nutrients and moisture,
affecting the physiologic function and growth of redwood trees. The
response of redwoods to low levels of atmospheric N may be fa-
vored by preferential direct canopy uptake of NO3-N which is
common in humid forests of the Pacific Northwest and other mesic
and humid regions (Fenn et al., 2013). Coastal species such as
redwood may also be predisposed to positive growth response to
added N because of the inputs of other macro and micro nutrients,
including Mg, S and B (Zinke et al., 1996), from seasalt deposition
(Fenn & Kiefer, 1999; Parker, 1983) that may alleviate co-occurring
nutrient deficiencies such as potassium or S (Mika et al., 1992;
Sardans & Peñuelas, 2015; Schmalz & Coleman, 2011). Precipita-
tion and throughfall are generally influenced by sea salt at sites
within approximately 100 km from the coastline (Fenn & Kiefer,
1999; Parker, 1983). European studies have also found that: (1) the
forest growth effect of N deposition only becomes apparent when
growth-limiting factors other than N, such as light, other nutrients
or water are in sufficient supply (Bernhardt-Römermann et al.,
2015); and (2) increased tree growth (probably due to elevated CO2

and N availability) and resulting higher nutrients demands, led to
decreasing foliar concentrations, down to levels that are char-
acterized as “low” or “deficient” for P (and sometimes also other
nutrients, such as S and Mg) in a number of tree species (Jonard
et al., (2015).

(2) Redwood tree roots are colonized by arbuscular mycorrizae. The
growth of tree species associated with arbuscular mycorrhizal fungi
exhibit a stronger growth response to added N than do trees with
ectomycorrhizal fungi as symbionts. This has been demonstrated
previously in response to N deposition in large scale field surveys
using FIA data (Averill et al., 2018; Horn et al., 2018; Thomas et al.,
2010) and in other studies (Phillips et al., 2013). Three of the 18
species in this study are colonized by arbuscular mycorrhizae:
redwood, western juniper and incense-cedar. All three exhibited a
significantly positive CI response with increasing N deposition.
Tanoak trees overlap a great deal with redwood but had a lower
growth response to N deposition. The lower N response for tanoak
could be related to the fact that tanoak is ectomycorrhizal while
redwood has arbuscular mycorrhiza. In addition, the range of ta-
noak extends farther from the coast where the much lower pre-
cipitation and fogwater inputs are less favorable to tree growth and
utilization of available N compared to the coastal zone to which
redwood is restricted.

(3) Coastal species in California, such as redwood and tanoak grow on
soils underlain by sedimentary deposits rich in geologic N that have
been shown to foster greater forest growth and soil fertility
(Morford et al., 2011; 2016). Moreover, mild winter temperatures
in coastal forests are generally less restrictive to biological activity.

(4) The coastal ecosections where redwood trees are common are
generally located upwind of agricultural NH3 emissions source
areas. As a result, redwood trees are exposed to atmospheric N in-
puts with much lower NH4-N:NO3-N ratios (Ewing et al., 2009;
2012). Inasmuch as NH4-N deposition has been shown to be more
harmful to vegetation than NO3-N deposition (Britto & Kronzucker,
2002; Stevens et al., 2011; Van den Berg et al., 2016), the higher
proportion of oxidized N inputs in coastal areas may also contribute
to the greater growth response observed. The proportion of wet
inorganic N deposition as NH4-N is generally within the range of 70
to 80% in Sierra Nevada foothill and montane sites located to the
east of the extensive agricultural emissions source area in the
Central Valley of California. In contrast, along western coastal sites
not influenced by agriculture and at inland sites remote from major
agricultural emissions, the proportion of wet deposition as ammo-
nium is lower at 50–60% (Fenn et al., 2018, Ewing et al., 2009).

However, in fogwater at a coastal Redwood site in Sonoma county
in northern California, NO3-N concentrations were 5-fold greater
than NH4-N concentrations (Ewing et al., 2009).

4.4. Effects of S deposition on annual C increment

With a few exceptions, the CI response of most conifers to S de-
position was positive and for most hardwoods, was negative. This was
surprising given that (1) levels of S deposition in the FIA plots (ca. 0.3 –
3.1 kg ha−1 yr−1) were as low as one tenth those observed in Europe,
the eastern U.S. and parts of Asia, and (2) forest soils in California are
generally well buffered and thus not predisposed to S-induced acid-
ification. The pattern of greater sensitivity of hardwoods comports with
Horn et al. (2018; see their Supporting Information), which reports a
negative response to S deposition in 61% of the hardwoods vs. 39% of
the conifers.

Although S is not typically considered limiting to tree growth
(Fisher & Binkley, 2000), our analysis suggests S deposition exerts a
growth-promoting influence in some California forests. Others (Blake
et al., 1990; Mika et al., 1992; Schmalz & Coleman, 2011) have found
that S availability limits the maximum growth response of Douglas-Fir,
lodgepole pine and ponderosa pine to added N. Lodgepole pine was
among the species responding positively to increased S deposition in
our study, suggesting that the supposition in a countrywide FIA study
(Horn et al., 2018) that S deposition would not increase growth cannot
be universally applied, particularly in semi-arid forests less vulnerable
to soil acidification impacts.

4.5. Effect of N deposition on C sequestration in CA forests

In European-scale studies basal area increment increased by 1.2 –
1.5% per kg ha−1 yr−1 of N deposition (De Vries et al., 2014b), and
averaged across 71 tree species evaluated in the conterminous United
States, tree growth showed a net increase of 1.7% per kg ha−1 yr−1 of N
deposition (Horn et al., 2018). These are similar to our estimated 1.7%
increase in bole CI per kg ha−1 yr−1 of N deposition for eight tree
species in California, but lower than a European-wide inventory-based
study with an estimated N-enhanced C sequestration in bolewood of
4.4% (De Vries et al., 2006). The average estimated C sequestration
response reported for European forests was: 33 kg C/kg N1 in bolewood
(De Vries et al., 2006), 19 kg C/kg N in all woody biomass (stems,
woody branches and roots; Solberg et al., 2009), and 21–26 kg C/kg N
for total forest C uptake (Laubhann et al., 2009). In a meta-analysis of
forest fertilization studies, the estimated C sequestration rate in
aboveground woody biomass for temperate forests averaged 12.7 kg C/
kg N (Schulte-Uebbing & De Vries, 2018), resembling the estimate of
14.4 for C sequestration in aboveground woody biomass determined via
stoichiometric scaling (De Vries et al., 2014a). Higher estimates of
34–61 kg C/kg N deposition were reported by Thomas et al. (2010) for
aboveground biomass in the northeastern U.S. and based on modelling
estimates for temperate forests (Thomas et al., 2013). Our estimate of
13.6 kg C/kg N in bolewood for the more humid northern and central
coast ecosections is similar to many of these global and European es-
timates, but the statewide average for California (4.2 kg C/kg N) is
much lower than published estimates. We hypothesize that this is due
to the generally arid climate of California as discussed above.

4.6. Effects of N and S deposition on tree survival and damage

In trees with no top damage, N and S deposition did not have a
significant effect on tree mortality. However, N and S deposition in-
creased the odds of tree top damage, and trees thus damaged showed a

1 kg C/kg N = kg ha−1 yr−1 of C sequestered per kg ha−1 yr−1 of N de-
position.
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marginal but significant increase in the odds of tree mortality with N
and S deposition up to a threshold, after which no further mortality was
observed. In central Europe forest growth has accelerated in response to
increased temperature, extended growing seasons and atmospheric
deposition (Pretzsch et al., 2018). Notably, this increased growth is also
associated with a simultaneous 8–12% decrease in wood density since
1900. As a result, stem biomass increment increased 9–24 percentage
points less compared to volume increment. The authors of the study
concluded that tree stability against windthrow, wood strength, energy
content and C sequestration are reduced as a consequence of the in-
creased growth rates (Pretzsch et al., 2018). This may explain how
atmospheric deposition could contribute to top damage in California.

Horn et al. (2018) confirmed findings of previous studies (Averill
et al., 2018; Phillips et al., 2013) that tree species with arbuscular
mycorrhizal associations tend to fare better than species with ectomy-
corrhizal symbionts under added N. For trees with crown damage there
was a lower N deposition threshold for increased tree mortality in
hardwoods (ca. 5 kg ha−1 yr−1) compared to conifers (ca. 10 kg ha−1

yr−1; data not shown). All six of the species with declining survival
with increased N deposition in the nationwide FIA study (Horn et al.,
2018) were hardwoods, consistent with our finding of a significant ef-
fect of N deposition on the probability of top damage in hardwoods but
not conifers. The three species in the current study that are associated
with arbuscular mycorrhizae (incense-cedar, redwood and western ju-
niper) are coniferous species and thus part of the group less prone to
mortality from low levels of N deposition. In summary, N and S de-
position increased the odds of top damage in trees up to a deposition
threshold, but did not significantly affect tree mortality in trees with no
top damage.

The low levels of S deposition in California are not generally ex-
pected to cause detrimental effects. The effects of N and S deposition on
tree mortality in trees without top damage in the present study were not
significant, as might be expected considering the low levels of S de-
position in California forests and the well buffered soils in California
forests compared to forests of eastern North America exposed to ele-
vated atmospheric deposition (Horn et al., 2018). Likewise, Horn et al.
(2018) reported few instances of negative effects of S deposition on tree
survival in California and over much of the Western U.S., although
negative responses were much more common in forests in Utah and
Colorado. Nonetheless, in the present study there was a small but sig-
nificant effect of S deposition on survivability of trees that had crown
damage. The mechanism for such an effect of low levels of S deposition
in California forests is not clear.

4.7. Effects of ozone on tree survival and damage

Considering the phytotoxicity of ozone, the ozone response from the
FIA data was unexpected and the mechanism causing the reduction in
mortality at low to moderate ozone levels (up to ca. 30 ppb ozone
index) is unknown. Based on previous studies we hypothesize some
possible mechanisms explaining the ozone responses observed in the
present study. Ozone initially stimulated foliar growth in an ozone-
sensitive birch clone, but further exposure caused growth reductions
(Pääkkönen et al., 1996). This hormetic response, by which low levels
of a toxicant (or in some cases high concentrations) stimulate various
endpoints or physiological processes, including growth, has been
widely demonstrated for plants and other organisms (Calabrese & Blain,
2009), including for the response of plants to low doses of ozone
(Agathokleous et al., 2019). It has also been demonstrated in a number
of plant species, including pines and other trees, that ozone can induce
plant defense mechanisms (Eckey-Kaltenbach et al., 1994; Schraudner
et al., 1997), suggesting that a potential cause of reduced mortality at
low to moderate ozone exposures could be enhanced disease resistance,
but this would require further study.

The ozone sensitivity of plant species, including forest tree species
in California, varies widely (Miller et al., 1983). The decreased

mortality with increasing ozone shown in Fig. 7 was observed only
when trees from all 18 species, most of which are not ozone-sensitive
based on visual injury surveys, were combined to increase the sample
size for the analysis. The need for a large sample was implied by the
findings of Cailleret et al. (2018) of only negligible ozone effects in
European forests at broad scale, notwithstanding the many mechanistic
studies showing physiological impacts of ozone in sensitive tree species.
This finding may be attributable to confounding factors such as
drought, variable land management, N deposition, differences among
tree sizes and species.

5. Conclusions

Among the many factors driving tree growth and C increment, N
deposition was comparatively minor, but statistically significant,
nonetheless. Across all of California, and with the current range of N
deposition, we estimate a 1.7% increase in bole C increment per kg
ha−1 yr−1 increase in N deposition. Eighty-three percent of the esti-
mated annual statewide N deposition-induced 0.16 Tg C increase in C
increment occurred in the Central and Northern California Coast eco-
sections (0.15 Tg C), even though these ecosections account for only 7%
of California’s trees. Much of this C sequestration was attributed to
redwood trees. The relatively arid Mediterranean climate that prevails
in California results in a high N deposition threshold (25–30 kg ha−1

yr−1) for a growth response in most species; however, in the typically
foggy and humid coastal ecosections, redwood trees exhibited strong
responses even at relatively low N deposition (ca. 2–15 kg ha−1 yr−1).

The effects of N deposition and ozone on aboveground tree growth
are intricately linked, with both resulting in increased bole growth at
sufficiently high levels. However, data are more limited at the highest
ozone and N deposition levels, which increases uncertainty. Although
aboveground tree growth tended to increase at high levels of ozone
exposure and N deposition, previous studies indicate that these pollu-
tants put trees at greater mortality risk in the face of drought, climate
change, bark beetle outbreaks, and increased stand density resulting
from long-term fire suppression. The positive and negative growth re-
sponses to S deposition were surprising considering the low levels of S
deposition across California’s forests and because S nutrient deficiency
is purportedly rare. Nitrogen and S deposition increased the odds of
crown damage and trees with crown damage were more likely to die.
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