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Abstract Acid deposition is a major biogeochemical driver in forest ecosystems, but the impacts of
long‐term changes in deposition on forest productivity remain unclear. Using a combination of tree ring
and forest inventory data, we examined tree growth and climate sensitivity in response to 26 years of
whole‐watershed ammonium sulfate ((NH4)2SO4) additions at the Fernow Experimental Forest (West
Virginia, USA). Linear mixed effects models revealed species‐specific responses to both treatment and
hydroclimate variables. When controlling for environmental covariates, growth of northern red oak
(Quercus rubra), red maple (Acer rubrum), and tulip poplar (Liriodendron tulipifera) was greater (40%, 52%,
and 42%, respectively) in the control watershed compared to the treated watershed, but there was no
difference in black cherry (Prunus serotina). Stem growth was generally positively associated with growing
season water availability and spring temperature and negatively associated with vapor pressure deficit.
Sensitivity of northern red oak, red maple, and tulip poplar growth to water availability was greater in the
control watershed, suggesting that acidification treatment has altered tree response to climate. Results
indicate that chronic acid deposition may reduce both forest growth and climate sensitivity, with potentially
significant implications for forest carbon and water cycling in deposition‐affected regions.

Plain Language Summary While acidifying nitrogen and sulfur pollution has substantially
declined in the eastern United States due to the Clean Air Act and its amendments, the legacy of
acidification on forest ecosystems is projected to be long‐lasting. However, it is often difficult to discern the
effects of air pollution on forests without controlled experiments, since changes in pollution have occurred
alongside other long‐term environmental changes (e.g., climate change and rising atmospheric CO2

concentrations). At the Fernow Experimental Forest in West Virginia, we examined the growth and climate
sensitivity of trees in a watershed that has received 26 years of experimental acidification treatments to trees
in an adjacent control watershed. Trees responded to treatment in species‐specific ways, but growth of
three of four examined hardwood species was greater in the control watershed. Also, trees in the acidified
watershed were less sensitive to interannual variation in water availability, suggesting that forests that have
experienced high levels of acid deposition respond differently to precipitation than forests that have been
less impacted. However, given that trees respond to acid deposition in species‐specific ways, the impacts on
changes in air pollution on forests will largely depend on the species composition in a given region.

1. Introduction

Acid deposition has profoundly altered the biogeochemistry of eastern North American forests, impacting
forest ecosystem health, productivity, and biodiversity (Driscoll et al., 2001; Lovett et al., 2009). In areas with
poorly buffered soils, deposition of nitrogen (N), sulfur (S), and H+ has increased soil acidity and driven
declines in the availability of essential plant nutrients (Likens et al., 1996). Although implementation of
the Clean Air Act and its amendments has led to substantial declines in deposition since the 1970s
(Sullivan et al., 2018), there is often a time lag between deposition reduction and soil recovery (Johnson
et al., 2018). In the mid‐Atlantic and southeastern United States, recovery of soil nutrients to preindustrial
levels is projected to take decades to centuries (Fakhraei et al., 2016). Soil nutrients influence both above-
ground and belowground tree growth (e.g., Fahey et al., 2016; Lévesque et al., 2016; Vadeboncoeur, 2010),
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suggesting that acidification‐mediated changes in forest soil nutrients have the potential to alter both forest
carbon uptake and response to climate. However, in the absence of controlled experiments, impacts of acid
deposition on forest carbon and water balance can be difficult to separate from other long‐term changes
(e.g., forest succession, responses to changing climate, and increasing atmospheric CO2). Forest ecosystem
response to changes in acid deposition has key implications for the productivity of eastern U.S. temperate
forests, which account for approximately two thirds of the conterminous U.S. carbon sink (Lu et al., 2015).

Acid deposition influences tree health and productivity via both direct and indirect mechanisms. As soil pH
declines, phytotoxic aluminum is mobilized in the soil solution (Delhaize & Ryan, 1995; Kochian, 1995), and
essential plant nutrient cations such as calcium (Ca2+), magnesium (Mg2+), and potassium (K+) are leached
from the soil (de Vries et al., 2003; Likens et al., 1996). Soil base cation depletion, aluminum mobilization,
and associated nutrient imbalances have been linked to symptoms of decline and mortality in ecologically
important hardwood species including sugar maple (Acer saccharum; Long et al., 2009; Sullivan et al., 2013)
and northern red oak (Quercus rubra;Demchik & Sharpe, 2000), as well as reduced productivity of eastern U.
S. forests overall (Elias et al., 2009). Direct acid‐induced leaching of foliar calcium and subsequent winter
freezing injury appear to be the primary mechanisms by which acid deposition affects growth of red spruce
(Picea rubens; Borer et al., 2005; DeHayes et al., 1999). Recently observed increases in the growth of red
spruce in the northeastern United States and central Appalachia have been attributed to reductions in acid
deposition following implementation of the Clean Air Act and its amendments (Kosiba et al., 2018; Mathias
& Thomas, 2018; Wason et al., 2017). However, such recovery has not been documented in the deciduous
broadleaf species that dominate eastern U.S. forests.

In addition to reductions in acid deposition, eastern U.S. forests are experiencing concurrent changes in
other drivers of tree growth. While N deposition contributes to soil acidification, particularly on base‐poor
soils, evidence suggests that deposition‐driven alleviation of N limitation has enhanced temperate forest pro-
ductivity overall (Magnani et al., 2007), though the effects are species‐specific (Horn et al., 2018; Thomas
et al., 2010). As N deposition declines, some temperate forests are experiencing adverse legacy effects of
excess N deposition (i.e., soil acidification and base cation depletion) while simultaneously becoming
increasingly N‐limited (Gilliam et al., 2019; Groffman et al., 2018). Further, future trajectories of temperate
forest productivity are likely to be strongly influenced by changes in climate. Even in the relatively wet east-
ern United States, tree ring evidence suggests that growth of many dominant species is positively associated
with growing season moisture availability, but negatively associated with vapor pressure deficit (VPD) and
temperature (Helcoski et al., 2019; Jennings et al., 2016; Levesque et al., 2017; Maxwell et al., 2019). Warmer
spring temperatures have been linked to increased growing season forest productivity in the eastern United
States (Keenan et al., 2014; Richardson et al., 2009) but also increased N limitation (Elmore et al., 2016).
Climate models project more variable precipitation (Luce et al., 2016) and greater atmospheric evaporative
demand over forested regions of the eastern United States in coming decades (Dewes et al., 2017; Ficklin &
Novick, 2017), but controls on temperate deciduous forest sensitivity to climate remain poorly characterized,
and it remains uncertain how changes in climate, acid deposition, and soil nutrient availability will indivi-
dually or interactively affect forest productivity and climate response.

Long‐term acidification experiments provide unique opportunities to assess the impacts of acid deposition
on forest productivity and climate sensitivity against a backdrop of other global change drivers. At the
Fernow Experimental Forest in West Virginia, additions of ammonium sulfate ((NH4)2SO4) have been
applied to a forested watershed three times annually since 1989. The treated watershed has exhibited char-
acteristic signs of acidification and N saturation, including reduced soil pH, higher soil water Al concentra-
tions, soil base cation depletion, and elevated stream water nitrate compared to adjacent reference
watersheds (Adams et al., 2006; Fernandez et al., 2010). However, analyses of tree growth response to acid-
ification treatments at Fernow have beenmixed or inconclusive. For example, DeWalle et al. (2006) reported
that growth of black cherry (Prunus serotina) and tulip poplar (Liriodendron tulipifera) increased in the trea-
ted watershed relative to the control in the first 7 years, perhaps due to N fertilization or base cation mobi-
lization, but growth rates declined thereafter. Jensen et al. (2014) reported species‐specific differences in
growth, with black cherry exhibiting significantly greater growth in the treated watershed until 2003, and
tulip poplar growing consistently faster in the control watershed from 1989–2011. Notably, previous studies
in these watersheds have not attempted to assess interactions between acidification treatments and forest cli-
mate response, or disentangle stand successional dynamics from treatment effects.
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Here, we combine dendrochronological techniques, long‐term monitoring of catchment hydrology, and
repeat forest inventory data to examine productivity and climate sensitivity of trees in a forested watershed
that has received experimental acidification treatments since 1989, compared to those in an adjacent control
watershed. Our objectives were to (1) assess long‐term effects of experimental acidification treatments on the
aboveground growth of four temperate deciduous tree species and (2) examine effects of acidification on tree
response to climate in a regenerating hardwood forest. We present results of linear mixed effects models
(LMMs) designed to assess the contributions of treatment, climate, and individual drivers to the growth of
each species and examine treatment‐climate interactions. We compare species‐specific responses to treat-
ment to those at the stand scale, and discuss potential mechanisms by which acid deposition‐driven changes
in soil nutrients mediate tree growth and climate sensitivity.

2. Materials and Methods
2.1. Site Description

This research was conducted in Watershed 3 (WS3, treatment) and Watershed 7 (WS7, control) at the
Fernow Experimental Forest in the Allegheny Highlands of West Virginia, USA (39.05 N, −79.67 W).
Mean annual temperature at Fernow is 9.2°C, and average precipitation is 1,458 mm/year, distributed
approximately evenly between growing and dormant seasons. WS3 andWS7 are 34.4 and 24 ha, respectively,
and elevation in both watersheds ranges from ~730 to 860 m (Adams et al., 2006). Streamflow has been con-
tinuously monitored from both watersheds since the late 1950s (Edwards & Wood, 2017). Soils are thin
(<1 m), acidic, loamy‐skeletal, mixed, active, mesic Typic Dystrochrepts overlying quartzose sandstone,
and shale (Adams et al., 2006; Fernandez et al., 2010). Between 1994 and 2015, surface soil pH dropped from
4.34 to 4.02 in the treated watershed and 4.50 to 4.39 in the control watershed (Gilliam et al., 2016, 2018).
This suggests ongoing soil acidification in both watersheds, but at a faster rate in the treated watershed.

The forest on WS3 was clear cut in 1969–1970 before being allowed to regenerate naturally; WS7 was clear
cut and maintained barren with herbicides between 1963 and 1969 and has regenerated naturally from 1969
to present. Forests on both watersheds are mixed‐mesophytic, dominated by black cherry (Prunus serotina),
northern red oak (Quercus rubra), tulip poplar (Liriodendron tulipifera), red maple (Acer rubrum), and sweet
birch (Betula lenta). Forest inventory data, including DBH and canopy position classification of all trees
greater than 2.54 cm diameter within 25 0.1‐ha plots in each watershed, were collected by the Forest
Service in 1990 (1991 in WS7), 1996, 1999, 2003, 2009, and 2018.

Acidification treatments in the treatment watershed have consisted of three aerial applications (March, July,
and November) of ammonium sulfate fertilizer annually since 1989, totaling an additional 40.6 kg S ha−1

and 35.4 kg N ha−1 per year (Adams et al., 2006). At the onset of the acidification experiment, this repre-
sented approximately double the bulk N and S throughfall inputs measured at Fernow. Experimental ammo-
nium sulfate inputs to the treated watershed at Fernow have remained the same even as background
deposition has declined in recent decades. For reference, in 2015 background total deposition of N and S
at the National Atmospheric Deposition Program (NADP) monitoring station in Parsons, WV (4.4 km from
the study watersheds) was 3.1 and 4.0 kg ha−1, respectively (Figure S1 in the supporting information;
National Atmospheric Deposition Program, 2018).

2.2. Field Sampling

Our field sampling design was based on the goal of collecting increment cores from at least 15 black cherry
(Prunus serotina), northern red oak (Quercus rubra), red maple (Acer rubrum), and tulip poplar
(Liriodendron tulipifera) individuals in the treatment and control watersheds. Tree cores were collected in
plots spaced ~50 m apart along transects running from stream edge to ridge in order to capture elevation
and aspect gradients within each watershed (Figure 1). At each plot, beginning at magnetic north and mov-
ing clockwise for odd‐numbered points and counterclockwise for even‐numbered points, we first searched
within 10 m for trees of the target species at least 15 cm in DBH, selecting the first satisfactory tree encoun-
tered for sampling. If no satisfactory trees were found within 10 m, we repeated the procedure with a radius
of 20 m. Trees were rejected for sampling if they had defects in the bottom 2 m that indicated a likelihood of
center rot, or if they had a severe lean or a visible history of major crown damage (more than a third of the
crown removed in a single event). Trees were also rejected if they were the subject of ongoing research
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(e.g., treeswithin permanent plots orwith dendrometer bands). Two coreswere collected from each tree using a
5.3‐mm‐diameter increment borer. Cores were taken on opposite sides of the bole, perpendicular to the slope to
avoid reaction wood. Because of our minimum diameter requirement, trees sampled tended to be canopy
dominant or codominant (with the exception of shade‐tolerant red maple), potentially biasing our results
toward larger trees in these stands (Nehrbass‐Ahles et al., 2014). As a result, tree growth results more closely
reflect the “optimal” response of trees to treatment and climate (Jennings et al., 2016).

After scraping away the litter layer, two 15‐cm soil samples were also collected within the 20‐m plot radius.
Soil cores were frozen until they could be processed for C and N analyses.

2.3. Tree Core and Soil Sample Processing

Increment cores were air‐dried, hand‐sanded, skeleton‐plotted, and visually cross dated using standard den-
drochronological procedures (Speer, 2012). Tree rings were measured using a sliding scale micrometer
(Velmex Measuring System, Velmex, Inc., Bloomfield, NY) and MeasureJ2X software (VoorTech
Consulting, Holderness, NH). Cross dating was statistically validated using COFECHA (Holmes, 1983).
For each tree, the core with the greater correlation with the master series for that species/watershed was
selected for subsequent analyses. Raw ring widths were converted to basal area increment (BAI) using the
R package dplR (Bunn, 2008). BAI allows for a comparison of growth rates across trees of different sizes
by accounting for the often‐negative correlation between measured ring width and diameter, while preser-
ving both high‐ and low‐frequency variability in the tree growth (Martin‐Benito et al., 2011). However, while
BAI is a useful proxy for estimating annual stem growth increment, converting ring widths to BAI assumes
uniform cross‐sectional growth, even though tree stems are not perfectly circular.

Frozen soil samples were thawed and then sieved to 2 mm. Subsamples of oven‐dried soil were ground and
analyzed for total C and N concentrations using a Carlo Erba Elemental Analyzer (CE Instruments, Ltd.,
Wigam, UK). Soil ammonium and nitrate were extracted from 10‐g subsamples of field‐moist soil in 50 ml
of 2.0 M KCl, which was shaken for 1 hr, allowed to settle, then filtered through Whatman Grade 1 filter

Figure 1. Locations of tree core and soil sampling plots and forest inventory plots. WS3 (treatment) has received aerial
applications of ammonium sulfate since 1989.
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paper. Filtered extracts were analyzed for NH4
+
‐N and NO3

−
‐N using a QuickChem 8,500 Series Flow

Injection Analyzer (Lachat Instruments, Loveland, CO).

2.4. Climate, Deposition, and Streamflow Data

Precipitation data were collected from rain gauges within the treatment and control watersheds (Edwards &
Wood, 2017). Temperature data were collected at a meteorological station at the top of Fernow Watershed 4
(adjacent to the treated watershed). Daily maximum vapor pressure deficit (VPDmax) data were acquired
from PRISM (2018) and converted to monthly averages. Nitrogen and S deposition data were collected at
the National Atmospheric Deposition Program (NADP) monitoring station in Parsons, WV (National
Atmospheric Deposition Program, 2018). Growing season evapotranspiration (ET) was calculated by differ-
encing precipitation and stream discharge, assuming changes in catchment storage to be negligible.
Hydrograph separation was performed to partition streamflow into baseflow and quickflow components
(Hewlett & Hibbert, 1967). Catchment wetting (W) was calculated by differencing precipitation and quick-
flow and determined to be a better estimate of plant available water than precipitation alone. This approach
was originally developed by Horton (1933) and was more recently reintroduced (Troch et al., 2009; Voepel
et al., 2011). Total growing season (June–August) W, mean March and April temperatures, and mean grow-
ing season maximum daily VPD (VPDmax) were used as predictors of tree growth in statistical analyses.

2.5. Statistical Analyses

Total soil C, N, C:N ratios, NO3
−, and NH4

+ from the treatment and control catchments were compared
using nonparametric Mann‐Whitney U tests. Mann‐Kendall tests were used to examine temporal trends
in hydroclimate variables (temperature, precipitation, catchment wetting, and ET) during two time periods:
1957–2015, coinciding with the instrumental record for both watersheds at Fernow, and 1990–2015, coincid-
ing with the ammonium sulfate treatment period. Trends in wet deposition of SO4

2−, NO3
−, and NH4

+ were
also examined between 1990 and 2015. Preliminary analyses using Kendall's rank correlation (τ) were per-
formed to examine relationships between BAI of each species and climate and deposition variables, and cor-
relations of potential environmental drivers with each other. These analyses indicated that atmospheric
CO2, SO4

2− deposition, and NO3
− deposition were highly collinear, and because they increased/decreased

monotonically, were also strongly correlated with tree age. To avoid collinearity issues, CO2 and background
deposition variables were excluded as predictors in subsequent analyses, which focus on the effects of acid-
ification treatment and hydroclimate variables that have a higher degree of interannual variability.

LMMs were used to determine environmental controls on tree growth while accounting for the hierarchical
structure of our data (growth rings in trees, trees in plots, and plots in watersheds) and also temporal auto-
correlation in BAI chronologies (e.g., Lévesque et al., 2016; Martin‐Benito et al., 2011). BAI data were
right‐skewed and were square‐root‐transformed to achieve normality for use as the response variable in
LMMs. For each species, fixed effects in the LMMs included ammonium sulfate treatment, tree development
(age and canopy class), hydroclimate variables (VPDmax, W, and mean March/April temperatures), local
plot factors (solar radiation, topographic wetness index, soil nutrients), and also interactions between acid-
ification and tree response to climate. A conceptual equation for the fixed structure of the “beyond optimal”
model (Zurr et al., 2009) is expressed as

ffiffiffiffiffiffiffiffiffiffi

BAI
p

¼ β0 þ β1 Treatmentð Þ × β2 Climateð Þ þ β3 Developmentð Þ þ β4 Localð Þ þ ε;

where β0 represents the intercept, β1−4 represent regression parameters describing effects of treatment,
hydroclimate variability, tree development, and local factors, and ε is the residual term. Tree IDwas specified
as a random effect in order to isolate growth differences attributable to fixed effects and those due to indivi-
dual variability among trees. An AR(1,0) structure was used to account for residual autocorrelation. Models
with random intercepts and random slopes and intercepts were compared using Akaike Information
Criterion (AIC). The difference in AIC between random intercepts and random slopes and intercepts models
was <4, and thus, models were determined to be sufficiently similar to justify the use of more parsimonious
random intercepts models. LMMswere fitted using the R Version 3.4.4 (R Core Team, 2018) and the package
nlme (Pinheiro et al., 2017). Optimal models for each species were determined using a stepwise selection
method, with F tests to assess significance of model terms (i.e., Zurr et al., 2009). Because we were specifi-
cally interested in the effects of acidification treatment, we included treatment in each model, regardless
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of whether or not it improved model fit. Residual normality was verified using histograms and
quantile‐quantile plots.

Variance explained by fixed effects (marginal r2) and total variance explained by fixed and random effects
(conditional r2) were computed using the MuMIn R package (Barton, 2018). Importance of individual pre-
dictors was determined from LMM output using partial regression coefficients for the relationships between
BAI and standardized predictor variables. To test for evidence of a treatment effect, we calculated estimated
marginal means (EMMs), which describe the effects of acidification treatment while controlling for fixed
covariates, using the emmeans package in R (Lenth et al., 2017). Reported effect sizes for tree growth in trea-
ted and control watersheds are thus back‐transformed, covariate‐adjusted EMMs. For each species, t tests
were used to compared EMMs between trees in WS3 and WS7, with significance of α = 0.05.

3. Results
3.1. Deposition, Hydroclimate, and Soils

Annual background wet deposition of sulfate declined 83% between 1990 and 2015, while nitrate wet deposi-
tion declined 55%. There was no significant temporal trend in wet ammonium deposition (Figure S1 and
Table S1). Between 1957 and 2015, mean June–August temperature increased by an average of 0.02°C per
year, mean April temperature also increased 0.02°C per year, and there was a significant positive trend in
June–August ET in both watersheds (Table S1). However, there were no clear trends in growing season pre-
cipitation or VPDmax during this time period. Due to substantial interannual variability in temperature, pre-
cipitation, and VPD, there were no significant trends in any examined hydroclimate variables between 1990
and 2015.

The soil C:N ratio was 10% greater in samples from the treated catchment (p = 0.02; Figure 2a), but total soil
N did not differ between watersheds (Figure 2b). NO3

−
‐N in the upper 15 cm of soil was 375% greater in the

treated catchment compared to the control (p < 0.0001; Figure 2c). NH4
+
‐N did not differ between the treat-

ment and control watersheds (Figure 2d).

3.2. Environmental Controls on BAI

Catchment wetting, a proxy for plant‐available water, was the most important hydroclimate predictor of BAI
in red maple, northern red oak, and tulip poplar across years. There was a significant interaction between
catchment wetting and treatment in these three species, with trees in the control watershed more sensitive
to water availability than those in the treated watershed (Table 1 and Figures S3–S5). Black cherry, red
maple, and tulip poplar responded negatively to VPDmax in both watersheds, and the effect did not differ
with treatment. To a lesser extent, mean April and March temperatures contributed positively to BAI for
all species examined except red maple (Table 1 and Figures S2–S5).

Canopy class was an important predictor of BAI for all species—dominant and codominant trees had greater
growth rates than subcanopy trees (Table 1). Tree age was a significant predictor of BAI for northern red oak
and tulip poplar, as annual stem growth of both of these species has generally increased over time (Figure 3
and Table 1). Soil NO3

− and NH4
+ were generally not important predictors of tree growth across plots.

However, there were notable differences in within‐species responses to soil N content between the treatment
and control watersheds. Soil NO3

− was positively associated with red maple growth in the control
watershed, but there was no relationship in the treated watershed. Soil NH4

+ was negatively associated with
black cherry growth in the control watershed, but there was no relationship in the treated watershed. While
soil NO3

− was not a significant predictor of northern red oak growth (p > 0.05), its inclusion marginally
improved model fit (Table 1).

As hypothesized, acidification treatments influenced tree growth in species‐specific ways. Comparisons of
EMMs revealed that acidification treatment reduced BAI by 40% in northern red oak (p = 0.047), 52% in
redmaple (p= 0.002), and 42% in tulip poplar (p= 0.004), but there was no difference in black cherry growth
(Figure 4).

Fixed effects in the LMMs explained between 20% and 53% of the total variance in BAI, as indicated by the
marginal r2 values, while fixed and random effects combined explained between 26% and 74% of variance, as
indicated by the conditional r2 values (Table 1). The considerable increase in explained variance when
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random effects are included indicates a relatively high degree of among‐tree variation in BAI in a given year
for black cherry, northern red oak, and tulip poplar.

3.3. Forest Inventory Data

Between 1990 and 2018 (the most recent forest inventory year), the basal area of the four focal species
increased from 61% to 79% of total stand basal area in the treated watershed and from 41 to 65% of total stand
basal area in the control (Figure 5). Black cherry was the dominant species in the treated watershed, increas-
ing from 38% to 52% of total stand basal area during the 1990–2018 study period. Black cherry increased from
15–22% of stand basal area in the control watershed over the entire study period. In the most recent inven-
tory measurement period (2009–2018), the fraction of black cherry declined in the treated watershed (53.6%
to 51.9%) and increased only slightly in the control watershed (21.6% to 22.2%). Tulip poplar was the domi-
nant species in the control watershed, comprising 18–35% of basal area. Red maple held a relatively constant
fraction of basal area throughout the study period in both watersheds, making up 12–14% of stand basal area
in the treated watershed and ~8% of stand basal area in the control watershed. Northern red oak was the
least important species of the four in each watershed, accounting for <8% of basal area in the treated
watershed and ~1% of basal area in the control. Total stand basal area was greater in the control watershed
throughout the duration of the study period (Figure 6). However, the basal area of the average tree in each
watershed (regardless of species) was similar in each inventory year until 2018, when tree size in the control
watershed was 16% greater (Figure 6).

Tree canopy class data collected during inventory sampling between 1996 and 2018 reveals that while both
stands have thinned overall, the proportion of canopy dominant or codominant black cherry, northern red
oak, and tulip poplar has increased in both watersheds (Figure S6). Red maple was most common as an
understory species in both watersheds during the study period. While black cherry remains an important

Figure 2. Comparisons of (a) soil C:N ratios, (b) total N, (c) NO3‐N, and (d) NH4‐N between treatment and control
watersheds at Fernow. Boxes represent upper and lower quartiles of each distribution, inner lines represent median
values, and dots represent values greater than 1.5 times the interquartile range. Mean values were compared using
nonparametric Mann‐Whitney U tests (*P < 0.05, ***P < 0.001).
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canopy tree in both watersheds, it nearly disappeared from the understory by 2018 (Figure S6), consistent
with its role as a shade‐intolerant, early successional species (USDA, 2006).

4. Discussion
4.1. Treatment Effects on Tree Growth

Whole‐watershed ammonium sulfate treatments reduced EMM growth of northern red oak, red maple, and
tulip poplar relative to an adjacent control watershed, but did not affect the growth of black cherry
(Figure 4). The observed species‐specific responses to treatment are generally consistent with previous tree
ring studies at Fernow, which reported greater tulip poplar growth in the control catchment (Jensen
et al., 2014) and comparable growth of black cherry after the first years of treatment (DeWalle et al., 2006).
Our findings are also consistent with studies showing that black cherry tends to be acid‐tolerant (Long
et al., 2009) and fast‐growing, but shorter‐lived than other cooccurring hardwood species (Auclair &
Cottam, 1971). After rapid growth in the first two decades of stand development, black cherry growth has
declined in both watersheds since ~2004 (Figure 3). We found 42% greater tulip poplar BAI in the control
watershed compared to the treated watershed between 1990 and 2015. This contrasts with recent studies
reporting that declines in atmospheric N and S deposition were not associated with tulip poplar growth
(Levesque et al., 2017; Maxwell et al., 2019), but we note that experimental additions of ammonium sulfate
at Fernow contribute substantially greater N and S loads than eastern U.S. forests have received via back-
ground deposition.

Growth of red maple was 52% greater in the control watershed. Adverse effects of acid deposition and soil
base depletion on sugar maple (Acer saccharum) have been examined extensively (e.g., Juice et al., 2006;
Sullivan et al., 2013), but less is known about the sensitivity of red maple to deposition. Our results are

Table 1
Results of LMMs Examining Effects of Acidification Treatment, Canopy Class, Soil Nutrients, and Hydroclimate on BAI of
Focal Species

Species Marginal r2 Conditional r2 Fixed effects Df Estimate P

Black cherry 0.2 0.5 Treatment 29 0 0.97
Treatment:Soil NH4 29 6.2 0.02
Soil NH4 29 1.5 0.22
Spring temperature 873 20.2 <0.0001
VPD 873 86.3 <0.0001
Canopy class 29 4.1 0.03

Northern red oak 0.47 0.63 Treatment 24 1.2 0.27
Treatment:Wetting 721 17.1 <0.0001
Wetting 721 57.2 <0.0001
Spring temperature 721 11.9 0.0006
Soil NO3 24 3.8 0.06
Age 721 77.8 <0.0001
Canopy class 24 9.3 0.001

Red maple 0.27 0.27 Treatment 26 8.1 0.002
Treatment:Wetting 767 13.9 0.0002
Treatment:Soil NO3 26 6.7 0.015
Wetting 767 131.2 <0.0001
Soil NO3 26 0.3 0.56
VPD 767 39.1 <0.0001
Canopy class 26 13.8 0.001

Tulip poplar 0.52 0.73 Treatment 29 10.5 0.003
Treatment:Wetting 818 18.3 <0.0001
Wetting 818 81.5 <0.0001
VPD 818 43.7 <0.0001
Spring temperature 818 26.4 <0.0001
Age 818 24.7 <0.0001
Canopy class 29 27.1 <0.0001

Note. Bold text indicates P < 0.05 for acidification treatment and its interactions. The response variable is square‐root‐
transformed BAI of each species. Treatment:Variable indicates an interaction between treatment and a given predictor
variable.
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consistent with evidence that S deposition is negatively associated with red maple growth (Horn et al., 2018),
and the interactive effect between treatment and soil NO3

− (positive BAI response in the control watershed,
no relationship in the treated watershed; Figure S4), suggests that NO3

− concentrations in the treated
watershed have exceeded levels favorable to red maple growth.

While EMMs revealed significantly greater growth of northern red oak in the control catchment (Figure 4),
the effect was weaker than that observed in redmaple and tulip poplar. The modest negative effect of ammo-
nium sulfate treatment on northern red oak BAI may be a result of negative effects of S‐driven acidification
(Demchik & Sharpe, 2000; Elias et al., 2009) outweighing positive effects of N fertilization (Horn et al., 2018;
Thomas et al., 2010).

In recent national‐scale study examining growth and survival of North American tree species in response to
N and S deposition, Horn et al. (2018) found that N deposition was positively associated with growth of red
maple, northern red oak, and tulip poplar, and reported a threshold response for black cherry (increasing
growth until >15 kg ha−1 N, but decreasing at higher levels). Given evidence that all four species examined
in this study tend to respond positively to N deposition, the negative response to treatment in three of four
species may reflect adverse acidifying effects of S, including Ca deficiency (Battles et al., 2014). Phosphorus
(P) is often a colimiting nutrient in temperate tree species subjected to elevated N (Goswami et al., 2018;
Vadeboncoeur, 2010), and evidence of P limitation in understory plants has been reported in Fernow WS3
(Gress et al., 2007). Future work examining soil and plant stoichiometry in these watersheds may contribute
to a better mechanistic understanding of treatment effects on above and belowground tree growth.

Although our tree ring evidence suggests negative tree growth responses to treatment, stand basal area (on a
per hectare basis) was greater in the treated watershed throughout the entire study period (Figure 6). This
may be attributable to the abundance of black cherry, which was insensitive to treatment, in the treated
watershed (Figure 5). While black cherry remains a major component of the upper canopy in both

Figure 3. Mean basal area increment chronologies for each focal species: (a) black cherry, (b) northern red oak, (c) red
maple, and (d) tulip oplar. Shaded regions represent 95% confidence intervals for each year, and vertical dotted lines
mark the beginning of acidification treatments (1989).
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watersheds, it has become less prevalent in the understory and will likely become less important in this
forest as succession progresses, barring major gap‐generating disturbances (Figure S6). While total stand
basal area was greater in the treated watershed, the average tree in the control watershed was larger than
that in the treated watershed in the 2018 inventory survey (Figure 6). However, the observed
species‐specific responses to treatment, and the differences in species composition between the two
watersheds (both before and during the treatment period), make it difficult to assess forest response to
treatment at the stand level. The increasing proportion of canopy dominant and codominant black cherry,
tulip poplar, and northern red oak over time (Figure S6) suggests that stands in both watersheds are in
the stem exclusion phase of stand development (Oliver & Larson, 1996). Continued monitoring of forest
structure, growth, and species composition will offer insights into the long‐term impacts of chronic
acidification on forest growth and successional trajectories in these watersheds.

4.2. Tree Response to Hydroclimate Variability

Growing season catchment wetting was the strongest climatic predictor of BAI in all species except black
cherry. Positive growth response to precipitation has been observed in broadleaf species throughout the east-
ern North American forest biome, even where growing season precipitation is generally considered to be
abundant (Elliott et al., 2015; Helcoski et al., 2019; Levesque et al., 2017). Physiologically, this may reflect
the importance of water availability in photosynthetic carbon assimilation (Lawlor & Cornic, 2002)
and/or hydraulically‐driven cell expansion during tree ring formation (Rathgeber et al., 2016; Zweifel
et al., 2006). To a lesser extent, March and April temperatures were positively associated with BAI in all spe-
cies except red maple. This is consistent with findings that extended growing season length driven by warm
spring temperatures has been associated with greater growing season BAI (Elmore et al., 2016; Mathias &
Thomas, 2018) and forest net primary production (Keenan et al., 2014; Ouimette et al., 2018) in temperate
regions.

Figure 4. Estimated marginal means (BAI adjusted for fixed covariates) derived from LMMs for (a) black cherry,
(b) northern red oak, (c) red maple, and (d) tulip poplar in the treatment and control watersheds during the treatment
period (1989–2015). Error bars represent 95% confidence intervals (*P < 0.05, **P < 0.01).
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Growing season VPD has been found to be an important limitation on tree growth and carbon uptake in
mesic forests (Jennings et al., 2016; Sulman et al., 2016). In this study, VPD was a negative control on BAI
for all species except northern red oak. This likely reflects differences in xylem anatomy and hydraulic beha-
vior between northern red oak and the other species examined. Ring‐porous species such as northern red

Figure 5. Percent of total stand basal area of the four focal species in each watershed between 1990 and 2018. The four
species increased from 61–79% of total stand basal area in WS3 (a) and 41–65% of total stand basal area in WS7 (b) during
the study period.

Figure 6. (a) Whole‐watershed basal area, based on 25 0.1‐ha inventory plots in each watershed. Dotted lines represent
linear interpolations stand basal area between inventory years. (b) Mean basal area of the average tree in each watershed
each inventory year. Error bars represent 95% confidence intervals. In each figure 1990 data for the control watershed
are linearly extrapolated backward, since the first forest inventory data collection in this watershed occurred in 1991.
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oak tend to exhibit anisohydric behavior, maintaining high rates of stomatal conductance (and thus carbon
assimilation) when VPD is high, despite the risk of hydraulic failure (e.g., Yi et al., 2017). In contrast,
diffuse‐porous tulip poplar and red maple exhibited negative growth response to VPD. These species tend
to exhibit isohydric stomatal behavior, closely regulating stomatal conductance to maintain near‐constant
leaf water potential regardless of water status (Roman et al., 2015). Black cherry, which is semi‐ring porous
(Elliott et al., 2017), also responded negatively to growing season VPD. The observed negative response to
VPD in the majority of species studied suggests that projected future increases in VPD (Ficklin &
Novick, 2017) could result in reduced productivity in mixed‐mesophytic forests with species compositions
similar to those at Fernow.

4.3. Treatment—Hydroclimate Interactions

Growth of northern red oak, red maple, and tulip poplar was more sensitive to water availability in the con-
trol watershed compared to the treated watershed (Table 1 and Figures S3–S5), suggesting that acidification
treatment has altered tree physiological response to climate. While the proximate cause of reduced climate
sensitivity is unknown, it may be related to reductions in tree root growth in the treated catchment. Gaines
et al. (2015) determined that the majority of growing season water uptake for hardwood species in a
Pennsylvania forest occurred at less than 60‐cm depth, indicating that deciduous species in this region are
reliant on relatively shallow soil water. Evidence from root surveys conducted in 1991 and 2013 at Fernow
suggests that root density in the organic and upper mineral layers of the soil has declined relative to the con-
trol catchment during the experimental period (Adams & Peterjohn, 2016; Peterjohn, 2013; Figure S7).
Elevated soil Al3+, which has been observed in WS3 at Fernow (Burnham et al., 2017), has been shown to
reduce root growth (Delhaize & Ryan, 1995), impacting plant water and nutrient uptake (Kochian, 1995).
In another study at Fernow, Carrara et al. (2018) observed 25% lower mineral soil (0–15 cm) root biomass
in WS3, attributed to reduced belowground C allocation in response to elevated soil N. Whether driven by
Al toxicity or changes in allocation, reduced root growth could influence tree response to water availability.
Acidification and/or nutrient effects on root growth warrant further examination, as rooting depth and dis-
tribution are important determinants of ecosystem productivity and drought response (Jackson et al., 1996),
and they are important parameterizations in ecohydrologic models (Fan et al., 2017).

While foliar exposure to atmospheric pollution has been shown to affect tree stomatal function, and thus
response to climate (Mansfield, 1998), we believe observed differences in tree growth and moisture sensitiv-
ity are primarily mediated via belowground effects. This is because ammonium sulfate is aerially applied in
solid form three times annually, with two of the applications occurring outside the growing season (Adams
et al., 2006). We found substantially higher NO3

− in the treated watershed, consistent with findings from
Burnham et al. (2017), although there was no difference in total N or NH4

+ (Figure 2). Gilliam et al.
(2018) found that net nitrification rates did not differ between the control and treatment watersheds at
Fernow, implying that reduced plant uptake of NO3

− in the treated watershed, rather than elevated nitrifi-
cation, is responsible for the observed difference in NO3

− in the upper 15 cm of soil. Soil C:N ratios were
higher in the treated watershed (Figure 2), a result consistent with slower decomposition rates reported in
N addition and soil acidification experiments (Frey et al., 2014; Hobbie, 2008; Marinos &
Bernhardt, 2018). While we considered the possibility that differences in soil organic material between
watersheds could affect soil water retention, the treatment and control watersheds have exhibited similar
hydrologic dynamics during the treatment period (Figure S8), suggesting that trees in the treatment and con-
trol watersheds have had similar access to available soil water.

Direct soil acidification effects may have also influenced tree climate response in the treated watershed.
While we did not measure soil pH, soils in the treated watershed have acidified to a greater extent than those
in the control watershed during the study period (Gilliam et al., 2016, 2018). Soil acidity has been found to
diminish the capacity of red maple and white oak (Quercus alba) saplings to adjust coordination of hydraulic
traits (xylem anatomy and leaf water relations) in response to N and Pmanipulations (Medeiros et al., 2016).
Further, low soil pH has also been linked to reduced root hydraulic conductivity in paper birch (Betula
papyrifera; Kamaluddin & Zwiazek, 2004). We cannot discount the possibility that, in addition to differences
in root density, lower soil pH may play a role in the observed differences in tree climate sensitivity between
the treated and control watersheds. Future studies examining interactions between soil pH, nutrients, and
tree ecophysiology may improve our ability to predict tree response to climate deposition‐affected forests.
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5. Summary and Implications

While the Clean Air Act and its amendments have resulted in substantial declines in N and S pollutant loads
in central Appalachia since 1989, acid deposition continues to be a globally important biogeochemical dri-
ver. Ammonium sulfate treatments to Fernow WS3 contribute 40.6 kg S ha−1 and 35.4 kg N ha−1 per year.
Placing this in context, Yu et al. (2016) report that the average SO4

2− and NO3
− deposition over natural and

agricultural systems in China between 2009 and 2014 was 116 kg S ha−1 and 33 kg N ha−1 per year,
respectively. Thus, the Fernow Watershed Acidification Study has potential to offer insights into the
impacts of acid deposition on temperate forest productivity at levels similar to or below globally realistic
pollutant loads.

We found that ammonium sulfate addition reduced tree growth in the majority of hardwood species exam-
ined, and that this effect may bemediated by differences in tree sensitivity to water availability. Growing sea-
son water availability and spring temperatures were positively associated with tree growth, while VPD was
generally a negative control on growth. Together, results suggest that elevated acidic N and S deposition is a
negative control on the productivity of canopy trees at Fernow, and acidification‐mediated changes to soil
chemistry may alter tree response to climate. This may have important implications for forest productivity,
hydrology, and vegetation‐climate feedbacks in regions that are impacted by acid deposition. However, the
extent to which acid deposition influences overall forest productivity likely depends on species‐specific
responses to deposition.

Data Availability Statement

Tree ring, forest inventory, soil nutrient, hydroclimate, and atmospheric deposition data used to generate the
results presented in this manuscript are available in an open‐access UVA Dataverse repository (10.18130/
V3/FRZYXV).

References
Adams, M. B., & Peterjohn, W. T. (2016). Fernow experimental forest watershed acidification root data, 1991. Parsons, WV: Department of

Agriculture, US Forest Service Northern Research Station.
Adams, M. B., DeWalle, D. R., & Hom, J. L. (2006). The Fernow watershed acidification study (1st ed., Vol. 11). Netherlands: Springer.

https://doi.org/10.1007/978-1-4020-4615-5
Auclair, A. N., & Cottam, G. (1971). Dynamics of black cherry (Prunus serotina Erhr.) in southern Wisconsin oak forests. Ecological

Monographs, 41(2), 153–177. https://doi.org/10.2307/1942389
Barton, K. (2018). MuMIn: Multi‐model inference. R Core Team. Retrieved from https://CRAN.R-2010project.org/package=MuMIn
Battles, J. J., Fahey, T. J., Driscoll, C. T., Blum, J. D., & Johnson, C. E. (2014). Restoring soil calcium reverses forest decline. Environmental

Science & Technology Letters, 1(1), 15–19. https://doi.org/10.1021/ez400033d
Borer, C. H., Schaberg, P. G., & DeHayes, D. H. (2005). Acidic mist reduces foliar membrane‐associated calcium and impairs stomatal

responsiveness in red spruce. Tree Physiology, 25(6), 673–680. https://doi.org/10.1093/treephys/25.6.673
Bunn, A. G. (2008). A dendrochronology program library in R (dplR). Dendrochronologia, 26(2), 115–124. https://doi.org/10.1016/j.

dendro.2008.01.002
Burnham, M. B., Cumming, J. R., Adams, M. B., & Peterjohn, W. T. (2017). Soluble soil aluminum alters the relative uptake of mineral

nitrogen forms by six mature temperate broadleaf tree species: Possible implications for watershed nitrate retention. Oecologia, 185(3),
327–337. https://doi.org/10.1007/s00442-017-3955-8

Carrara, J. E., Walter, C. A., Hawkins, J. S., Peterjohn, W. T., Averill, C., & Brzostek, E. R. (2018). Interactions among plants, bacteria, and
fungi reduce extracellular enzyme activities under long‐term N fertilization. Global Change Biology, 24(6), 2721–2734. https://doi.org/
10.1111/gcb.14081

de Vries, W., Reinds, G. J., & Vel, E. (2003). Intensive monitoring of forest ecosystems in Europe: 2: Atmospheric deposition and its impacts
on soil solution chemistry. Forest Ecology and Management, 174(1–3), 97–115. https://doi.org/10.1016/S0378-1127(02)00030-0

DeHayes, D. H., Schaberg, P. G., Hawley, G. J., & Strimbeck, G. R. (1999). Acid rain impacts on calcium nutrition and forest health:
Alteration of membrane‐associated calcium leads to membrane destabilization and foliar injury in red spruce. Bioscience, 49(10),
789–800. https://doi.org/10.2307/1313570

Delhaize, E., & Ryan, P. R. (1995). Aluminum toxicity and tolerance in plants. Plant Physiology, 107(2), 315. https://doi.org/10.1104/
pp.107.2.315

Demchik, M. C., & Sharpe, W. E. (2000). The effect of soil nutrition, soil acidity and drought on northern red oak (Quercus rubra L.) growth
and nutrition on Pennsylvania sites with high and low red oak mortality. Forest Ecology and Management, 136(1–3), 199–207. https://
doi.org/10.1016/S0378-1127(99)00307-2

DeWalle, D. R., Kochenderfer, J. N., Adams, M. B., Miller, G. W., Gilliam, F. S., & Wood, F. (2006). Vegetation and acidification, chapter 5.
In The Fernow watershed acidification study (1st ed. pp. 137–188). Dordrecht, Netherlands: Springer.

Dewes, C. F., Rangwala, I., Barsugli, J. J., Hobbins, M. T., & Kumar, S. (2017). Drought risk assessment under climate change is sensitive to
methodological choices for the estimation of evaporative demand. PLoS ONE, 12(3), e0174045. https://doi.org/10.1371/journal.
pone.0174045

Driscoll, C. T., Lawrence, G. B., Bulger, A. J., Butler, T. J., Cronan, C. S., Eagar, C., et al. (2001). Acidic deposition in the Northeastern
United States: Sources and inputs, ecosystem effects, and management strategies. Bioscience, 51(3), 180. https://doi.org/10.1641/0006-
3568(2001)051[0180:ADITNU]2.0.CO;2

10.1029/2019JG005560Journal of Geophysical Research: Biogeosciences

MALCOMB ET AL. 13 of 16

Acknowledgments
We thank Tim Forrest, Imani Guest,
Yvonne Dinh, Carolyn Pugh, Nina
Mauney, and Meg Miller for invaluable
assistance in the field and the lab. Dr.
Max Castorani assisted with
implementation and interpretation of
linear mixed effects models. Frederica
Wood assisted with acquisition of
Fernow streamflow and forest
inventory data. This work was
supported by NSF Hydrologic Sciences
Award EAR‐1562019.

https://doi.org/10.18130/V3/FRZYXV
https://doi.org/10.18130/V3/FRZYXV
https://doi.org/10.1007/978-1-4020-4615-5
https://doi.org/10.2307/1942389
https://CRAN.R-2010project.org/package=MuMIn
https://doi.org/10.1021/ez400033d
https://doi.org/10.1093/treephys/25.6.673
https://doi.org/10.1016/j.dendro.2008.01.002
https://doi.org/10.1016/j.dendro.2008.01.002
https://doi.org/10.1007/s00442-017-3955-8
https://doi.org/10.1111/gcb.14081
https://doi.org/10.1111/gcb.14081
https://doi.org/10.1016/S0378-1127(02)00030-0
https://doi.org/10.2307/1313570
https://doi.org/10.1104/pp.107.2.315
https://doi.org/10.1104/pp.107.2.315
https://doi.org/10.1016/S0378-1127(99)00307-2
https://doi.org/10.1016/S0378-1127(99)00307-2
https://doi.org/10.1371/journal.pone.0174045
https://doi.org/10.1371/journal.pone.0174045
https://doi.org/10.1641/0006-3568(2001)051%5b0180:ADITNU%5d2.0.CO;2
https://doi.org/10.1641/0006-3568(2001)051%5b0180:ADITNU%5d2.0.CO;2


Edwards, P. J., & Wood, F. (2017). Fernow Experimental Forest daily streamflow. U.S. Department of Agriculture, Forest Service, Northern
Research Station. Newton Square, PA. https://doi.org/10.2737/RDS-2011-0015

Elias, P. E., Burger, J. A., & Adams, M. B. (2009). Acid deposition effects on forest composition and growth on the Monongahela National
Forest, West Virginia. Forest Ecology and Management, 258(10), 2175–2182. https://doi.org/10.1016/j.foreco.2009.05.004

Elliott, K. J., Caldwell, P. V., Brantley, S. T., Miniat, C. F., Vose, J. M., & Swank, W. T. (2017). Water yield following forest‐grass‐forest
transitions. Hydrology and Earth System Sciences, 21(2), 981–997. https://doi.org/10.5194/hess-21-981-2017

Elliott, K. J., Miniat, C. F., Pederson, N., & Laseter, S. H. (2015). Forest tree growth response to hydroclimate variability in the southern
Appalachians. Global Change Biology, 21(12), 4627–4641. https://doi.org/10.1111/gcb.13045

Elmore, A. J., Nelson, D. M., & Craine, J. M. (2016). Earlier springs are causing reduced nitrogen availability in North American eastern
deciduous forests. Nature Plants, 2(10). https://doi.org/10.1038/nplants.2016.133

Fahey, T. J., Heinz, A. K., Battles, J. J., Fisk, M. C., Driscoll, C. T., Blum, J. D., & Johnson, C. E. (2016). Fine root biomass declined in
response to restoration of soil calcium in a northern hardwood forest. Canadian Journal of Forest Research, 46(5), 738–744. https://doi.
org/10.1139/cjfr-2015-0434

Fakhraei, H., Driscoll, C. T., Renfro, J. R., Kulp, M. A., Blett, T. F., Brewer, P. F., & Schwartz, J. S. (2016). Critical loads and exceedances for
nitrogen and sulfur atmospheric deposition in Great Smoky Mountains National Park, United States. Ecosphere, 7(10), e01466. https://
doi.org/10.1002/ecs2.1466

Fan, Y., Miguez‐Macho, G., Jobbágy, E. G., Jackson, R. B., & Otero‐Casal, C. (2017). Hydrologic regulation of plant rooting depth.
Proceedings of the National Academy of Sciences, 114(40), 10572. https://doi.org/10.1073/pnas.1712381114

Fernandez, I. J., Adams, M. B., SanClements, M. D., & Norton, S. A. (2010). Comparing decadal responses of whole‐watershed manipu-
lations at the bear brook and Fernow experiments. Environmental Monitoring and Assessment, 171(1–4), 149–161. https://doi.org/
10.1007/s10661-010-1524-2

Ficklin, D. L., & Novick, K. A. (2017). Historic and projected changes in vapor pressure deficit suggest a continental‐scale drying of the
United States atmosphere: Increasing U.S. vapor pressure deficit. Journal of Geophysical Research: Atmospheres, 122, 2061–2079. https://
doi.org/10.1002/2016JD025855

Frey, S. D., Ollinger, S., Nadelhoffer, K., Bowden, R., Brzostek, E., Burton, A., et al. (2014). Chronic nitrogen additions suppress
decomposition and sequester soil carbon in temperate forests. Biogeochemistry, 121(2), 305–316. https://doi.org/10.1007/s10533-014-
0004-0

Gaines, K. P., Stanley, J. W., Meinzer, F. C., McCulloh, K. A., Woodruff, D. R., Chen, W., et al. (2015). Reliance on shallow soil water in a
mixed‐hardwood forest in central Pennsylvania. Tree Physiology, 36(4), 444–458. https://doi.org/10.1093/treephys/tpv113

Gilliam, F. S., Burns, D. A., Driscoll, C. T., Frey, S. D., Lovett, G. M., &Watmough, S. A. (2019). Decreased atmospheric nitrogen deposition
in eastern North America: Predicted responses of forest ecosystems. Environmental Pollution, 244, 560–574. https://doi.org/10.1016/j.
envpol.2018.09.135

Gilliam, F. S., Walter, C. A., Adams, M. B., & Peterjohn, W. T. (2018). Nitrogen (N) dynamics in the mineral soil of a central Appalachian
hardwood Forest during a quarter century of whole‐watershed N additions. Ecosystems, 21(8), 1489–1504. https://doi.org/10.1007/
s10021-018-0234-4

Gilliam, F. S., Welch, N. T., Phillips, A. H., Billmyer, J. H., Peterjohn, W. T., Fowler, Z. K., et al. (2016). Twenty‐five‐year response of the
herbaceous layer of a temperate hardwood forest to elevated nitrogen deposition. Ecosphere, 7(4), e01250. https://doi.org/10.1002/
ecs2.1250

Goswami, S., Fisk, M. C., Vadeboncoeur, M. A., Garrison‐Johnston, M., Yanai, R. D., & Fahey, T. J. (2018). Phosphorus limitation of
aboveground production in northern hardwood forests. Ecology, 99(2), 438–449. https://doi.org/10.1002/ecy.2100

Gress, S. E., Nichols, T. D., Northcraft, C. C., & Peterjohn, W. T. (2007). Nutrient limitation in soils exhibiting differing nitrogen avail-
abilities: What lies beyond nitrogen saturation? Ecology, 88(1), 119–130. https://doi.org/10.1890/0012-9658(2007)88[119:NLISED]2.0.
CO;2

Groffman, P. M., Driscoll, C. T., Durán, J., Campbell, J. L., Christenson, L. M., Fahey, T. J., et al. (2018). Nitrogen oligotrophication in
northern hardwood forests. Biogeochemistry, 141(3), 523–539. https://doi.org/10.1007/s10533-018-0445-y

Helcoski, R., Tepley, A. J., Pederson, N., McGarvey, J. C., Meakem, V., Herrmann, V., et al. (2019). Growing season moisture drives
inter‐annual variation in woody productivity of a temperate deciduous forest. The New Phytologist, 223(3), 1204–1216. https://doi.org/
10.1111/nph.15906

Hewlett, J. D., & Hibbert, A. R. (1967). Factors affecting the response of small watersheds to precipitation in humid areas. InW. E. Sopper &
H. W. Lull (Eds.), Forest hydrology (pp. 275–290). New York: Pergamon Press.

Hobbie, S. E. (2008). Nitrogen effects on decomposition: A five‐year experiment in eight temperate sites. Ecology, 89(9), 2633–2644. https://
doi.org/10.1890/07-1119.1

Holmes, R. (1983). Cofecha: Computer assisted quality control in tree‐ring dating and measurement. Tree‐Ring Bulletin, 44, 69–75.
Horn, K. J., Thomas, R. Q., Clark, C. M., Pardo, L. H., Fenn, M. E., Lawrence, G. B., et al. (2018). Growth and survival relationships of 71

tree species with nitrogen and sulfur deposition across the conterminous. U.S. PLOS ONE, 13(10), e0205296. https://doi.org/10.1371/
journal.pone.0205296

Horton, R. E. (1933). The role of infiltration in the hydrologic cycle. Eos, Transactions American Geophysical Union, 14(1), 446–460. https://
doi.org/10.1029/TR014i001p00446

Jackson, R. B., Canadell, J., Ehleringer, J. R., Mooney, H. A., Sala, O. E., & Schulze, E. D. (1996). A global analysis of root distributions for
terrestrial biomes. Oecologia, 108(3), 389–411. https://doi.org/10.1007/BF00333714

Jennings, K. A., Guerrieri, R., Vadeboncoeur, M. A., & Asbjornsen, H. (2016). Response ofQuercus velutina growth and water use efficiency
to climate variability and nitrogen fertilization in a temperate deciduous forest in the northeastern USA. Tree Physiology, 36(4), 428–443.
https://doi.org/10.1093/treephys/tpw003

Jensen, N. K., Holzmueller, E. J., Edwards, P. J., Gundy, M. T.‐V., DeWalle, D. R., &Williard, K. W. J. (2014). Tree response to experimental
watershed acidification. Water, Air, & Soil Pollution, 225(7), 2034. https://doi.org/10.1007/s11270-014-2034-6

Johnson, J., Graf Pannatier, E., Carnicelli, S., Cecchini, G., Clarke, N., Cools, N., et al. (2018). The response of soil solution chemistry in
European forests to decreasing acid deposition. Global Change Biology, 24(8), 3603–3619. https://doi.org/10.1111/gcb.14156

Juice, S. M., Fahey, T. J., Siccama, T. G., Driscoll, C. T., Denny, E. G., Eagar, C., et al. (2006). Response of sugar maple to calcium addition to
northern hardwood forest. Ecology, 87(5), 1267–1280. https://doi.org/10.1890/0012-9658(2006)87[1267:ROSMTC]2.0.CO;2

Kamaluddin, M., & Zwiazek, J. J. (2004). Effects of root medium pH on water transport in paper birch (Betula papyrifera) seedlings in
relation to root temperature and abscisic acid treatments. Tree Physiology, 24(10), 1173–1180. https://doi.org/10.1093/treephys/
24.10.1173

10.1029/2019JG005560Journal of Geophysical Research: Biogeosciences

MALCOMB ET AL. 14 of 16

https://doi.org/10.2737/RDS-2011-0015
https://doi.org/10.1016/j.foreco.2009.05.004
https://doi.org/10.5194/hess-21-981-2017
https://doi.org/10.1111/gcb.13045
https://doi.org/10.1038/nplants.2016.133
https://doi.org/10.1139/cjfr-2015-0434
https://doi.org/10.1139/cjfr-2015-0434
https://doi.org/10.1002/ecs2.1466
https://doi.org/10.1002/ecs2.1466
https://doi.org/10.1073/pnas.1712381114
https://doi.org/10.1007/s10661-010-1524-2
https://doi.org/10.1007/s10661-010-1524-2
https://doi.org/10.1002/2016JD025855
https://doi.org/10.1002/2016JD025855
https://doi.org/10.1007/s10533-014-0004-0
https://doi.org/10.1007/s10533-014-0004-0
https://doi.org/10.1093/treephys/tpv113
https://doi.org/10.1016/j.envpol.2018.09.135
https://doi.org/10.1016/j.envpol.2018.09.135
https://doi.org/10.1007/s10021-018-0234-4
https://doi.org/10.1007/s10021-018-0234-4
https://doi.org/10.1002/ecs2.1250
https://doi.org/10.1002/ecs2.1250
https://doi.org/10.1002/ecy.2100
https://doi.org/10.1890/0012-9658(2007)88%5b119:NLISED%5d2.0.CO;2
https://doi.org/10.1890/0012-9658(2007)88%5b119:NLISED%5d2.0.CO;2
https://doi.org/10.1007/s10533-018-0445-y
https://doi.org/10.1111/nph.15906
https://doi.org/10.1111/nph.15906
https://doi.org/10.1890/07-1119.1
https://doi.org/10.1890/07-1119.1
https://doi.org/10.1371/journal.pone.0205296
https://doi.org/10.1371/journal.pone.0205296
https://doi.org/10.1029/TR014i001p00446
https://doi.org/10.1029/TR014i001p00446
https://doi.org/10.1007/BF00333714
https://doi.org/10.1093/treephys/tpw003
https://doi.org/10.1007/s11270-014-2034-6
https://doi.org/10.1111/gcb.14156
https://doi.org/10.1890/0012-9658(2006)87%5b1267:ROSMTC%5d2.0.CO;2
https://doi.org/10.1093/treephys/24.10.1173
https://doi.org/10.1093/treephys/24.10.1173


Keenan, T. F., Gray, J., Friedl, M. A., Toomey, M., Bohrer, G., Hollinger, D. Y., et al. (2014). Net carbon uptake has increased through
warming‐induced changes in temperate forest phenology. Nature Climate Change, 4(7), 598–604. https://doi.org/10.1038/
nclimate2253

Kochian, L. V. (1995). Cellular mechanisms of aluminum toxicity and resistance in plants. Annual Review of Plant Physiology and Plant
Molecular Biology, 46(1), 237–260. https://doi.org/10.1146/annurev.pp.46.060195.001321

Kosiba, A. M., Schaberg, P. G., Rayback, S. A., & Hawley, G. J. (2018). The surprising recovery of red spruce growth shows links to decreased
acid deposition and elevated temperature. Science of the Total Environment, 637–638, 1480–1491. https://doi.org/10.1016/j.
scitotenv.2018.05.010

Lawlor, D. W., & Cornic, G. (2002). Photosynthetic carbon assimilation and associated metabolism in relation to water deficits in higher
plants. Plant, Cell & Environment, 25(2), 275–294. https://doi.org/10.1046/j.0016-8025.2001.00814.x

Lenth, R., Singmann, H., Love, J., Buerkner, P., & Herve, M. (2017). Emmeans: Estimated marginal means, aka least‐squares means.
Retrieved from https://github.com/rvlenth/emmeans

Levesque, M., Andreu‐Hayles, L., & Pederson, N. (2017). Water availability drives gas exchange and growth of trees in northeastern US, not
elevated CO2 and reduced acid deposition. Scientific Reports, 7(1), 46158. https://doi.org/10.1038/srep46158

Lévesque, M., Walthert, L., & Weber, P. (2016). Soil nutrients influence growth response of temperate tree species to drought. Journal of
Ecology, 104(2), 377–387. https://doi.org/10.1111/1365-2745.12519

Likens, G. E., Driscoll, C. T., & Buso, D. C. (1996). Long‐term effects of acid rain: Response and recovery of a forest ecosystem. Science,
272(5259), 244. https://doi.org/10.1126/science.272.5259.244

Long, R. P., Horsley, S. B., Hallett, R. A., & Bailey, S. W. (2009). Sugar maple growth in relation to nutrition and stress in the northeastern
United States. Ecological Applications, 19(6), 1454–1466. https://doi.org/10.1890/08-1535.1

Lovett, G. M., Tear, T. H., Evers, D. C., Findlay, S. E. G., Cosby, B. J., Dunscomb, J. K., et al. (2009). Effects of air pollution on ecosystems
and biological diversity in the eastern United States. Annals of the New York Academy of Sciences, 1162(1), 99–135. https://doi.org/
10.1111/j.1749-6632.2009.04153.x

Lu, X., Kicklighter, D. W., Melillo, J. M., Reilly, J. M., & Xu, L. (2015). Land carbon sequestration within the conterminous United
States: Regional‐ and state‐level analyses. Journal of Geophysical Research: Biogeosciences, 120, 379–398. https://doi.org/10.1002/
2014JG002818

Luce, C. H., Vose, J. M., Pederson, N., Campbell, J., Millar, C., Kormos, P., & Woods, R. (2016). Contributing factors for drought in United
States forest ecosystems under projected future climates and their uncertainty. Special Section: Drought and US Forests: Impacts and
Potential Management Responses, 380, 299–308. https://doi.org/10.1016/j.foreco.2016.05.020

Magnani, F., Mencuccini, M., Borghetti, M., Berbigier, P., Berninger, F., Delzon, S., et al. (2007). The human footprint in the carbon cycle of
temperate and boreal forests. Nature, 447(7146), 849–851. https://doi.org/10.1038/nature05847

Mansfield, T. A. (1998). Stomata and plant water relations: Does air pollution create problems? Environmental Pollution, 101(1), 1–11.
https://doi.org/10.1016/S0269-7491(98)00076-1

Marinos, R. E., & Bernhardt, E. S. (2018). Soil carbon losses due to higher pH offset vegetation gains due to calcium enrichment in an acid
mitigation experiment. Ecology, 99(10), 2363–2373. https://doi.org/10.1002/ecy.2478

Martin‐Benito, D., Kint, V., del Río, M., Muys, B., & Cañellas, I. (2011). Growth responses of West‐Mediterranean Pinus nigra to climate
change are modulated by competition and productivity: Past trends and future perspectives. Forest Ecology and Management, 262(6),
1030–1040. https://doi.org/10.1016/j.foreco.2011.05.038

Mathias, J. M., & Thomas, R. B. (2018). Disentangling the effects of acidic air pollution, atmospheric CO2, and climate change on recent
growth of red spruce trees in the central Appalachian Mountains. Global Change Biology, 24(9), 3938–3953. https://doi.org/10.1111/
gcb.14273

Maxwell, J. T., Harley, G. L., Mandra, T. E., Yi, K., Kannenberg, S. A., Au, T. F., et al. (2019). Higher CO2 concentrations and lower acidic
deposition have not changed drought response in tree growth but do influence iWUE in hardwood trees in the Midwestern United
States. Journal of Geophysical Research: Biogeosciences, 124, 3798–3813. https://doi.org/10.1029/2019JG005298

Medeiros, J. S., Tomeo, N. J., Hewins, C. R., & Rosenthal, D. M. (2016). Fast‐growing Acer rubrum differs from slow‐growing Quercus alba
in leaf, xylem and hydraulic trait coordination responses to simulated acid rain. Tree Physiology, 36(8), 1032–1044. https://doi.org/
10.1093/treephys/tpw045

National Atmospheric Deposition Program. (2018). NADP Program Office. Retrieved from http://nadp.slh.wisc.edu/
Nehrbass‐Ahles, C., Babst, F., Klesse, S., Nötzli, M., Bouriaud, O., Neukom, R., et al. (2014). The influence of sampling design on tree‐ring‐

based quantification of forest growth. Global Change Biology, 20(9), 2867–2885. https://doi.org/10.1111/gcb.12599
Oliver, C., & Larson, B. (1996). Forest Stand Dynamics, Update Edition. New York, NY: Yale School of Forestry & Environmental Studies

Other Publications. Retrieved from https://elischolar.library.yale.edu/fes_pubs
Ouimette, A. P., Ollinger, S. V., Richardson, A. D., Hollinger, D. Y., Keenan, T. F., Lepine, L. C., & Vadeboncoeur, M. A. (2018). Carbon

fluxes and interannual drivers in a temperate forest ecosystem assessed through comparison of top‐down and bottom‐up approaches.
Agricultural and Forest Meteorology, 256‐257, 420–430. https://doi.org/10.1016/j.agrformet.2018.03.017

Peterjohn, W. T. (2013). Fernow watershed acidification experiment fine root mass comparison. Retrieved from http://www.as.wvu.edu/
fernow/data.html

Pinheiro, J., Bates, D., DebRoy, S., & Sarkar, D. (2017). Linear and nonlinear mixed effects models. R Core Team. Retrieved from https://
CRAN.R-project.org/package=nlme

PRISM (2018). PRISM Climate Data. Oregon State University. Retrieved from http://prism.oregonstate.edu/
R Core Team (2018). R: A language and environment for statistical computing. Version 3.4.4. Vienna, Austria: Foundation for Statistical

Computing. Retrieved from https://www.R-project.org/
Rathgeber, C. B. K., Cuny, H. E., & Fonti, P. (2016). Biological Basis of Tree‐Ring Formation: A Crash Course. Frontiers in Plant Science, 7.

https://doi.org/10.3389/fpls.2016.00734
Richardson, A. D., Hollinger, D. Y., Dail, D. B., Lee, J. T., Munger, J. W., & O'Keefe, J. (2009). Influence of spring phenology on seasonal and

annual carbon balance in two contrasting NewEngland forests. Tree Physiology, 29(3), 321–331. https://doi.org/10.1093/treephys/tpn040
Roman, D. T., Novick, K. A., Brzostek, E. R., Dragoni, D., Rahman, F., & Phillips, R. P. (2015). The role of isohydric and anisohydric species

in determining ecosystem‐scale response to severe drought. Oecologia, 179(3), 641–654. https://doi.org/10.1007/s00442-015-3380-9
Speer, J. H. (2012). Fundamentals of tree ring research. Tuscon, AZ: University of Arizona Press.
Sullivan, T. J., Lawrence, G. B., Bailey, S. W., McDonnell, T. C., Beier, C. M., Weathers, K. C., et al. (2013). Effects of acidic deposition and

soil acidification on sugar maple trees in the Adirondack Mountains, New York. Environmental Science & Technology, 47(22),
12,687–12,694. https://doi.org/10.1021/es401864w

10.1029/2019JG005560Journal of Geophysical Research: Biogeosciences

MALCOMB ET AL. 15 of 16

https://doi.org/10.1038/nclimate2253
https://doi.org/10.1038/nclimate2253
https://doi.org/10.1146/annurev.pp.46.060195.001321
https://doi.org/10.1016/j.scitotenv.2018.05.010
https://doi.org/10.1016/j.scitotenv.2018.05.010
https://doi.org/10.1046/j.0016-8025.2001.00814.x
https://github.com/rvlenth/emmeans
https://doi.org/10.1038/srep46158
https://doi.org/10.1111/1365-2745.12519
https://doi.org/10.1126/science.272.5259.244
https://doi.org/10.1890/08-1535.1
https://doi.org/10.1111/j.1749-6632.2009.04153.x
https://doi.org/10.1111/j.1749-6632.2009.04153.x
https://doi.org/10.1002/2014JG002818
https://doi.org/10.1002/2014JG002818
https://doi.org/10.1016/j.foreco.2016.05.020
https://doi.org/10.1038/nature05847
https://doi.org/10.1016/S0269-7491(98)00076-1
https://doi.org/10.1002/ecy.2478
https://doi.org/10.1016/j.foreco.2011.05.038
https://doi.org/10.1111/gcb.14273
https://doi.org/10.1111/gcb.14273
https://doi.org/10.1029/2019JG005298
https://doi.org/10.1093/treephys/tpw045
https://doi.org/10.1093/treephys/tpw045
http://nadp.slh.wisc.edu/
https://doi.org/10.1111/gcb.12599
https://elischolar.library.yale.edu/fes_pubs
https://doi.org/10.1016/j.agrformet.2018.03.017
http://www.as.wvu.edu/fernow/data.html
http://www.as.wvu.edu/fernow/data.html
https://CRAN.R-project.org/package=nlme
https://CRAN.R-project.org/package=nlme
http://prism.oregonstate.edu/
https://www.R-project.org/
https://doi.org/10.3389/fpls.2016.00734
https://doi.org/10.1093/treephys/tpn040
https://doi.org/10.1007/s00442-015-3380-9
https://doi.org/10.1021/es401864w


Sullivan, T. J., Driscoll, C. T., Beier, C. M., Burtraw, D., Fernandez, I., Galloway, J. N., et al. (2018). Air pollution success stories in the
United States: The value of long‐term observations. Environmental Science & Policy, 84, 69–73. https://doi.org/10.1016/j.
envsci.2018.02.016

Sulman, B. N., Roman, D. T., Yi, K., Wang, L., Phillips, R. P., & Novick, K. A. (2016). High atmospheric demand for water can limit forest
carbon uptake and transpiration as severely as dry soil: VPD control of GPP and transpiration. Geophysical Research Letters, 43(18),
9686–9695. https://doi.org/10.1002/2016GL069416

Thomas, Q. R., Canham, C. D., Weathers, K. C., & Goodale, C. L. (2010). Increased tree carbon storage in response to nitrogen deposition in
the US. Nature Geoscience, 3(1), 13–17. https://doi.org/10.1038/ngeo721

Troch, P. A., Martinez, G. F., Pauwels, V. R. N., Durcik, M., Sivapalan, M., Harman, C., et al. (2009). Climate and vegetation water use
efficiency at catchment scales. Hydrological Processes, 23(16), 2409–2414. https://doi.org/10.1002/hyp.7358

USDA (2006). Black Cherry, The PLANTS Database. Baton Rouge, LA: United States Department of Agriculture. Retrieved October 28,
2019, from https://plants.usda.gov/plantguide/pdf/pg_prse2.pdf

Vadeboncoeur, M. A. (2010). Meta‐analysis of fertilization experiments indicates multiple limiting nutrients in northeastern deciduous
forests. Canadian Journal of Forest Research, 40(9), 1766–1780. https://doi.org/10.1139/X10-127

Voepel, H., Ruddell, B., Schumer, R., Troch, P. A., Brooks, P. D., Neal, A., et al. (2011). Quantifying the role of climate and landscape
characteristics on hydrologic partitioning and vegetation response. Water Resources Research, 47, W00J09. https://doi.org/10.1029/
2010WR009944

Wason, J. W., Dovciak, M., Beier, C. M., & Battles, J. J. (2017). Tree growth is more sensitive than species distributions to recent changes in
climate and acidic deposition in the northeastern United States. Journal of Applied Ecology, 54(6), 1648–1657. https://doi.org/10.1111/
1365-2664.12899

Yi, K., Dragoni, D., Phillips, R. P., Roman, D. T., & Novick, K. A. (2017). Dynamics of stem water uptake among isohydric and anisohydric
species experiencing a severe drought. Tree Physiology, 37(10), 1379–1392. https://doi.org/10.1093/treephys/tpw126

Yu, H., He, N., Wang, Q., Zhu, J., Xu, L., Zhu, Z., & Yu, G. (2016). Wet acid deposition in Chinese natural and agricultural ecosystems:
Evidence from national‐scale monitoring: Acid deposition in Chinese rural areas. Journal of Geophysical Research: Atmospheres, 121,
10,995–11,005. https://doi.org/10.1002/2015JD024441

Zurr, A., Ieno, E. N., Walker, N., Saveliev, A. A., & Smith, G. M. (2009).Mixed effects models and extensions in ecology with R (1st ed.). New
York, NY: Springer‐Verlag.

Zweifel, R., Zimmermann, L., Zeugin, F., & Newbery, D. M. (2006). Intra‐annual radial growth and water relations of trees: Implications
towards a growth mechanism. Journal of Experimental Botany, 57(6), 1445–1459. https://doi.org/10.1093/jxb/erj125

10.1029/2019JG005560Journal of Geophysical Research: Biogeosciences

MALCOMB ET AL. 16 of 16

https://doi.org/10.1016/j.envsci.2018.02.016
https://doi.org/10.1016/j.envsci.2018.02.016
https://doi.org/10.1002/2016GL069416
https://doi.org/10.1038/ngeo721
https://doi.org/10.1002/hyp.7358
https://plants.usda.gov/plantguide/pdf/pg_prse2.pdf
https://doi.org/10.1139/X10-127
https://doi.org/10.1029/2010WR009944
https://doi.org/10.1029/2010WR009944
https://doi.org/10.1111/1365-2664.12899
https://doi.org/10.1111/1365-2664.12899
https://doi.org/10.1093/treephys/tpw126
https://doi.org/10.1002/2015JD024441
https://doi.org/10.1093/jxb/erj125


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2001
  ]
  /PDFX1aCheck true
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (Euroscale Coated v2)
  /PDFXOutputConditionIdentifier (FOGRA1)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <>
    /CHT <>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF che devono essere conformi o verificati in base a PDF/X-1a:2001, uno standard ISO per lo scambio di contenuto grafico. Per ulteriori informazioni sulla creazione di documenti PDF compatibili con PDF/X-1a, consultare la Guida dell'utente di Acrobat. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 4.0 e versioni successive.)
    /JPN <>
    /KOR <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die moeten worden gecontroleerd of moeten voldoen aan PDF/X-1a:2001, een ISO-standaard voor het uitwisselen van grafische gegevens. Raadpleeg de gebruikershandleiding van Acrobat voor meer informatie over het maken van PDF-documenten die compatibel zijn met PDF/X-1a. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 4.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENG (Modified PDFX1a settings for Blackwell publications)
    /ENU (Use these settings to create Adobe PDF documents that are to be checked or must conform to PDF/X-1a:2001, an ISO standard for graphic content exchange.  For more information on creating PDF/X-1a compliant PDF documents, please refer to the Acrobat User Guide.  Created PDF documents can be opened with Acrobat and Adobe Reader 4.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /HighResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


