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Regional assessment of N saturation using foliar and root §'°N

L. H. PARDO"*, P. H. TEMPLER?, C. L. GOODALE?, S. DUKE* P. M. GROFFMAN?,

M. B. ADAMS®, P. BOECKX’, J. BOGGS?, J. CAMPBELL’, B. COLMAN!'’, J. COMPTON!!,
B. EMMETT!%, P. GUNDERSEN"?, J. KIGNAAS'", G. LOVETT?, M. MACK ">, A. MAGILL'®,
M. MBILA!", M. J. MITCHELL'®, G. McGEE'®, S. McNULTY?®, K. NADELHOFFER",

S. OLLINGER'S, D. ROSS?, H. RUETH?!, L. RUSTAD’, P. SCHABERG!, S. SCHIFF?*,

P. SCHLEPPI?, J. SPOELSTRA?* and W. WESSEL**

"Northeastern Research Station, USDA Forest Service, P.O. Box 968, Burlington, VT 05402, USA; >Department of Biology, Boston
University, Boston, MA 02215, USA; *Department of Ecology & Evolutionary Biology, Cornell University, Ithaca, NY 14853, USA;
4Agricullural Research Service, College Station, TX 77845, USA, SInstitute of Ecosystem Studies, Millbrook, NY 12545, USA; USDA
Forest Service, Parsons, WV 26287-0404, USA; 7University of Ghent, GentB-9000, Ghent, Belgium; 8USDA Forest Service, Raleigh, NC
27606, USA; *USDA Forest Service, Durham, NH 03824-0640, USA; '°University of California, Santa Barbara, CA 93106-9610, USA;
""US Environmental Protection Agency, Corvallis, OR 97333-4902, USA; 12Cem‘ref0r Ecology and Hydrology, Bangor, LL57 2UP, UK,
3Danish Centre for Forest, Landscape and Planning, Horsholm, KVL DK-2970, DK; *Norwegian Forest Research Institute, AasN-1432,
Aas, Norway; “University of Florida, Gainesville, FL 32611, USA; 'University of New Hampshire, Durham, NH 03824, USA;
Y Alabama A&M University, Normal, AL 35762, USA; BSUNY School of Environmental Science and Forestry, Syracuse, NY 13210,
USA; "°The University of Michigan, Ann Arbor, MI 48109-1048, USA; *°University of Vermont, Burlington, VT 05405, USA; *'Grand
Valley State University, Allendale, M1 49401, USA; 22University of Waterloo, Waterloo, Ontario N2L 3Gl1, Canada; 2 Swiss Federal
Institute for Forest, Snow and Landscape Research, CH-8903, Birmensdorf, Switzerland; **University of Amsterdam, Amsterdam, 1018
WV, Amsterdam NL; *Author for correspondence (e-mail: Ipardo@fs.fed.us; phone: +1-802-951-6771 Ext.1330; fax:
+1-802-951-6368)

Received 22 May 2005; accepted in revised form 26 January 2006

Key words: >N, Fine roots, Forests, N deposition, Natural abundance

Abstract. N saturation induced by atmospheric N deposition can have serious consequences for forest health in many regions. In order
to evaluate whether foliar '’N may be a robust, regional-scale measure of the onset of N saturation in forest ecosystems, we
assembled a large dataset on atmospheric N deposition, foliar and root 6"°N and N concentration, soil C:N, mineralization and
nitrification. The dataset included sites in northeastern North America, Colorado, Alaska, southern Chile and Europe. Local drivers
of N cycling (net nitrification and mineralization, and forest floor and soil C:N) were more closely coupled with foliar '*N than the
regional driver of N deposition. Foliar 6'°N increased non-linearly with nitrification:mineralization ratio and decreased with forest
floor C:N. Foliar 6"°N was more strongly related to nitrification rates than was foliar N concentration, but concentration was more
strongly correlated with N deposition. Root 6'°N was more tightly coupled to forest floor properties than was foliar 6"°N. We
observed a pattern of decreasing foliar 3N values across the following species: American beech > yellow birch > sugar maple. Other
factors that affected foliar 6'°N included species composition and climate. Relationships between foliar 8'°N and soil variables were
stronger when analyzed on a species by species basis than when many species were lumped. European sites showed distinct patterns of
lower foliar 3'°N, due to the importance of ammonium deposition in this region. Our results suggest that examining 6'°N values of
foliage may improve understanding of how forests respond to the cascading effects of N deposition.

Introduction

Nitrogen saturation is the process by which chronically elevated N inputs alter forest ecosystems, ulti-
mately resulting in increases in ecosystem N loss (Aber et al. 1989; 1998). N saturation can result in
detrimental plant responses and have serious consequences for forest health (Nihlgard 1985; Aber et al.
1989; Schaberg et al. 2002) and may impact forests in many regions (Dise et al. 1998; Aber et al. 2003).
Therefore, developing indicators useful for determining whether a forest is at N saturation and for pre-
dicting when a forest is nearing N saturation is valuable. Such indicators would facilitate both forest
management and understanding of N cycling in forest ecosystems.
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Aber et al. (1998) describe several stages of N saturation. Prior to N saturation (when N is limiting),
net N mineralization rate approximately matches plant and microbial N uptake demands, and N
leaching and gaseous losses are negligible. Stage 1 includes increasing N mineralization, slight increases
in foliar N concentration, followed by increases in foliar biomass, increasing net nitrification and nitrate
leaching. Stage 2 includes elevated nitrification and nitrate leaching, elevated foliar N concentration and
foliar biomass. Stage 3 includes continued high nitrification, nitrate leaching and gaseous N losses, and
declines in NPP and foliar biomass, and a plateau in foliar N concentration. Stoddard (1994) identified
similar stages for surface waters draining forested catchments. Transitions from one stage to another may
be gradual.

In order to better understand N saturation in forest ecosystems, it is critical to be able to identify
when short-term disruptions or chronic shifts in N cycling occur within an ecosystem. Of particular
interest are shifts that occur early in the process of N saturation—before nitrate or other N losses are
detected—when the internal N cycle begins to shift from a closed N cycle with little N loss (when
microbial and vegetation N cycling are closely coupled) toward an open, leaky N cycle with substantial
N losses (stage 2 N saturation, when microbial and plant N cycling become decoupled; Aber et al.
1998; Corre et al. 2003).

A second challenge in evaluating N saturation is identifying symptoms of saturation over large areas.
Atmospheric deposition is a regional-scale phenomenon, but most forest N cycle studies are done at the
plot or watershed scale. Plot studies have documented changes in N cycling with deposition (e.g.
Nitrogen Saturation Experiments project, NITREX, in coniferous forests in Europe; Tietema et al. 1998)
and recent work in the northeastern U.S. demonstrated a pattern of increasing stream water nitrate
concentration across a regional N deposition gradient (Aber et al. 2003). However, intensive assessments
that include detailed measurements of N cycling processes are difficult to conduct at multiple sites on a
broad scale.

In this paper, we investigate the idea that foliar 6'°N may be a robust, regional-scale measure of the onset
of N saturation in forest ecosystems. Stable isotopes of nitrogen are a powerful tool for evaluating N
cycling because of their ability to integrate over time and space (Nadelhoffer and Fry 1994). Recent studies
have included the use of isotopic tracers; in this study, we evaluated the natural abundance of '>N. We
report all isotope data as d'°N values, which represent the per mil (%) difference between the isotopic
composition of the sample and that of atmospheric dinitrogen:

515N = [(Rsamp]e/Rstandard) - 1] % 1000 (1)

where Rgample T€presents the sample isotope ratio (""N/MN), and Ryandara is "°N/™N for atmospheric N, or
0.0036765. Isotopic fractionation occurs during enzymatic and other biological processes, discriminating
against the heavier '’N when chemical bonds are broken, such that the product generally has a lower ratio
of '>N/"N than the remaining substrate (Mariotti et al. 1981; Robinson 2001). During nitrification, the
nitrate produced is depleted in '°N relative to the ammonium substrate, so that in ecosystems with high
nitrification and nitrate loss, the remaining N pools become enriched in >N (Nadelhoffer and Fry 1994).
These residual N pools include soil, vegetation and inorganic N pools (NH; and NO3Y). Denitrification is
also strongly fractionating (Hiibner 1986) and, at sites where it is significant, causes similar enrichment in
the remaining N pools (Piccolo et al. 1994).

We hypothesized that foliar 6"°N would respond to N saturation because previous studies have dem-
onstrated that as forest floor C:N declines below about 23 due to N saturation, nitrification increases (Dise
et al. 1998; Goodale and Aber 2001; Ollinger et al. 2002). Other studies have shown increases in foliar '°N
(natural abundance) in response to changes in N cycling including increased nitrification (and loss of '*N-
depleted nitrate) following clear-cutting (Pardo et al. 2002), along an N deposition gradient (Emmett et al.
1998; Pardo et al. 2003), with N additions (Hogberg and Johanisson 1993; Pardo et al. 1998), and with
heavy industrial N pollution (Gebauer and Schulze 1991; Gebauer et al. 1994; Jung et al. 1997). When
nitrification increases and '’N-depleted nitrate is exported from the ecosystem, the N remaining in the
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ecosystem (including N available for plant uptake) is enriched in '>N. For example, at the Hubbard Brook
Experimental Forest (HBEF), we observed an increase of 1 — 29, in forest floor and 3.59, in foliage
immediately after clearcutting which significantly increased nitrification and nitrate loss. Small increases in
819N can indicate major changes in N cycling. It has also been observed that ecosystems with more open N
cycles tend to show '°N enrichment in plants and soils (Gebauer and Schulze 1991; Martinelli et al. 1999).
Furthermore, foliar N concentration varies from year to year (Hughes and Fahey 1994), with position in
the crown (van den Driessche 1974), and with leaf age (Jach and Ceulemans 2000). Therefore, we
hypothesized that foliar 6'°N, would be useful for regional-scale assessment of N saturation in forest
ecosystems, and would be more useful than foliar N concentration alone. However, using measurements of
both foliar "°N and N concentration may provide the clearest assessment of ecosystem N status, as is often
the case with multiple ecosystem measures.

A major advantage of foliar 6'"°N for regional-scale assessment of N saturation is that it is readily
measured at large numbers of sites and is a fairly robust measure (i.c., differences in sampling protocol may
not be important). For example, Pardo et al. (2002) observed no differences between litter and leaf >N
and negligible year-to-year variability (in the absence of disturbance) at the HBEF over 12 years. Some
work has suggested that foliar 6'°N may vary through the growing season for hardwoods, particularly with
significant changes in precipitation and soil moisture (Handley et al. 1999); others have reported for
conifers that no seasonal patterns in foliar 8'°N were observed (Jung et al. 1997). However such variability
was clearly not a factor in HBEF longitudinal study, since the samples were not collected at exactly the
same point each year. Further work at seven sites across the northeastern U.S. found no difference between
foliar 6N of current year needles and needles from all age classes combined (Pardo et al. 2003).

Plant species can affect N cycling patterns and, similarly, may influence foliar 6'°N values. Species
differences in foliar 6'°N have been reported broadly (Hégberg 1990; Michelson et al. 1998; Hobbie et al.
2000). Some studies have reported that conifers tend to have lower 6'°N than hardwoods, others have
reported no difference (Gebauer and Dietrich 1993). Also, in several studies, strong and consistent patterns
of the relative foliar 6'"°N value by species have been reported (Nadelhoffer et al. 1996; Templer 2001;
Miller and Bowman 2002; Pardo et al. 2002). One factor that may influence species patterns of foliar 6'°N
is mycorrhizal association. Previous research has also shown that, in some ecosystems, plant association
with mycorrhizal fungi regulates the plant 6'°N value, such that, within a site plant 6'"°N varies with
mycorrhizal association: ectomycorrhizal fungi <arbuscular mycorrhizae < non-mycorrhizal (Michelsen
et al. 1998; Schmidt and Stewart 2003).

In addition to evaluating the use of foliar 6'"°N as a measure of N saturation, we tested hypotheses about
root 8'°N and N saturation. Templer (2001) found a significantly stronger relationship between root 6'°N
and soil N cycling rates compared to foliar 6'°N and N cycling rates in forested stands of the Catskill
Mountains, NY. Few other studies have examined root 8'°N, but we expected that we might find an even
stronger relationship between root 8'°N (compared to foliar 8'>N) and soil N cycling rates since there is a
more direct connection between roots and '*N-enrichment processes driven by nitrification, i.e. fewer plant
processes occur before the N is assimilated, and possibly discriminated against (Handley and Raven 1992)
in tissue.

The objective of this study was to evaluate foliar 6'°N as a tool for assessing N saturation on the regional
scale. To accomplish this objective, we assembled and analyzed foliar samples and data from a large
number of studies as part of a project of the Northeastern Ecosystem Research Cooperative (NERC;
http://www.ecostudies.org/nerc). NERC supports a range of activities devoted to analysis and synthesis of
pressing questions in forest ecology (including N saturation) in the northeastern U.S./southeastern Canada
region. We tested the following hypotheses:

Foliar 6'°N increases with net nitrification:mineralization.

Foliar 6"°N decreases with forest floor C:N.

Foliar 6'°N increases with N deposition.

Foliar 6'°N has a stronger relationship than foliar N concentration with nitrification rates.
Root 8'°N is more tightly coupled to forest floor or soil properties than is foliar §'>N.

A e
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Site description and methods
General site and data description

We assembled a large dataset of foliar 6'°N data coupled with information on soil C:N and N cycling. Most
of the data were from northeastern North America; however, the dataset also included data from Colo-
rado, Alaska, southern Chile and Europe (Figure 1, Table 1). In order to evaluate whether root 6"°N
values could also be used to assess N cycling and N saturation, we assembled root 6'°N data from a subset
of the same dataset (identified in Table 1). In most cases, collaborators provided us with foliar samples,
which we prepared for 6'°N analysis at the Center for Stable Isotope Biogeochemistry at University of
California, Berkeley (CSIB); these foliar samples are identified in Table 1. Root 6'"°N data were provided
by the collaborators. Roots were not separated by species, although in most cases they were collected from
plots dominated by a single species. Roots included in the analysis were fine roots, less than 6 mm in
diameter, collected from the forest floor. Sample collection and preparation methods varied among studies
(see Table 1 for references).

Analytical methods

Foliar samples identified in Table 1 were pulverized in a shatterbox (SPEX Chemical and Sample Prep,
model 8500), oven dried at 65 °C and loaded into tin capsules for isotope analysis. Isotopic analyses were

0 250 500 km P o 1,000 2,000km[~  ©

Figure 1. Site locations.
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performed using a Dumas combustion system in continuous flow mode (ANCA-SL Elemental Analyzer)
followed by a PDZ Europa Scientific 20/20 mass spectrometer (CSIB). The standard deviation of the 10%
of samples analyzed in triplicate was 0.139,; the precision of the analysis for National Institute of Stan-
dards and Technology apple leaf standard, NIST 1515, (mean 6'°N = 0.71%,) used as an internal standard
was £0.149%, (SD).

Methods issues

In assembling a large dataset from diverse sites, concerns may arise about differences in sampling and
analytical methodologies. The purpose of this synthesis was to evaluate whether it was possible to
observe trends in foliar 6'°N data on the regional scale. For such an approach to be practical, it would
need to be robust for different sampling and analytical methods. Nonetheless, for purposes of this
analysis, we tried to minimize the differences in analytical method by analyzing most foliar samples
(86% of samples) on the same instrument and using the same internal standard with each run.

Estimates of N deposition (wet + dry inorganic N) for sites in the northeastern U.S. were standardized by
use of a statistical model of atmospheric deposition, ClimCalc, described by Ollinger et al. (1993), which
estimates wet and dry deposition as a function of latitude, longitude, and clevation. This model was
modified slightly by use of updated dry deposition coefficients indicated by Lovett and Rueth (1999), a
modification also used in the assessment of N deposition effects compiled by Aber et al. (2003). Rates of N
deposition for sites outside of the Northeast were provided by collaborators, as the best available estimate
of wet + dry inorganic N deposition for sites in North and South America and throughfall N for European
sites, where separate measures of dry and wet deposition were not available. Temperature (mean annual)
and precipitation estimates for sites in the northeastern U.S. were calculated using ClimCalc; these esti-
mates are based on data from the period 1951-1980. Temperature and precipitation data were provided by
collaborators for some of the other sites.

Information on rates of soil N cycling and C:N ratio were provided by collaborators who used a range of
methods (Table 1). The majority of sites had short-term lab-based estimates of net N mineralization and
nitrification. Many others had annual (sequential) in situ measurements. Some sites used both approaches,
and others (60 plots in the White Mountains, NH) extrapolated annual estimates from lab measurements
based on field/lab relationships determined at a subset of sites (Goodale and Aber 2001; Ollinger et al. 2002).
Differences in sample handling and analysis in the measurement of net nitrification and N mineralization can
sometimes be normalized by using the ratio of nitrification to mineralization rather than rates of either process
(e.g. Aberet al. 2003). The datasets from different studies were not always parallel with respect to: (1) the scale
of the study (plot-scale and watershed scale); (2) which soil horizons were included (we grouped data as forest
floor or mineral soil); (3) timing of the study (which year and which season); and (4) whether foliar and soil N
cycling samples were collected in the same year. Eighty percent of foliar samples were collected between 1995—
2000; the dataset ranged from 1987-2001.

Data handling

Data were separated for analysis when there were known differences between particular parameters. For
example, conifers and hardwoods were analyzed separately, because conifers often have lower foliar §'°N
values than hardwoods (Pardo 1999). Fresh, green foliage was separated from litter in any analysis that
included foliar N concentration, as retranslocation may alter N concentration in litter; they were not
separated for analyses of foliar §'°N, because we observed no difference between litter and green leaf foliar
0N in a previous study (Pardo et al. 2002). The method used for measuring nitrification and minerali-
zation can have a marked impact on the rate estimated. Because of this potential variation, we separated
estimates of nitrification and mineralization into two categories: (1) year-long measurements (often in situ)
or estimates expressed per area (kg N ha™! y™'), and (2) laboratory incubations that were either done for a
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single time period or sequential incubations (expressed on a per mass basis; mg N kg™' y™"). Sites with
recent disturbance or fertilization were excluded from this analysis.

Statistical methods

We calculated plot-wise means by species and used these values for all of our general statistical analysis in
order to minimize pseudo-replication. This aggregation lumped the 2867 foliar samples into 1167 species-
level means for 594 plots, with 1-8 species per plot. The 61 root samples were lumped into 19 means for 13
plots. We used non-parametric methods, because they are appropriate for non-linear relationships. In most
cases, the data were not normally distributed, even after conventional transformations (e.g., log transfor-
mation). We examined the potential relationships between 6'°N, %N and C:N in foliage, '°N in roots and
N deposition, C:N, nitrification, mineralization and nitrification:mineralization for forest floor and mineral
soil using Spearman’s Rank Correlation Analysis (¢ = 0.05). The same correlation analyses were conducted
with the data aggregated in different ways: to evaluate species patterns (by species), by plot (overall mean
with species lumped), by site, type of potential mycorrhizal association, scale of study (plot vs. watershed),
and whether foliar and nitrification samples were collected in the same year.

For foliar 4'°N, we also evaluated correlations with mean annual temperature, precipitation and ele-
vation using Spearman’s Rank Correlation Analysis (¢ = 0.05). For root 0N, we also evaluated the
correlations with 6'°N and %N in foliage, and 6" N and soil solution ammonium and nitrate in the forest
floor using Spearman’s Rank Correlation (o = 0.05). All statistical analyses were performed using SAS
software (Version 9.0) and SAS JMP software (Version 3.2.5, 1999).

Results
Foliar 6" N patterns

Nitrification and mineralization

The strongest relationships we observed in this dataset were for foliar 8'°N increasing non-linearly with
forest floor nitrification rates and nitrification:mineralization ratios (both conifer and hardwood
p<0.0001; Table 2; Figure 2a, b). For conifers, the Spearman rank correlation coefficient for foliar SN
with forest floor nitrification (annual area basis) was 0.77 for all regions and for the northeastern U.S.
(Table 2); and for foliar '°N with forest floor nitrification:mineralization, the Spearman rank correlation
coefficient was 0.61 for all regions and 0.83 for the northeastern U.S. (Table 2). For conifers, the corre-
lations with nitrification (per mass basis) were similar (~0.46) for the northeastern U.S. and all regions
combined (Table 2).

The correlation between hardwood foliar 6'°N and forest floor nitrification was stronger for the
northeastern U.S. (0.33 for mg kg™' d™' and 0.42 for kg ha™! y™') than for all regions combined (Table 2).
Similarly, the relationship between foliar 6'°N and forest floor nitrification:mineralization was stronger for
the northeastern U.S. (0.47) than it was for all regions combined (Table 2). Relationships between foliar
0N and forest floor N mineralization were weaker than for nitrification, and often not significant for
year-long mineralization values for both conifers and hardwoods (Table 2).

Foliar 6"°N also increased with mineral soil nitrification and nitrification:mineralization. The Spearman
rank correlation coefficients for conifers were higher than for hardwoods (Table 2), and, for conifers, were
often lower than the coefficients for correlations between foliar 6'°N and forest floor N cycling measures.
The strongest correlations were found between conifer foliar 6'°N and mineral soil nitrification (per mass
basis) which was 0.75 for all regions and 0.67 for the northeastern U.S. alone (Table 2); and for conifer
foliar 6"°N with forest floor nitrification:mineralization, the Spearman rank correlation coefficient was
approximately 0.7 (Table 2).
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Figure 2. Foliar 6N and %N vs. forest floor nitrification:mineralization for hardwoods and conifers.

Forest floor and mineral soil C:N and "> N

Foliar 6"°N decreased with increasing forest floor C:N (Figure 3b, d). For the combined dataset, the
Spearman rank correlation coefficient was —0.51 for conifers and —0.37 for hardwood leaves; for the
northeastern U.S., the Spearman rank correlation coefficient was —0.51 for conifer and —0.44 for hard-
wood leaves (for all correlations, p <0.0001; Table 2).

Foliar 6"°N also decreased with mineral soil C:N although the correlations were weaker than with forest
floor C:N (Table 2). In general, the relationship between foliar 8'°N and C:N was stronger within the
northeastern U.S. region than for all regions combined.

Foliar 6N in hardwoods was generally lower than forest floor 8'°N (Figure 3a), except for the European
sites. Foliar '°N in conifers was similar to or lower than forest floor 8'°N (Figure 3c; data are near or below
the 1:1 line).

N deposition

Foliar 6'°N generally increased with increasing N deposition (Figures 4a and 4b). This trend was significant
across all regions, with relatively weak Spearman rank correlation coefficients of 0.32 for conifer and 0.15
for hardwood leaves; p <0.0001 and p=0.002, respectively (Table 2). Considering just the northeastern
U.S., the Spearman rank correlation coefficients were similar or slightly lower (0.28 for conifers and 0.17 for
hardwood leaves) than for the global dataset (Table 2).

Foliar N concentration patterns

For all measures of local forest floor and mineral soil N cycling and C:N, except forest floor mineralization,
foliar 0'°N showed considerably stronger relationships than did foliar N concentration (Table 2). In
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Figure 3. Foliar 8'*N vs. forest floor 6'°N and C:N for hardwoods and conifers.

general, however, patterns of foliar N concentration with N deposition were stronger than patterns of foliar
0N with N deposition (Figure 4; Table 2).

Species analysis

In general, the strongest correlations between foliar 8'°N and other measures were for red spruce (Picea
rubens), and, amongst the hardwoods, for red maple (Acer rubrum) and yellow birch (Betula alleghaniensis;
Table 3; Figures 5 and 6). The strength of these relationships may have been a function of the availability
of data across the region, with some species (e.g. red spruce and red maple) occurring over a broader range
of the measured variables than other species (Figure 6).

In order to assess differences in foliar §'°N values among species for American beech (Fagus grandifolia),
yellow birch and sugar maple (Acer saccharum), we evaluated plots where all three species were present (21
plots for leaves and 44 for litter). We observed a pattern in most plots where species 6'°N rankings for
green leaves were sugar maple <yellow birch <beech. In 20 of the 21 plots where all three species were
present, sugar maple had the lowest foliar 6'°N value. In 18 of the 21 plots, beech had the highest '°N
values; in the other 2 plots yellow birch values were similar to those of beech. For 17 additional plots, we
had data only for two of the three species, in each of these cases sugar maple had the lowest foliar 6'°N,
although foliar 5'°N ranged from —5 to 0%,. For the 52 plots for which we had litter data, there were only 2
instances where the sugar maple 6'°N was higher than the beech 6'°N, and 6 instances where sugar maple
019N was higher than yellow birch 6'°N.
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Mycorrhizal associations

In order to evaluate the possible effects of mycorrhizal associations, we compared the correlations between
foliar 6"°N and N deposition and between foliar "°N and N cycling measures for tree species that form
ectomycorrhizal associations to those that form arbuscular mycorrhizal associations. Statistical analyses
indicate that for trees with ectomycorrhizal association, foliar 5N is not correlated with N deposition, but
for tree species with arbuscular mycorrhizal associations (sugar and red maple), the Spearman rank cor-
relation coefficient was 0.42. Foliar '°N is more strongly correlated with forest floor C:N for ectomy-
corrhizal species (—0.52) than for arbuscular mycorrhizal species (—0.37). However, the species with
arbuscular mycorrhizal associations are the maples, so it may be that the tighter correlation of a single
species might be driving the stronger correlations. We observed that, contrary to previously reported
patterns for arctic and tropical ecosystems (Michelsen et al. 1998; Schmidt and Stewart 2003), ectomy-
corrhizal species had higher foliar §'°N than arbuscular mycorrhizal species.

Issues of scale in data analysis and sample collection

Aggregated at the plot scale

When the data are aggregated at the plot scale (for each plot, a single mean foliar >N is calculated that
combines all species measured), the strongest relationships with foliar 6'°N are observed for nitrification
and for forest floor 6"°N and C:N (Table 4). Similarly, when the data are aggregated at the site scale (for
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Figure 5. Foliar 6'°N vs. foliar %N for fresh leaves by species for sites in the Northeastern U.S.

each site, a single mean foliar '°N is calculated combining all species and all plots), the strongest rela-
tionships are foliar 6'°N with nitrification, mineralization, and forest floor 6"°N (0.70; Table 4).

Watershed vs. plot scale study

Another potentially significant methodological issue is the scale at which the data were collected. For
most studies included in this analysis, the data were collected at the plot scale. However, a number of
watershed scale studies were also included; the foliar and soil data in these studies integrate a much
larger area. For hardwood leaves, the correlation of foliar d'°N to N deposition was stronger for
watershed-scale (0.36) than plot-scale studies (0.18); the correlation of foliar 8'°N to C:N was stronger
for plot-scale studies (~0.43; Table 5).

Same year for soil and foliar sample collection

In addition to questions about spatial scale of sampling and analysis, timescale can have a significant effect
on the strength of the correlations observed. Therefore, we tried to assess whether plots for which foliar and
nitrification samples were collected within one year (same year) had tighter relationships than those plots
where they were collected in different years (soil C:N was not included, because we assumed changes in soil
C and N pools would be slow and not detectable).

For the correlation between foliar 8'°N and nitrification:mineralization (mg kg™' d™"), for hardwoods,
the “different year” plots had a higher correlation coefficient (0.42) compared to the ““‘same year’ plots
(0.23); for conifers, the correlation coefficients were similar (0.42). For plots where foliar and nitrification
samples were collected in the same year, correlations between foliar 6"°N and N deposition or forest floor
C:N were consistently higher. Because the year of sample collection should not affect the correlations
between foliar 6"°N and N deposition or forest floor C:N, these results may suggest that the two datasets
are not similar enough to attempt this comparison.

Mean annual temperature, precipitation and elevation

We evaluated several climate-related parameters (mean annual temperature, MAT; precipitation; and ele-
vation) to determine whether differences amongst these parameters could explain any of the variability we
observed (Table 6). For all regions combined, the only significant correlation for foliar 6'°N was a positive
correlation with precipitation for conifers (0.43) and for hardwoods (0.13). For the northeastern U.S. sites,
foliar 6"°N was more weakly correlated to precipitation; for hardwoods, the Spearman rank correlation
coefficient was 0.11 and for conifers, it was 0.25. Correlations of foliar "N with temperature and elevation
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Figure 6. Foliar 8"°N vs. forest floor C:N and nitrification:mineralization and mineral soil nitrification:mineralization by species for
sites in the Northeastern U.S.

were not significant, (except a correlation of —0.10 for conifers in the Northeast). Foliar N concentration for
hardwoods in the northeastern U.S. was correlated with precipitation (0.45) and temperature (—0.47); for
conifers, the correlations are considerably weaker, 0.19 and —0.13, respectively (Table 6). For hardwoods
from all regions combined, the correlations between foliar N concentration and precipitation (0.39) and
temperature (—0.41), were weaker than for the Northeast. For conifers, the correlation with precipitation
was stronger (0.26) and there was no significant relationship with temperature.

Enrichment factor

The enrichment factor, defined as 0" Niyjiar — 0" Niineral soil, 18 @ method of normalizing for the spatial
heterogeneity in mineral soil 8'°N values. Most of these relationships are very weak/non-significant. The
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Table 4. Statistical summary of correlation analysis for foliar §'>N with N deposition and forest floor N cycling measures aggregated

by plot and site.

Aggregated by plot 8'°N

Aggregated by site 6'°N

N deposition, kg ha™! y!

Forest Floor, 6"°N_1

Forest Floor, 515N_2

Forest Floor, C:N

Forest Floor, Nitrification, mg kg™' d™!

Forest Floor, Nitrification, kg ha™' y™'

Forest Floor, Mineralization, mg kg™ d'

Forest Floor, Mineralization, kg ha™!

Forest Floor, Nit:Min, mg kg™' d™!

Forest Floor, Nit:Min, kg ha™!y™!

y—l

0.27
<0.0001
497
0.67
<0.0001
108
0.30
0.04
50
-0.53
<0.0001
361
0.51
<0.0001
417
0.51
<0.0001
85
0.37
<0.0001
413
0.45
<0.0001
85
0.45
<0.0001
413
0.42
<0.0001
84

0.085
0.4
98

0.70
<0.0001
31
0.63
0.07
9

-0.49

<0.0001
92
0.63
<0.0001
72
0.53
<0.0001
50
0.56
<0.0001
72
0.59
<0.0001
50
0.52
<0.0001
72
0.27
0.06
49

The table includes Spearman rank correlation coefficients, p, and number of observations; significant correlations are in bold type

(o0 = 0.05). Samples are fresh foliage and litter.

Table 5. Statistical summary of correlation analysis for foliar "N with N deposition and forest floor N cycling measures analyzed

by plot and by watershed.

NE U.S. Hardwood

NE U.S. Conifer

Plot 6'°N Watershed 6'°N Plot 6'°N Watershed 6"°N
N deposition, kg ha™' y™! 0.18 0.36 0.29 -0.34
<0.0001 <0.0008 <0.0001 0.3
573 85 438 12
Forest Floor, C:N -0.40 0.33 —0.45 0.23
<0.0001 0.01 <0.0001 0.5
391 59 290 10
Forest Floor, Nit:Min, mg kg™' d™! 0.30 0.41
<0.0001 . <0.0001 .
502 0 384 0
Forest Floor, Nit:Min, kg ha™' y™! 0.47 0.83
<0.0001 . <0.0001 .
162 0 37 0

The table includes Spearman rank correlation coefficients, p, and number of observations;
(o = 0.05). Samples are fresh foliage and litter from sites in the Northeastern U.S.

significant correlations are in bold type
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only strong patterns were the relationships of the enrichment factor with litterfall N for the NITREX sites
in Europe which are discussed in Emmett et al. (1998).

Root 5" N results

In general, fine root 6'°N correlated strongly with other measures of plant N, N deposition and many
measures of N cycling. For example, fine root "N was strongly correlated to foliar 6"°N (r=0.75;
p=0.0005; Figure 7a) and with foliar N concentration (r=0.65; p=0.005; Figure 7c). Fine root 6"°N was
also positively correlated with d'°N of the forest floor (r=0.71; p=0.004; Figure 7b). The inverse rela-
tionship between fine root 6'°N and forest floor C:N ratio was significant (r=—-0.55; p=0.04; Figure 7g).
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Figure 7. Fine root 8'°N vs. foliar 8'>N and %N, forest floor nitrification, nitrification:mineralization and C:N and N and
ammonium deposition.



Table 7. Summary of results: relationship between fine root 6N and other variables.
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Root §"°N Root §"°N
Forest Floor Mineral Soil
Foliar §""'N 0.75 BN 0.71 -0.23
0.0005 0.004 0.5
17 14 13
Foliar % N 0.65 C:N —-0.55 -0.30
0.005 0.04 0.2
17 17 17
N Deposition, 0.69 Nit:Min 0.73 0.16
kg ha™! y™! 0.002 0.003 0.6
17 14 14
NO; Deposition, 0.73 Mineralization, 0.56 0.35
kg ha™'y™! 0.003 mg kg™ d7! 0.04 0.2
14 14 14
NH,4 Deposition, 0.32 Nitrification, 0.76 0.25
kg ha 'y 0.3 mg kg™' d”! 0.002 0.4
14 14 14
N Pool Mean —-0.064
0.9
11
Soil Solution -0.12
NO;, pmol 17! 0.7
15
Soil Solution 0.32
NH,, pmol 17! 0.2
15
Soil Solution, -0.53
NO;:(NO5 + NHy), pmol 17! 0.04
15

The table includes Spearman rank correlation coefficients, p, and number of observations; significant correlations are in bold type
(o0 = 0.05).

Fine root 6' N was positively correlated with N deposition (0.69; Figure 7d; Table 7). Fine root §'°N values
were positively correlated with the forest floor nitrification:mineralization ratio (r=0.73; p=0.003; Fig-
ure 7f), net nitrification (r=0.76; p=0.04; Figure 7¢) and net mineralization (r=0.56; p=0.04; Table 7).

Discussion
General trends and significance

A multi-region, cross-site analysis can be a powerful tool for evaluating forest responses to atmospheric
deposition which can be masked by variability on smaller scales. In this study, we were able to observe a
pattern of increasing N deposition altering the function of forest ecosystems across several regions in the
world. We observed increases in foliar N concentration and 6'°N with increasing deposition. The response
of increased foliar N concentration is expected as N availability and N exports from ecosystems increase
with N saturation (Aber et al. 1989), however, it can be difficult to observe on the regional-scale (Aber
et al. 2003). The N cycle is complex, and many factors (land-use, species composition, stand age, site
characteristics, hydrology) may influence N loss and retention at a given site (Aber et al. 2003). The N
saturation hypothesis asserts that as N becomes more available, plant uptake of N initially increases, plant
nutrient balances are altered, and, ultimately, the capacity for both plant and microbial uptake is exceeded
and N is lost from the ecosystem (Aber et al. 1989). One reason it is difficult to assess N saturation status is
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that it is difficult to quantify N availability in soil on a regional scale. A method that facilitates evaluation
of regional patterns based on actual N plant availability and uptake might facilitate predictions of when
forest ecosystems are nearing N saturation.

Foliar 6"°N is a useful tool because it integrates N cycling both spatially and over time. The foliar 6'°N
value is a record of the inorganic N that the plant has taken up (although plant processes — e.g., trans-
location, assimilation, etc. — may fractionate and alter the 6'°N signature of plant tissues following plant
uptake; Handley and Raven 1992). More significantly, the isotopic signature of the inorganic N is, itself, an
integrated measure of the transformations that deliver and remove N from plant-available N pools. Our
study shows that foliar 6'°N is a better measure of internal N cycling than is foliar N concentration alone
(Figure 2b, d).

Influence of deposition 5N in Europe

In analyzing data from multiple regions, in some cases, smaller-scale local or regional factors must be taken
into account. We address the influence of deposition 5'°N on foliar 8'°N in Europe in order to separate the
deposition effects from other factors regulating foliar 6'°N. Some of the sites in Europe appear to follow a
different trajectory for increasing foliar 6'°N with N deposition (Figure 4a, b). This pattern is driven by the
lower foliar 6'°N values at the highest deposition sites in the Netherlands and Belgium where about 65—
80% of the deposition falls as ammonium. These sites are significantly impacted by intensive, local live-
stock farming (Koopmans et al. 1998; Vervaet et al. 2002), and the resulting liquid manure that can
volatilize as NH; and be re-deposited as NH;. Ammonia volatilization is a highly fractionating process
(Hiibner 1986) that produces very '*N-depleted NH5. If this NH;, after being converted to NHJ, is re-
deposited on the forest, it could significantly lower the foliar 8'°N value. Bauer et al. (2000) reported values
of throughfall ammonium that were significantly depleted compared to wet deposition (—209%,) and with
substantially higher NH; concentration, suggesting that dry deposition is the source of the N-depleted N.
These results underscore the need to use caution in analyzing and comparing results from different regions
where different local conditions may complicate the relationships observed. Note, however, that this
process of NHj3 volatilization (independent of N deposition level) would have no impact on foliar N
concentrations. Therefore, evaluating both foliar 6'°N and %N may provide the most accurate assessment
of N cycling status of forest ecosystems.

In the northeastern U.S., N mineralization is generally an order of magnitude greater than N deposition,
in contrast to these European sites where N deposition is the same order of magnitude as N mineralization.
Given that most nitrate passing through the soil is microbially produced (Kendall et al. 1996; Pardo et al.
2004) and, in the absence of canopy N uptake as a significant source of N in foliage, it is unlikely that >N
in deposition would significantly affect foliar '°N in the northeastern U.S.

In spite of the relatively low foliar 6'°N values at the European hardwood sites, foliage is enriched in '°N
relative to the forest floor 6'"°N (Figure 3), contrary to previously reported patterns (Nadelhoffer and Fry
1994). This pattern may suggest a strong accumulation of ammonium in the forest floor. One would not
expect the relative enrichment of the foliage to be caused by elevated nitrification and nitrate loss, since that
should enrich the forest floor as well as the foliage.

Similarly, the absence of significant relationships between the enrichment factor, EF
(515 Niotiar — 0> Ninineral soil), for sites other than the NITREX sites in Europe was surprising (Emmett et al.
1998). We expected that the EF would be a better measure of ecosystem N cycling because it normalizes for
spatial heterogeneity. It is a less practical measure than foliar 8'°N because mineral soil 6"°N values
currently are less widely available.

Specific mechanisms that regulate foliar 8> N
In addition to the general, regional patterns that we observed, specific mechanisms may regulate '°N on

smaller scales. These factors include internal N cycling, species composition, land-use history and climate.
We expected and observed that the local drivers of N cycling (nitrification and mineralization, and forest
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floor and soil C:N) were more closely coupled with foliar 8'°N than was the regional driver of N deposition.
Although increased N inputs to forests can stimulate net nitrification rates (McNulty et al. 1991; McNulty
et al. 1996), there is variability in the extent to which nitrification rates increase, because of differences in site
characteristics and history (Emmett et al. 1998; Dise et al. 1998). Therefore, the relationship between foliar
019N and nitrification itself would be expected to be stronger than with N deposition.

In fact, perhaps the best predictor of increased foliar 6"°N would be nitrification:mineralization, or
percent nitrification, which should be a coarse measure of the '’N-enrichment of the plant available
inorganic NH; pool. Previous studies have demonstrated that increasing nitrification rate in an ecosystem
leads to increased foliar 6'°N (Nadelhoffer and Fry 1994) suggesting that the increase in 6'°N of the NH;
pool drives the increase in foliar 8'°N (Pardo et al. 2002). The 6'"°N value of the NH; pool is a function of
the relative rates of production and consumption of NH; ; the more that NH; is consumed by nitrification,
the more enriched the remaining NH; pool becomes (Mariotti et al. 1981). While net nitrification:min-
eralization is not a direct measure of all of the transformations affecting the NH; pool, it may be a
surrogate for the fraction of the NH; substrate pool consumed, which is a primary factor that regulates the
819N of that pool (Mariotti 1981). It is important to note that while the enrichment of the NH; pool may
drive the foliar enrichment, it will also, ultimately, lead to enrichment of the NOJ produced from the
enriched NHj, so plants that take up either NH, or NO3 will be affected.

The non-linear relationship between foliar 6'°N and nitrification:mineralization, in particular, and
nitrification as well, may be the result of increasing availability of nitrate as percent nitrification increases,
which may shift the plant N uptake toward NO7, which would tend to be lighter than NH; . Although
extensive data are not yet available for 8'°N of inorganic N, several studies have measured lower 6"°N in
nitrate than in ammonium in soil solution or soil extracts (Miller and Bowman 2002; Koba et al. 2003).

Denitrification is another factor which can significantly alter '°N of different ecosystem compartments
at sites where it is significant, because denitrification fractionates strongly. When rates of net nitrification
are high, denitrification could contribute further to the '*N-enrichment of soil and foliar N pools. We did
not have data about denitrification rates at enough sites to include it in this analysis. We assumed that, at
many of these well-drained sites, denitrification rates would not be high.

Scale of analysis

Local N cycling factors, more than regional N deposition, were more strongly correlated with foliar 6'°N,
as evidenced by the result that data collected at the plot-scale were better correlated with forest floor C:N
and nitrification:mineralization ratio than with N deposition rate. For data collected at the watershed scale,
C:N and nitrification were averaged for the whole watershed, so these data cannot capture the heteroge-
neity of local soil conditions. Perhaps because the variability in foliar 6'°N caused by local soil conditions
was smoothed by averaging across the watershed, data collected at the watershed scale were better cor-
related with N deposition (Table 5).

The scale at which the analysis is conducted (in contrast to the scale at which the samples are collected)
can also impact the trends observed. The fact that the significance of trends in this study was preserved
regardless of the level of aggregation (plot or site scale) suggests that these patterns are robust (Table 4).

Species effects

Different species often respond differently to increases in N deposition (Lovett and Rueth 1999; McNeil
et al. 2005) and variation in species composition leads to differences in N cycling rates among forest types
(Lovett et al. 2002; Mitchell et al. 2003; Templer et al. 2003; Lovett et al. 2004; Templer et al. 2005).
Species composition, therefore, could be an important factor controlling foliar 6'"°N relationships. Soil N
cycling in conifer stands has been reported to be more susceptible than hardwoods to increased N inputs
(Waring 1987). Conifer foliar 6'"°N tends to be lower than that of hardwoods in less disturbed sites, likely
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because of tight N cycling (Pardo 1999). Foliar 4'°N in conifer stands may, therefore, be especially
responsive to increased N inputs and N cycling rates. It may be for this reason that patterns for conifers in
this dataset tended to be stronger than they were for hardwoods. Another possible explanation may simply
be that there were fewer conifer species included in our analysis, therefore species-related variability was
minimized.

Different species may have distinct isotopic signatures. For example, several studies in the northeastern
U.S. have shown a pattern of decreasing foliar 6'"°N values across the following species: American
beech >yellow birch >sugar maple (Nadelhoffer et al. 1999b; Pardo 1999; Templer 2001; Pardo et al.
2002). We observed that for this dataset, in most cases, evaluating the data from a single species improved
the relationship observed, suggesting that there are systematic differences among species. It is not clear
what causes these species differences — possible explanations include variation in rooting depth, NH; vs.
NOj uptake preference, and mycorrhizal association (McKane et al. 2002; Pardo et al. 2002).

Despite variability in foliar 8'°N values within species (e.g. a range of 5%, for sugar maple), 5'°N values
of American beech, yellow birch and sugar maple have characteristic signatures relative to their neighbors
in mixed stands. In strongly N-limited systems, this has been attributed to partitioning of N sources.
Because of the consistency in the pattern across sites ranging from the Adirondacks, NY to Maine, and
including sites in Ontario and numerous sites in the White Mountains, NH, this pattern suggests that the N
that plants are taking up differs systematically among these species. One possible explanation for the
enrichment of beech relative to sugar maple (i.e. beech consistently accessing a different, more enriched N
pool (i.e., NH;) than sugar maple) could be a difference in timing of initial uptake in the spring. If one
species responds more quickly than another to early pulses of springtime nitrification, that species could
consistently have a more depleted foliar §'°N. Since enrichment of ammonium is a function of how much of
the ammonium pool has been consumed, it is possible that the more responsive or seasonally early species
might have a lower foliar 6'°N, if it takes up more N early in the season before nitrification has enriched the
DIN (dissolved inorganic N) pools. Indeed, based on 12 years of phenology data at the HBEF (Richardson
et al. In press) sugar maples consistently leaf out 2—4 days prior to beech at any given location. Leaf-out
and nutrient uptake are necessarily linked via transpiration. Water uptake is necessary for leaves to
develop, and emerging leaves have particularly high water demand by mass because of their lack of cuticle
development; such conditions facilitate nutrient uptake by bulk flow (Taiz and Zeiger 2002). If the small
difference in timing of initial water and nutrient uptake means that sugar maples have access to more
depleted ammonium and nitrate, it could be responsible, at least in part, for the pattern that we observed.

Differences in ammonium vs. nitrate uptake preferences do not explain the pattern we observed, since that
would suggest that sugar maples preferentially take up nitrate while beech preferentially take up ammonium,
which does not appear to be the case (Rothstein et al. 1996; Templer and Dawson 2004). Rooting depth may
explain some of the differences, since beech tends to be deeper-rooted than sugar maple. Because soil 6N
generally increases with depth (Nadelhoffer and Fry 1994; Pardo et al. 2002), deeper rooted trees may have
access to more enriched inorganic N. However, tree species with different rooting depth patterns do not
necessarily have differences in foliar 6'°N (Gebauer and Dietrich 1993) as observed for spruce, larch, and
beech in Germany.

Mycorrhizal associations with tree roots have the potential to alter not only N nutrition, but also the
isotopic signature of the N assimilated by plants (Hogberg et al. 1996; Hogberg 1997; Hobbie 1999; Evans
2001). It was our expectation based on work in N-limited systems (which may or may not be applicable) that
species with ectomycorrhizal associations would have lower foliar 6'°N than those with vesicular—arbuscular
mycorrhizal (VAM) association. We observed the opposite pattern here, as sugar maple has VAM associ-
ations and birch and beech are ectomycorrhizal species, yet the former had more depleted foliar 6'°N values.
There are several possible explanations for this pattern. The pattern of ectomycorrhizal species having lower
foliar 6'"°N than VAM species has been reported for arctic, boreal and seasonally dry N-limited systems. At
an N-rich site in Alaska, Hobbie et al. (2000) observed that the ectomycorrhizal species present had a higher
foliar '°N. Such an increase in foliar 5'°N may be caused by the §'°N of the source N the plant takes up, or
it may be caused by plant uptake bypassing the mycorrhizae on uptake when N is more abundant, or it may
have to do with shifts in mycorrhizal species as N availability increases. Lilleskov et al. (2002) observed that
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as N availability increased, mycorrhizal species shifted from those able to utilize organic N and which
fractionate strongly (passing depleted N to the plant) to those mycorrhizal fungi that are less able to take up
dissolved organic N and do not fractionate much, passing N to the plant that has a higher '°N than their
proteolytic neighbors. Schulze et al. (1994) also observed that as N availability increased, differences be-
tween plants with different mycorrhizal associations decreased.

Different species also showed different levels of correlation of foliar N concentration with N deposi-
tion. We compared our findings to those from a comprehensive foliar study in the Adirondack Moun-
tains, NY (McNeil et al. 2005). They reported stronger correlations between foliar N concentration and
N deposition for hardwoods (yellow birch, sugar maple, and red maple) than conifers (red spruce and
balsam fir, Abies balsamea). They found no relationship between foliar N concentration and N depo-
sition for American beech or Eastern hemlock (Tsuga canadensis). We observed correlations of similar
magnitude as McNeil et al. (2005) for all of these species except sugar maple, for which the correlation
was not significant, and hemlock, for which we found a strong correlation. For some species (e.g. beech,
red spruce), correlations for foliar N concentration were stronger with forest floor C:N than with N
deposition. One possible explanation for this difference is that species with stronger correlations of foliar
N concentration with N deposition may be more influenced by direct canopy uptake of N than the other
species.

Root patterns

For a subset of the sites included in the overall analysis, we were able to evaluate root '°N patterns in
relation to foliar 5'"°N. Roots may provide better information about the 6'"°N of plant-available N, because
fewer processes occur before the N is assimilated in their tissue (and they do not have the potential for
direct uptake of N deposition as in the canopy). Indeed, the correlation of fine root 6"°N with 6'°N of
forest floor was strong and near the 1:1 line. If the forest floor is regarded as the primary source for plant-
available inorganic N, the link between forest floor and root 5N (Figure 7b) suggests that root 6'"°N must
be closely coupled with 6N of available N. The strong positive correlation of root 6'°N with foliar 6'°N
suggests that, at the regional scale, these two plant pools vary in similar ways with respect to plant-available
N (Figure 7a). From Figure 7a, we observed that for these sites, fine root 6'°N is generally enriched with
respect to foliar 6'"°N. The strong positive relationships we observed between fine root 6'°N values and
forest floor nitrification and the nitrification:mineralization ratio are not surprising, and are likely driven
by the same enrichment of NH; pools discussed with respect to leaves. Root 0N correlations with N
deposition were similar in magnitude to those with nitrification:mineralization.

Additionally, the strong relationships we found between root d'°N and measures of N saturation suggest
that more studies need to measure the natural abundance isotopic >N values of these plant tissues. This
will augment the amount of data available for determining which plant tissue (i.e. foliage vs. roots) is the
most relevant for assessing whether a forest has reached N saturation.

Climate-related effects

Previous studies (Austin and Vitousek 1998; Austin and Sala 1999; Handley et al. 1999) have demonstrated
a negative correlation between foliar 6'°N and precipitation. In contrast, we observed a positive rela-
tionship. However, most of our dataset fell into a precipitation range of 500-1800 mm y~', in contrast to
the broader ranges (sites distributed between 0 and 5000 mm y~') previously reported (Handley et al. 1999;
Amundson et al. 2003). The few points with precipitation greater than 2000 mm y~' had foliar 6"°N levels
that were very depleted (<—-5%,), agreeing more with the previously reported pattern. The increasing foliar
SN at lower precipitation may be related to soil water availability enhancing nitrification at these sites.
The negative relationship between foliar 6'"°N and mean annual temperature may also be indirectly related
to nitrification rates.
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Summary

Our data suggest that although studying the relationship between N deposition and foliar N concentration
may provide an understanding about the relationship between regional impact of changes in the N cycle,
examining 6'°N values of foliage may also improve understanding of how forests respond to the cascading
effects of N deposition, as evidenced by the strong relationships we found between foliar 6'°N and nitri-
fication. These data also suggest that N deposition is altering soil N cycling enough to be detected at the
regional, and perhaps even global, scale using foliar and root >N natural abundances. These results may,
therefore, have implications for water quality, carbon sequestration and other ecosystem services associated
with forest ecosystems.
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