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Abstract
Background and aims Atmospheric nitrogen (N) depo-
sition can influence forest ecosystem N status, and the
resilience of forests to the effects of N deposition de-
pends on a number of co-occurring environmental fac-
tors that regulate N retention or loss. In this study, we
test the idea that N deposition may have important and
long-lasting impacts on patterns of N cycling by using
field and laboratory techniques to assess N status in
seven high-elevation Central Appalachian red spruce
(Picea rubens Sarg.) forests located at sites that histor-
ically received moderate to high inputs of N atmospher-
ic deposition.
Methods During 2011 and 2012, we measured multiple
indices of N availability (e.g. foliar/soil C:N and δ15N,
resin ion-exchange, and N transformation rates) that inte-
grate N cycling over seasonal to decadal time scales.
Using a model selection approach, we compared the
strength of the association between various environmental

factors and temporally-integrated indices of N status in a
series of regression models.
Results Site-level differences in the relative importance
value of broadleaf deciduous (BD) trees consistently
explained most of the observed variation in N status.
Soil C:N was significantly lower for sites with greater
BD importance (R2=0.67–0.77), and there was a strong
positive relationship between BD importance and soil
δ15N content (R2=0.64–0.85). Despite a four-fold dif-
ference in historic deposition across the seven forest
sites, we did not observe any significant relationships
between site N status and N deposition.
Conclusions These findings suggest that potential lega-
cy effects of N deposition were obscured by the influ-
ence of BD importance on N status at these sites. Our
results add strong support to the idea that predicting the
resilience of forests to the effects of N deposition re-
quires detailed knowledge on the contribution of tree
species composition to soil N cycling and retention.
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Introduction

Forest ecosystems are the largest terrestrial carbon (C)
sink, sequestering~2.4 Pg C annually (Pan et al. 2011)
and about 30 % of C emissions from fossil fuel com-
bustion (Le Quéré et al. 2013). For many forests in the
northeastern United States, a key limitation to forest C
storage is the forest nitrogen (N) status, or amount of
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plant-available N in soils (Vitousek and Howarth 1991;
LeBauer and Treseder 2008; Nadelhoffer et al. 1985;
Reich et al. 1997). However, despite the importance of
N status as a potential constraint to ecosystem produc-
tion, there are many research challenges associated with
defining and measuring plant-available N as well as
characterizing and distinguishing the numerous factors
that have been shown to impact N cycling in forest ecosys-
tems (Gundersen et al. 1998; Ros et al. 2011). Thus,
improving our understanding of the controls on soil N
status will reduce uncertainty in current models of ecosys-
tem dynamics.

The deposition of reactive N on terrestrial forests can
have large, and potentially long-lasting, impacts on nu-
trient availability, plant productivity, and C storage.
Since the enactment of the Clean Air Act in 1990, both
pollutant emissions and subsequent rates of N deposition
have declined for the Central Appalachian region (US
Environmental Protection Agency 2015), which raises
the question of how long the effects of chronic pollution
will persist following reductions in N deposition. While
a few studies have examined these ‘legacy effects’
(Boxman et al. 1995, 1998; Koopmans et al. 1995;
Strengbom et al. 2001; Chen and Högberg 2006), there
is little consensus on the time required for full ecosystem
recovery. For example, some N addition experiments
have reported elevated rates of N mineralization decades
after N treatments had ceased (Vinton and Burke 1995;
Chen and Högberg 2006). In contrast, throughfall ma-
nipulation studies found that net N mineralization rates,
foliar N, and nitrate (NO3

–) leaching recovered within
only 2–4 years of N removal (Boxman et al. 1995, 1998;
Koopmans et al. 1995). The long-term effects of N
deposition may also be evident in forest ecosystems that
have only been exposed to background levels of pollu-
tion. Despite widespread declines in pollutant emissions
for the eastern United States, several studies conducted
along ambient N deposition gradients in this region have
observed strong relationships between estimates of N
deposition and foliar and soil chemistry (Boggs et al.
2005; Pardo et al. 2007; McNeil et al. 2012).

Much of the uncertainty about the resilience of forests
to chronic N deposition depends on how N cycling is
altered by other environmental factors like climate,
disturbance history, and species composition (Aber et al.
2003; Phillips et al. 2013); thus, a better understanding of
what factors control ecosystem N status should improve
our ability to predict how forests recover from long-term
pollution (Galloway et al. 2004). For instance, while foliar

N concentration is often reported to increase in response to
atmospheric N deposition (Pardo et al. 2006;McNeil et al.
2007; Crowley et al. 2012), studies conducted across
broad spatial gradients of elevation and latitude have
shown that foliar N concentrations can vary with respect
to climatic differences as well (Aber et al. 2003), where
cooler temperatures and shorter growing seasons are as-
sociated with enriched foliar N (Körner 1989; Yin 1992).
Likewise, NO3

– export to surface waters has been shown
to increase with N fertilization (Magill et al. 2000; Lovett
and Goodale 2011), but may also be related to differences
in mean annual temperature (MAT) (Murdoch et al.
1998). In addition to climate, disturbances like forest
harvest and wildfire can have both short- and long-term
impacts on N status. For example, forest harvest can result
in initial increases in NO3

– export due to reduced plant
uptake (Aber et al. 2002); however, over longer timescales
(e.g. several decades after harvest), NO3

– export may
decline due to high N demand during forest regrowth
(Goodale et al. 2000). Since NO3

– leaching losses are
generally higher for soils that have high nitrification rates
and low soil C:N ratios (Gundersen et al. 1998), these N
cycling patterns are also expected to be related to tree
species controls on soil quality. Indeed, tree species can
also affect N cycling in forest ecosystems primarily
through the quality and decomposability of their above-
ground litter, which ultimately leads to the development of
distinct soil profiles that vary in their N cycling character-
istics (Melillo et al. 1982; Stump and Binkley 1993;
Lovett et al. 2004). This relationship between tree species
and N status has been observed in a variety of forests in
the northeastern United States, where differences in tree
species composition were strongly correlated with inter-
specific variation in soil C and N pools as well as rates of
N transformations and NO3

– export (Finzi et al. 1998;
Lovett et al. 2002, 2004).

Identifying which factors exert the greatest influence
over soil N availability can also be difficult since various
factors operate at different timescales and on different
components of the N cycle. For example, additions of
reactive N from fertilizers and atmospheric deposition
can strongly influence soil N availability in the short-
term as added N is rapidly (i.e. within minutes)
immobilized by the soil microbial community, and later
mineralized back into soil solution as plant available N
(Zogg et al. 2000). On the other hand, chronic, low-
doses of N deposition can have long-term (i.e. years to
decades) effects on N availability as inorganic N is
assimilated into aboveground biomass, and transported
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back to the forest floor via litterfall where it can then be
incorporated into soil organic matter (SOM)
(Nadelhoffer et al. 1995; Zak et al. 2004). Consequently,
long-term N status indicators like soil C:N ratios are
often associated with differences in tree species compo-
sition and their associated litterfall characteristics
(Lovett et al. 2004). Moreover, many studies have
shown a negative correlation between soil C:N and
short- to medium-term N status indicators including
net N mineralization and nitrification (Ollinger et al.
2002), NO3

– export (Lovett et al. 2002), and the frac-
tionation of stable N isotopes (15N/14N) in vegetation
and soil sinks (Pardo et al. 2007). On the other hand,
climate variation may also affect forest N status over
varying time frames via direct physical effects on bio-
chemical processes like N transformations (Robinson
2002) or possibly through indirect effects on tree species
composition. Thus, improving our understanding of
how N is cycled through forest ecosystems requires a
multifaceted approach to not only examine the numer-
ous factors that can influence N availability, but also to
examine indices of N availability that correspond to the
timescale with which these factors are important.

In the Central Appalachian Mountains, high-elevation
forests containing red spruce (Picea rubens Sarg.) have
historically been sensitive to a wide range of natural and
anthropogenic disturbances; thus, these forests provide an
ideal system to examine the various controls on ecosys-
tem N status. Beginning in the late 1800s, improved
railroad technologies allowed the logging of these restrict-
ed high-elevation areas; as a result, extensive cutting and
related slash fires reduced red spruce populations to their
present extent of about 10,000 ha (Hopkins 1899; Lewis
1998). Elevated rates of acid precipitation have also had a
severe impact on these red spruce ecosystems. Between
the mid-1960s and mid-1980s, unexplained dieback and
growth declines were reported in several red spruce stands
throughout the Northeast (Siccama et al. 1982; Foster and
Reiners 1983; Johnson and Siccama 1983; Scott et al.
1984; Johnson andMcLaughlin 1986). Initial speculation
about the cause of this decline included age-related senes-
cence, insect outbreak, climate change, pollution, or a
combination of these factors (Siccama et al. 1982). How-
ever, empirical evidence from controlled N addition ex-
periments and from sampling along gradients of atmo-
spheric N deposition revealed a strong linkage between N
deposition and critical changes in forest floor and foliar N
concentrations, suggesting that red spruce decline was
likely caused by a combination of foliar nutrient

imbalance (e.g. Ca/N and Mg/N; McNulty et al. 1991;
McNulty et al. 2005), and reduced cold stress tolerance
(DeHayes et al. 1999; Schaberg et al. 2002).

The objective of this study was to assess the extent to
which N availability in red spruce forests in the Central
AppalachianMountains is associated with N deposition.
Following the assumptions of the classic conceptual
model of progressive N saturation (Aber et al. 1989,
1998), we would expect that inorganic N inputs from
deposition would enhance the N status of red spruce
ecosystems, particularly during periods of peak N depo-
sition. However, recent evidence has challenged these
assumptions, instead suggesting that long-term re-
sponses to N deposition are dependent on the factors
that influence how N is retained by ecosystem sinks
(Lovett and Goodale 2011). Thus, in the context of
declining N deposition, it remains an open question
whether historically high rates of N deposition can have
persistent effects on enhanced N availability, or whether
ecosystem N status is more strongly influenced by other
environmental factors. We examined this question by
assessing N status along a transect consisting of seven
red spruce stands located in a region where high rates of
N deposition have been declining since the Clean Air
Act of 1990. During the mid-1980s, forests at the north-
ern end of the transect received approximately four
times greater wet-only N deposition than the southern
end, with estimates ranging from 8.1 to 2.0 kg ha−1 yr−1

(North to South). Since 1990, reduced NOx emissions
have lowered the concentration of NO3

– in wet deposi-
tion (kg ha−1 yr−1) by 45–55 % throughout the region
(National Atmospheric Deposition Program 2016).
Consequently, the N deposition gradient is weaker, with
recent estimates of N deposition that range between 6.6
and 3.5 kg ha−1 yr−1 (North to South). In addition to the
legacy effects of N deposition, these mixed red spruce
stands differ in climate, stand age, and the relative
importance of BD trees, providing a range of factors
that need to be assessed when determining the environ-
mental factors that most strongly influence the N status
of these forests.

Materials and methods

Study site details

In June 2011, we established seven study sites (100-m
diameter) containing red spruce as a major, canopy-
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dominant species. All sites are at high elevations within
the Central AppalachianMountains, a region of moderate
to high levels of historic atmospheric N deposition
(Fig. 1; Table 1). Since red spruce naturally occurs at
high elevations along the Central AppalachianMountains,
all study sites are above 900 m, each having a southwest-
erly aspect and slopes between 0 and 10 %. All sites
represent second growth forests with red spruce and
eastern hemlock (Tsuga canadensis) as the commonly-
occurring needleleaf evergreen species. The selected
sites also ranged in BD tree abundance which allowed
us to assess the relative influence of BD species com-
position on N availability. The most common BD asso-
ciates at our sites included yellow birch (Betula
alleghaniensis var. alleganiensis), red maple (Acer
rubrum), and black cherry (Prunus serotina var.
serotina). We assessed the tree species composition at

each site using the point-quarter sampling method
(Pollard 1971) along three parallel 50-m transects (sep-
arated by 25m) by sampling trees (>10 cmDBH) at five
randomly spaced points on each transect (n=15 points).
Relative importance values (RIV) for tree species found
at each site and additional community characteristics of
these red spruce stands are given in Table S1.

Soil types vary slightly between the study sites; how-
ever, they all have high organic matter content, low pH,
and low micronutrient availability (Tables S2 and S3).
The underlying geologic formations of these sites in-
clude Pennsylvanian Pottsville sandstone, Devonian
Chemung shale, and Silurian-Devonian undivided shale
(Table S4; WV Geological Survey).

Using standard tree core cross-dating techniques
(Stokes and Smiley 1996), we estimated the year of
stand establishment for each study site according to
the age of the oldest red spruce tree that was sampled
(Table 1). Our tree-ring stand age dates for these sites
range from 68 to 157 years, in agreement with indepen-
dent estimates made by the U.S. Forest Service (Kent
Karriker, personal communication). The variation in
stand age at these sites is likely due to the timing of
extensive spruce timber harvests and subsequent wild-
fires that occurred throughout the Central Appalachians
during the late 1800s to early 1900s (Clarkson 1964;
Lewis 1998; Nowacki and Wendt 2010). It is also pos-
sible that these stand-resetting disturbances affected the
present-day differences in species composition at our
sites. However, there is not a significant co-variation
among stand age and BD RIV at these sites, indicating
that disturbance history and species composition could
have independent effects on N availability.

Atmospheric N Deposition and Climate Variables

Historically, anthropogenic N inputs fromwet deposition
have been moderate to high for the study region, with
wet deposition rates as high as ~9.3 kg N ha−1 yr−1 in the
mid 1980s (National Atmospheric Deposition Program
2016). Following the 1990 Clean Air Act Amendments,
both nitrogen oxide (NOx) emissions, as well as subse-
quent deposition of atmospheric NO3

–, have declined by
~45–55 % (US Environmental Protection Agency 2015;
National Atmospheric Deposition National Atmospheric
Deposition Program 2016). Nevertheless, decades of
elevated N inputs could result in important legacy effects
that still enhance N availability in these forests.

Fig. 1 Map of the seven red spruce stands in the Central Appala-
chian Mountains. Arranged by highest to lowest estimates of N
deposition, the seven study sites are: Flat Ridge (FLR), Gaudineer
Knob (GKB), McGowan Mountain (MCG), Cranberry Glades
(CGL), Upper Middle Mountain (UMM), Span Oak Run (SOR),
and Little Spruce Bog (LSB)
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We used a highly-resolved and well-validated spatial
model of atmospheric N deposition to estimate annual
rates of inorganic N (NO3

–+NH4
+) inputs at each of our

field sites for the period between 1985 and 2012 (National
Atmospheric Deposition Program 2014). Sites were then
selected based on estimates of accumulated wet-only N
deposition so that they ranged in cumulative N inputs
from 117.5 to 206.9 kg N ha-1 (Table 1). Taking into
account the recent declines in NOx emissions, average
wet N deposition rates over the period 1985 to 2012 range
from 4.2 to 7.4 kgN ha-1 yr-1. To account for the influence
of dry deposition (HNO3+NO3

–+NH4
+), we used a

spatial model of total (wet+dry) N deposition rates for
the period that data were available, between 2000–2012
(National Atmospheric Deposition Program 2014). We
then calculated the proportion of wet deposition to total
deposition on a pixel-wide basis for the mid-Atlantic
region (West Virginia and surrounding states) to generate
a set of site-specific correction factors, whichwere used to
estimate total N deposition rates for the years 1985 to
1999. For our sites, average rates of total N deposition
range from 11.6 to 14.3 kg N ha−1 yr−1 while cumulative
total deposition loading ranged from 326.1 to 399.6 kg N
ha−1 for the period between 1985 and 2012 (Table 1).

Since climatological data for these high-elevation
sites are limited, we used interpolated PRISM climate
data for each study site to estimate 30-year averages
(1981–2010) of annual and growing season (May
through September) temperature and precipitation
(Table 1; PRISM Climate Group, Oregon State

University 2015). Our study sites received between
1238 and 1591 mm of precipitation annually, and mean
annual temperature (MAT) varies between 6.3 and 8.4°C.

Indices of soil N availability

We measured a suite of N availability indices that are
thought to integrate over different temporal scales in their
assessment of soil N status. Laboratory measurements of
net N mineralization and net nitrification were used to
estimate the current N status under controlled conditions;
whereas, ion-exchange resins provided a snapshot of plant
available N under current field conditions. We measured
the natural abundance of 15N as an indicator of N status
that should integrate over several years (e.g. needle 15N)
or several decades (e.g. soil 15N). Finally, soil C:N was
used as an index of N availability that should integrate
over the time period since the stand-resetting clear cutting
and fires that occurred in the early 1900s. All sample
measurements were taken from a single 30-m diameter
sample plot at the center of each 100-m study site.

Two 28-day laboratory incubations were conducted
in July and September 2012 to measure net rates of soil
N transformations, using methods adapted from Rinkes
et al. (2011). Each 30-m plot was divided into four
quadrants and multiple soil cores (5-cm diameter) were
removed from the top 5 cm of mineral soil until approx-
imately 200 g of soil (wet weight) were collected from
each quadrant in both sampling periods. Soil samples
were returned to the laboratory within 24 h of collection

Table 1 Site descriptions of the seven red spruce stands in the Central Appalachian Mountains

Study site Abbrev. Ave. N Dep.
(kg N ha−1 yr−1)

Cumulative N
Dep. (kg N ha−1)

Mean
temperature (°C)

Precipitation (mm) Est. year BD RIV (%)

Wet Total
(wet + dry)

Wet Total
(wet + dry)

Annual Growing
season

Annual Growing
season

Flat Ridge FLR 7.4 14.3 206.9 399.6 6.8 15.1 1469.3 675.5 1939 26.2

Gaudineer Knob GKB 6.8 13.1 189.0 366.8 6.3 14.5 1420.1 687.2 1911 0.0

McGowan Mtn MCG 6.7 13.6 188.5 380.3 7.9 16.2 1407.0 674.5 1858 49.8

Cranberry Glades CGL 6.5 13.1 182.4 366.4 7.3 15.6 1591.2 736.0 1858 43.1

Upper Middle Mtn UMM 6.2 13.3 173.6 372.4 7.1 15.2 1361.7 643.4 1947 26.2

Span Oak Run SOR 6.1 13.1 171.5 366.4 7.6 15.6 1276.4 594.4 1885 37.6

Little Spruce Bog LSB 4.2 11.6 117.5 326.1 8.4 16.5 1238.8 573.3 1865 32.6

Estimates of atmospheric N deposition rates were derived from National Atmospheric Deposition Program (2014). Annual and growing
season (May through September) mean temperature (°C) and precipitation (mm) were derived from PRISM Climate Group dataset for
1981–2010 normals (available online at http://prism.oregonstate.edu; accessed 17April 2015). Year of stand establishment (BEst. Year^) was
determined by the age of the oldest red spruce tree sampled using standard tree core cross-dating techniques. Relative importance of canopy
broadleaf deciduous species (BBD RIV^) was calculated using the point-quarter sampling method in May 2014
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and immediately homogenized by hand and coarse de-
bris and roots were removed.

Approximately 28 g (wet weight) of homogenized
soil was added to six glass jars and were incubated in the
dark at 20°C for 0, 1, 2, 7, 14, or 28 d. Jars were loosely
covered to allow gas exchange while reducing evapora-
tion. Each week deionized water was added to compen-
sate for evaporative water loss. The incubated soil sam-
ples were then collected after the appropriate incubation
time to measure extractable NH4

+ and NO3
–.

Inorganic N content (NH4
+ and NO3

–) was deter-
mined using colorimetric microplate assays of soil ex-
tracts. Subsamples of soil (5 g wet weight) were extract-
ed by adding 25 ml of 0.5 M K2SO4 and shaking the
mixture on an orbital shaker for ~1 hr. Samples were
then vacuum-filtered and extracts were frozen until fur-
ther analysis. Amodified Berthelot reaction (Rhine et al.
1998) was used to determine the NH4

+ concentration of
soil extracts, while NO3

– concentrations were measured
using a modified Griess reaction (Doane and Horwáth
2003). Both assays were conducted in 96-well micro-
plates, and absorbance was measured using a Tecan
Genios microplate reader (Tecan Group Ltd.,
Mannedorf, Switzerland) at 660 nm for NH4

+ and
540 nm for NO3

–. We calculated rates of net nitrification
and net Nmineralization as the change in NO3

– and total
inorganic N content (NH4

+ and NO3
–), respectively, that

occurred after a given time interval.
To estimate plant available N in situ, we installed ion-

exchange resins (Plant Root Simulator (PRSTM) probes;
Western Ag Innovations Inc., Saskatoon, SK) in each 30-
m sample plot in July 2011. These probes consisted of
either an anion or cation exchange resin housed within a
plastic casing. At each site, between 16 and 20 anion and
cation probes were randomly deployed by inserting each
vertically starting at the surface of the O horizon (~ 12
cm depth). After 59 days, all probes were removed
and cleaned with a coarse brush and deionized water to
remove soil debris. Probes were kept on ice during
transport and then immediately shipped to the Western
Ag Innovations, Inc. laboratory in Saskatoon, SK. Both
anion and cation exchange resins were analyzed for
NO3

–, NH4
+, and total inorganic N and were expressed

as soil N supply rates (μg 10 cm-2 burial length-1).
During the 2011 growing season, we measured the N

isotopic composition (δ15N) of red spruce needles and
of organic and mineral soil. Red spruce needles were
harvested from three randomly selected canopy trees
near the center point of each 30-m study plot using a

shotgun. To account for differences in leaf morphology
through the canopy, we sampled needles at three general
canopy heights: lower, middle, and upper. Foliar sam-
ples were dried for 48 h at 65°C and ground using a
Wiley Mill (#40 mesh). All samples were analyzed for
%N and δ15N isotopic composit ion using a
ThermoFisher Delta V+ Isotope Ratio Mass Spectrom-
eter (Central Appalachians Stable Isotope Facility, Uni-
versity of Maryland Center for Environmental Science,
Frostburg, MD). Foliar %N and δ15N were expressed as
the average N content across all canopy heights for all
trees sampled at a given site (n=9 trees).

To determine soil isotopic N content and C:N ratio,
we divided each 30-m sample plot into four quadrants
fromwhich we collected two cores (5-cm diameter) from
the organic horizon (Oe and Oa) and two cores (2.2-cm
diameter) from the upper 5 cm of the mineral horizon.
Soil samples were immediately returned to the laborato-
ry, dried for 48 h at 65°C, hand-homogenized to remove
all debris, and ground to pass a #40 mesh using a Wiley
Mill. Samples were analyzed for δ15N isotopic compo-
sition using a ThermoFisher Delta V+ Isotope Ratio
Mass Spectrometer (Central Appalachians Stable Isotope
Facility, University ofMaryland Center for Environmen-
tal Science, Frostburg, MD). A small subsample (~15
mg) of soil from each site was analyzed in triplicate for
total soil C and N content by Dumas combustion using a
NC 2500 elemental analyzer (Carlo Erba, Milan, Italy).

Statistical analysis

We compared several regression models to assess the
relative strength of several environmental factors as pre-
dictors of soil N availability in mixed red spruce forests in
the study region. In each model, we used an index of N
availability (rates of net nitrification, net Nmineralization,
soil N supply rates, foliar %N and δ15N, soil δ15N, and
soil C:N) as a response variable regressed against several
environmental predictor variables that can influence
plant-available N. The environmental variables we used
were cumulative atmospheric N deposition for the period
1985-2012 (wet and total), mean temperature (annual and
growing season, May through September), precipitation
(annual and growing season), stand age, and relative
importance of BD trees (hereafter referred to as BD
RIV). Each regression model was then compared using
Akaike’s Information Criterion (AIC) to determine the
likelihood of a particularmodel; thosemodels that yielded
the lowest AIC values were considered more likely and
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were therefore given greater statistical support. To ac-
count for low sample size (n=7 study sites), we used
corrected AIC (AICc) for all model comparisons
(Burnham and Anderson 2002). Results of this analysis
were expressed asΔAICc, which is the difference between
the AICc of the best model (ΔAICc=0) and competing
models. In cases where the ΔAICc value between two
competing models was less than two, we treated the
models as indistinguishable in terms of their ability to
predict a response in N availability. Relationships be-
tweenmeasured rates of N cycling and field-based indices
of N availability were conducted using bivariate regres-
sionmodels. All statistical analyses were performed using
SAS-JMP 10.0 (SAS Institute, Cary, NC, USA).

Results

Factors affecting N availability

Across all the potential factors we examined that could
affect short- to long-term N availability, BD RIV was the
parameter thatmost consistently explained differences inN
status at our sites (Fig. 2; Table 2). The foliar chemistry
data for spruce trees showed a positive relationship be-
tween foliar N concentration and BD RIV (p=0.016);
likewise, we observed a positive trend relating the variation
in foliar δ15N to differences in BD importance (p=0.074).
BDRIVwas also associated with medium- to long-termN
availability at these sites, as illustrated by the positive
relationships with soil δ15N (p=0.003–0.03) and negative
relationships with soil C:N (p=0.009–0.023). For each N
availability index that was significantly related to BD
importance, ΔAICc between the BD RIV model and the
Bnext best^ model ranged from 3.2 to 10.1 suggesting that
BD RIV is a much better predictor of differences in N
status at these sites compared with alternative models,
including cumulative N deposition (Table 2).

In some instances, BD RIV was not the best model to
explain the short-term variation in N cycling and avail-
ability. For example, stand age produced a better model fit
than BD RIV for our estimates of both net N mineraliza-
tion and NH4

+ supply rate; however, neither of these were
statistically significant and the models were indistinguish-
able from thosewith BDRIVas a predictor (ΔAICc=0.7–
1.7). Similarly, a non-significant relationship was found
relating net nitrification to annual precipitation, but this
was largely influenced by the only two sites that had
detectable rates of nitrification (McGowan Mountain

and Cranberry Glades). Despite the lack of a significant
response relating laboratory-measured N cycling rates
and ion resin N supply rates to differences in BD impor-
tance, we nevertheless observed significantly higher rates
of net nitrification, net N mineralization, and resin N
supply above a threshold of ~40 % BD RIV (Fig. 2).

Comparison of N availability indices

We observed strong, positive correlations between field-
based indices of soil N availability (ion resin N supply

Fig. 2 Regressions of mean net N transformation rates (± std.
error bars; n = 2), mean total dissolved inorganic N (DIN) supply
rates (measured using PRSTM probes across a 59-d burial period; ±
std. error bars; n= 5), soil and foliar δ15N composition (n = 1), and
mean soil C:N (± std. error bars; n = 3) versus cumulative inor-
ganic N in wet deposition (A, C, E, G) and relative importance
values of all broadleaf deciduous (BD) species (B, D, F, H) for
each site along the study gradient (n = 7). n.s., not significant
(p < 0.10), *, p< 0.05, **, p < 0.01
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rates, δ15N, and soil C:N) and specific soil N cycling
rates measured in laboratory incubations (Table S5). We
observed significantly greater PRS-available N in sites
where net N mineralization and nitrification rates were
high (p=0.004–0.03; Fig. S1). However, this relation-
ship is mostly driven by two sites (McGowan Mountain
and Cranberry Glades) that had significantly higher N
supply rates compared to all remaining sites (p<0.01).
Of the total inorganic N measured on PRS probes at
these two sites, approximately 71 % was in the form of
NO3

– rather than NH4
+, suggesting that the higher rates

of net nitrification at these two sites providedmore plant-
available NO3

– to be captured by the soil resins. Rates of
net mineralization rates were positively correlated with
natural 15N abundances in red spruce foliage and organic
and mineral soil (p=0.003–0.03; Fig. 3a). We also ob-
served strong negative relationships between net N min-
eralization rates and soil C:N in both the organic and
mineral horizons (p=0.0003–0.02; Fig. 3b). Similar
trends relating soil δ15N and C:N to net nitrification rates
were also observed; however, these relationships were
not as pronounced (p=0.01–0.1; Table S5).

Discussion

The Central Appalachian Mountains have historically
had moderate to high levels of N deposition; therefore,
we anticipated that N depositionwould still have a strong

association with N availability for this region. We espe-
cially expected to see this impact of N deposition on
measures of N availability that integrate over longer time
periods predating the steep declines in N deposition (e.g.
soil C:N). However, across the seven forest sites we
examined, the relative importance of BD tree species
was consistently better than N deposition and all other
environmental variables in predicting variability in N
status (Fig. 2; Table 2). In addition, the current N status
at our field sites (measured by soil N transformations)
appears to be strongly associated with the decadal-scale
development of distinct soil profiles, marked by differ-
ences in SOM quality (soil C:N) and an integrated his-
tory of N cycling (foliar and soil δ15N; Fig. 3; Table S5).
Together, our results suggest that variation in short-,
medium-, and long-term soil N status is primarily due
to the influence of forest species composition.

Tree species can have important effects on short- and
long-term soil N cycling due to differences in the quality
of aboveground litter inputs, where low quality litter
(e.g. high C:N or high lignin:N) decomposes more
slowly and accumulates more in SOM than high quality
litter (Melillo et al. 1982; Stump and Binkley 1993;
Prescott et al. 1993; Prescott 1995). In turn, these dif-
ferences in SOMquality are often tightly correlated with
short- (e.g. rates of net N mineralization; Scott and
Binkley 1997) and medium-term (e.g. δ15N in vegeta-
tion and soil; Pardo et al. 2007) indices of N cycling
across a variety of forest types. In a comparison of 30

Table 2 Comparison of corrected Akaike Information Criterion (ΔAICc) values for linear regression models of potential drivers of N
availability and indices of N availability

Model Nitr. ΔAICc

Min. Total N NH4
+ NO3

– %Nf δ15Nf δ15NOrg δ15NMin C:NOrg C:NMin

Cumulative N Deposition (wet) 5.4 4.7 4.3 5.0 4.5 8.6 4.6 13.0 7.0 10.3 7.8

Cumulative N Deposition (wet + dry) 5.6 4.8 4.5 5.3 4.6 8.0 4.8 13.0 7.0 10.3 7.8

Mean Annual Temperature 5.6 4.2 4.2 4.9 4.4 7.0 4.5 10.8 5.2 7.4 5.9

Mean Growing Season Temperature 5.3 3.7 3.4 4.3 3.6 5.9 4.2 10.1 4.7 5.8 5.0

Annual Precipitation 0 2.1 2.0 2.6 2.2 8.7 3.6 13.0 7.0 9.7 7.3

Growing Season Precipitation 1.1 2.6 1.9 2.4 2.1 8.8 3.9 13.0 7.1 9.8 7.4

Stand Age 2.9 0 1.1 0 2.0 7.4 2.1 10.1 4.3 3.2 3.3

BD Relative Importance (RIV) 3.6 0.7 0 1.7 0 0 0 0 0 0 0

R2 (best model) 0.55 0.49 0.50 0.53 0.51 0.72 0.50 0.85 0.64 0.77 0.68

p (best model) 0.055 0.078 0.077 0.062 0.072 0.016 0.074 0.003 0.030 0.009 0.023

ΔAIC values reflect the difference between the AIC of the most parsimonius model (ΔAIC=0) and competing models

Nitr., net nitrification; Min., net N mineralization; Total N/NH4
+ /NO3

– , PRSTM Total N/NH4
+ /NO3

– supply rate; %Nf, foliar %N; δ15 Nf,
foliar δ15 N; δ15 NOrg, organic soil δ

15 N; δ15NMin, mineral soil δ15N; C:NOrg, organic soil C:N; C:NMin, mineral soil C:N
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diverse forested stands in New Hampshire, Ollinger
et al. (2002) observed patterns of foliar and soil chem-
istry that were linked to differences in tree species
composition. In general, stands dominated by BD spe-
cies like sugar maple (Acer saccharum) or yellow birch
(Betula alleghaniensis) had greater soil N availability
(e.g. low soil C:N, high N transformation rates) com-
pared to stands dominated by needleleaf evergreen species
like red spruce and eastern hemlock (Tsuga canadensis).
Our results are in agreement withmany studies that show a
positive correlation between rates of soil N transformations
and increasing SOM quality (Pastor et al. 1984; Plymale
et al. 1987; Finzi et al. 1998; Thomas and Prescott 2000).
For our forest sites, approximately 67-94 % of the varia-
tion in net N mineralization and net nitrification could be
explained by soil C:N (coefficients of determination in
Table S5). Moreover, net nitrification was only detected
at sites where the C:N ratio of organic soil was below ~24,

a critical threshold by which increased net nitrification is
typically observed (McNulty et al. 1991; Lovett and Rueth
1999; Goodale and Aber 2001).

Natural abundances of stable N isotope ratios are often
positively correlated with the N cycling history of a
particular site (Högberg and Johannisson 1993; Garten
and Van Miegroet 1994; Robinson 2001). As organic
matter is decomposed by soil microbes, isotopic fraction-
ation occurs whereby enzymatic processes favor the ligh-
ter 14N isotope; as a result, the product of net N mineral-
ization and net nitrification is isotopically-depleted rela-
tive to the 15N-enriched substrate (Mariotti et al. 1981).
This is especially important for sites with a more open N
cycle, wherein the production and subsequent losses of
isotopically-light NO3

–will result in residual soil N pools
that are enriched in δ15N (Nadelhoffer and Fry 1994).
Therefore, differences in foliar and soil δ15N can be
influenced by the factors that also promote increased
net nitrification, including experimental N additions
(Pardo et al. 1998), background rates of atmospheric N
deposition (Emmett et al. 1998), and disturbance from
harvesting (Pardo et al. 2002). However, a regional-scale
analysis of foliar δ15N showed the variation in δ15N
content was best explained by local soil conditions that
regulate N availability (e.g. tree species effects on litter
and SOM quality, soil C:N, and net nitrification/mineral-
ization), not regional differences in N deposition (Pardo
et al. 2006). Our results support the findings of Pardo
et al. (2006) where the δ15N composition of soil (organic
and mineral horizons) and red spruce foliage was posi-
tively correlated with net N mineralization and nitrifica-
tion (Table S5). Likewise, the variation in δ15N at our
forest sites was best explained by differences in BD
importance rather than N deposition (Table 2).

To address why we did not observe any effects of N
deposition on N status, we present three possible expla-
nations: 1) modeled values of N deposition were inac-
curate; 2) the historic or current N deposition gradient
was not sufficiently broad to elicit a measurable re-
sponse; 3) effects of deposition are outweighed by ef-
fects of species composition on N availability. We find
little support for the first two explanations. First, our N
deposition estimates are derived from a robust and well-
validated model constructed from long-term atmospher-
ic deposition monitoring data throughout the region
(National Atmospheric Deposition Program 2014). It
is possible that our estimates of total (wet + dry) N
deposition were less precise than our estimates of wet-
only N deposition, primarily since the dataset used to

Fig. 3 Bivariate regressions of mean net N mineralization rates (±
std. error bars; n = 2) versus δ15N composition of red spruce
leaves, organic and mineral soil (a), and soil C:N content in both
the organic andmineral soil horizons (b) for each study site along a
gradient of atmospheric N deposition (n= 7). Mineralization rates
were fit against N availability indices using an exponential func-
tion. *, p< 0.05, **, p< 0.01, ***, p < 0.001
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derive estimates of dry deposition was more limited in
scope (available data ranged between 2000 and 2012)
and was interpolated over a coarser resolution (36 km
grid) compared with our estimates of wet-only deposi-
tion (dataset ranged between 1985 and 2012; 2.6 km
grid). Because of the uncertainty in dry deposition
amounts at these high elevation sites, the actual magni-
tude of these deposition estimates may be imprecise.
Nevertheless, the endpoints of this gradient are strongly
grounded by two long-running atmospheric deposition
monitoring stations, so the differences in historical N
inputs at the high elevation sites between these stations
should be proportionally consistent.

Second, although the current range of estimated N
deposition rates is likely too narrow to be detected via
changes in N status, we would expect that the four-fold
difference (2.0–8.1 kg N ka−1 y−1) in historical wet-only
N deposition rates along this gradient is sufficiently
broad to have had an influence on the N status of these
sites at one point. Moreover, other studies in high-
elevation red spruce forests have detected responses
along smaller or at least comparable deposition gradients
in the northern and southern Appalachian Mountains
(McNulty et al. 1991; Boggs et al. 2005). These studies
were conducted closer to the peak of deposition in the
1980s, so to test whether historical estimates of peak N
deposition could potentially explain our results, we ex-
amined incremental changes in accumulated and average
atmospheric N inputs for every year that data was avail-
able. Using the same model selection approach to deter-
mine potential drivers of N availability, we found that the
variation in N availability indices was still best explained
by either BD importance or stand age (ΔAICc>3.1).
Hence, our results are qualitatively unchanged because
of the recent declines in N deposition to the region.

Given that the range of estimated N deposition rates
is lower relative to the range of broadleaf abundance at
these sites, the most plausible explanation for our results
is that any potential long-term effects of atmospheric N
deposition on N status were masked by differences in
the abundance of BD species that produce high quality
aboveground litter. This has important implications for
studies seeking to assess the rate and patterns of
ecosystem recovery from declines in atmospheric N
deposition. For instance, Power et al. (2006) showed
that microbial activity and microbial biomass N
remained high 6–8 years after experimental N additions
had ceased, suggesting that N-induced shifts to soil
nutrient cycling may persist for several years after

treatment. Likewise, some studies have observed elevat-
ed N mineralization rates in plots that had received
experimental N inputs 12–14 years prior (Chen and
Högberg 2006; Clark et al. 2009). By contrast, there is
evidence from artificial roof experiments that the re-
moval of N inputs resulted in rapidly (within 1 year)
suppressed N mineralization rates via immobilization
(Koopmans et al. 1995; Corre and Lamersdorf 2004).
The variation in these ecosystem responses to reduced N
fertilization likely depends on the abiotic and biotic
factors that influence N cycling and retention. Thus,
while our study cannot presently determine the degree
to which these sites have recovered from historical
deposition, our results have shown that tree species
composition may be an overriding control on N status,
regardless of the chosen metric of N status.

The influence that the composition of tree species can
have on N status has been supported by numerous
studies (Finzi et al. 1998; Lovett and Rueth 1999;
Peterjohn et al. 1999; Christ et al. 2002; Lovett et al.
2004). For example, in a survey of 39 streams in the
Catskill Mountains, Lovett et al. (2000) found 17-fold
differences in stream-water NO3

– concentrations despite
similar topography, land use history, and atmospheric
deposition rates across the study area. The authors hy-
pothesized that differences in the relative abundance of
certain tree species could be responsible for some of the
variability that was observed. More specifically, water-
sheds with low stream-water NO3

– concentrations
tended to be dominated by either red oak (Quercus
rubra) or American beech (Fagus grandifolia); where-
as, oak was completely absent from watersheds with
high stream-water NO3

–. Since both oak and beech are
characterized as having recalcitrant litter with high
lignin:N ratios and low rates of net nitrification (Finzi
et al. 1998), this could partially explain why stream-
water NO3

– concentrations were low in these water-
sheds. In general, species producing more recalcitrant
litter (e.g. oaks, beech, and conifers) are associated with
lower NO3

– availability and losses than species that
produce more labile litter (e.g. sugar maple and birch).

While our model comparison approach reveals valu-
able insight on the effects of BD tree abundance on N
status, it does not allow us to explicitly examine the
potential influence of individual tree species at our plots.
Part of this limitation stems from the fact that many of
the species that we surveyed are not present at all of the
study sites. However, the most common BD species,
yellow birch and red maple, were found in at least five
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of the seven sites.We analyzed for potential relationships
between either yellow birch or red maple RIV and our
indices of N availability, and we only found significant
(p<0.05) relationships between yellow birch RIV and
red spruce foliar %N, δ15N of organic soil, and C:N of
organic soil. In contrast, no significant relationships were
found between red maple RIV and indices of N avail-
ability; however, this was likely due to narrow range in
red maple abundance (i.e. 0–19.9 % RIV). While the
scope of analysis is limited, it does offer support that
yellow birch is an important contributor to enhanced soil
N availability (Templer 2003; Lovett et al. 2004;
Christenson et al. 2009).

Most studies conducted along N deposition gradients
(e.g. McNulty et al. 1991; Lovett and Rueth 1999;
Boggs et al. 2005, 2007) do not explicitly include a
gradient of BD abundance; as such, comparing the
relative influence of plant functional type and
atmospheric N deposition is not possible for these
types of experiments. However, McNeil et al. (2008)
did examine differences in N status along multiple en-
vironmental gradients (e.g. N deposition, species com-
position, climate, stand history, and geology) in
Adirondack Park, New York. The results of this analysis
showed that across a N deposition gradient of similar
magnitude (i.e. ~4.5–7.5 kg N ha-1 yr-1), the variation in
canopy N and soil C:N was still largely associated with
differences in species composition. However, when an-
alyzed on an individual species basis, N deposition was
a significant predictor for changes in foliar N, suggest-
ing that deposition effects may be evident within the N
status of individual tree species (McNeil et al. 2012).
Moreover, a recent meta-analysis of 30 N addition ex-
periments showed that mycorrhizal association was a
strong predictor of forest responses to deposition
(Midgley and Phillips 2014). The results of this study
lend further support to the idea that species composition
(and perhaps their mycorrhizal associations) remains an
important control on ecosystem N status, even in studies
where N is added in severe excess of background rates.

Given the association between tree species composi-
tion and patterns of N availability, it is expected that
future changes in BD importance will also have a con-
siderable impact on ecosystem N status, particularly if
these BD species include those with easily mineralizable
litter like maple or birch (Templer 2003; Lovett et al.
2004). We can consider two possible scenarios: 1) a BD
forest is converted to a spruce forest; and 2) a red spruce
forest is gradually replaced by encroaching BD species.

In a study conducted by Kelly et al. (2011), soil N
cycling rates were compared between two adjacent wa-
tersheds in the Fernow Experimental Forest. Both wa-
tersheds originally contained a mix of BD species but
were clearcut and managed with herbicide between
1964 and 1969; one of the watersheds (WS 6) was
replanted with Norway spruce (Picea abies) while the
other (WS 7) was allowed to regenerate as a BD forest.
Despite similar aspect, topography, and climate between
the two watersheds, the BD forest had nitrification rates
that were nine times greater than the spruce forest (Kelly
et al. 2011). Accordingly, stream NO3

– export also
significantly differed between the two watersheds, with
mean annual rates that were two orders of magnitude
higher in the BD forest compared to the spruce forest
(Kelly 2010). Based on this evidence, we can assume
that encroachment by BD tree species into spruce-fir
forests of the Central Appalachians will also have sig-
nificant consequences for C and N pools. There is some
evidence that red spruce forests have been pushed to
higher elevations in response to climate warming
(Hamburg and Cogbill 1988); as such, red spruce has
been predicted to disappear from West Virginia under
future climatic stress (Prasad et al. 2007; Iverson et al.
2008). In addition to the substantial release of C into the
atmosphere from the decomposition of SOM (Lal
2005), the replacement of red spruce dominated forests
by BD species (especially maple or birch) is likely to be
accompanied by significant increases in N status, with
possible adverse effects on N loading to surface waters.

Conclusion

In this study conducted in seven red spruce forests in the
Central Appalachian Mountains, we found strong co-
variation between multiple indicators of N availability
that integrate over seasonal to decadal time scales. To
assess the relative importance of environmental factors
causing these consistent site-level differences in N avail-
ability, we used a model selection approach. We found
robust evidence that the site-level importance of BD tree
species was a better predictor of N status than all other
environmental factors, including historically moderate to
high rates of atmospheric N deposition. Although red
spruce trees are well represented at all sites, the increased
importance of BD tree species, and their associated
litterfall characteristics, had a significant positive effect
on ecosystem N status. As such, any observable legacy

Plant Soil (2016) 408:343–356 353



effects on soil N availability from atmospheric N depo-
sition was likely obscured by the influence of BD tree
species; however, this does not preclude the potential
importance of atmospheric N deposition onN availability
in temperate forests of the Central Appalachian Moun-
tains. Thus, this study adds strong support to the idea that
predicting forest responses to changes in anthropogenic
N inputs will require a strong understanding of the role of
tree species as a primary control on ecosystem N status,
particularly in forests with mixed species composition.
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