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Regional assessment of N saturation using foliar and root 6 1 5 ~  
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Abstract. N saturation induced by atmospheric N deposition can have serious consequences for forest health in many regions. In order 
to evaluate whether foliar 615N 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 615N 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 615N than the 
regional driver of N deposition. Foliar 6 " ~  increased non-linearly with nitrification:mineralization ratio and decreased with forest 
floor C:N. Foliar 615N was more strongly related to nitrification rates than was foliar N concentration, but concentration was more 
strongly correlated with N deposition. Root 615N was more tightly coupled to forest floor properties than was foliar 6I5N. We 
observed a pattern of decreasing foliar 6 " ~  values across the following species: American beech >yellow birch > sugar maple. Other 
factors that affected foliar 615N included species composition and climate. Relationships between foliar 615N 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 615N, due to the importance of ammonium deposition in this region. Our results suggest that examining 615N 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. 



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 6I5N 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 15N. We 
report all isotope data as 6 1 5 ~  values, which represent the per mil ao) difference between the isotopic 
composition of the sample and that of atmospheric dinitrogen: 

where RSample represents the sample isotope ratio ( l5N/ I4~) ,  and Rstandard is 15N/14~ for atmospheric N2, or 
0.0036765. Isotopic fractionation occurs during enzymatic and other biological processes, discriminating 
against the heavier 15N when chemical bonds are broken, such that the product generally has a lower ratio 
of ' 5 ~ / 1 4 ~  than the remaining substrate (Mariotti et al. 1981; Robinson 2001). During nitrification, the 
nitrate produced is depleted in 15N 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 NO;). Denitrification is 
also strongly fractionating (Hiibner 1 986) and, at sites where it is significant, causes similar enrichment in 
the remaining N pools (Piccolo et al. 1994). 

We hypothesized that foliar S ' ~ 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; 011inger et al. 2002). Other studies have shown increases in foliar 6 1 5 ~  
(natural abundance) in response to changes in N cycling including increased nitrification (and loss of 1 5 ~ -  

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 



ecosystem (including N available for plant uptake) is enriched in 15N. For example, at the Hubbard Brook 
Experimental Forest (HBEF), we observed an increase of 1 - 2%, in forest floor and 3.5%, in foliage 
immediately after clearcutting which significantly increased nitrification and nitrate loss. Small increases in 
615N can indicate major changes in N cycling. It has also been observed that ecosystems with more open N 
cycles tend to show 1 5 ~  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 6 " ~  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 " ~  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.e., differences in sampling protocol may 
not be important). For example, Pardo et al. (2002) observed no differences between litter and leaf 6I5N 
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 6 1 5 ~  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 6I5N 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 S ' ~ N  values. Species 
differences in foliar 6"N have been reported broadly (Hogberg 1990; Michelson et al. 1998; Hobbie et al. 
2000). Some studies have reported that conifers tend to have lower 6 " ~  than hardwoods, others have 
reported no difference (Gebauer and Dietrich 1993). Also, in several studies, strong and consistent patterns 
of the relative foliar 6 " ~  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 " ~  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 ' ' ~  as a measure of N saturation, we tested hypotheses about 
root 6"N and N saturation. Templer (2001) found a significantly stronger relationship between root dl'N 
and soil N cycling rates compared to foliar 615N and N cycling rates in forested stands of the Catskill 
Mountains, NY. Few other studies have examined root 615N, but we expected that we might find an even 
stronger relationship between root 6 1 5 ~  (compared to foliar 6I5N) 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 6I5N 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: 

1 . Foliar S"N increases with net nitrification:mineralization. 
2. Foliar 6 " ~  decreases with forest floor C:N. 
3. Foliar 6I5N increases with N deposition. 
4. Foliar 615N has a stronger relationship than foliar N concentration with nitrification rates. 
5. Root 6 " ~  is more tightly coupled to forest floor or soil properties than is foliar 6 " ~ .  
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Site description and methods 

General site and data description 

We assembled a large dataset of foliar 6 " ~  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 I). In order to evaluate whether root 6 1 5 ~  
values could also be used to assess N cycling and N saturation, we assembled root 6 1 5 ~  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 1 5 ~  analysis at the Center for Stable Isotope Biogeochemistry at University of 
California, Berkeley (CSIB); these foliar samples are identified in Table 1. Root 6 1 5 ~  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  neth hods 

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 

Figure I .  Site locations. 



Table 1. Site description. 

Site N Deposition N min.  it.^ # # Foliar Species analyzedc 
"kg ha-' y-' Method Plots samples 

References 

Northeast 
Acadia, ME - NGS* 
Ampersand M t., Caitlin Lake, Hennessy 
Mt., Huntington Forest, Adirondacks, NY* 
Bear Brook, ME 

Bowl Research Natural Area, NH* 

Camels Hump, VT - NGS* 

Catskill sites (7), NY 
Cone Pond Watershed, NH* 

Fernow Experimental Forest, WV* 

Gore Mt., NY - NGS* 
Harvard Forest, MA 

Howland, ME - NGS* 

Hubbard Brook Experimental Forest, NH* 

Lead Mt., ME - NGS* 
Loon Mt., NH - NGS* 

Lye Brook, VT* 

Mt Ascutney, VT* 
Mt. Mansfield, VT - NGS* 
Mt. Moosilauke, NH - NGS* 
Mt. Washington, NH - NGS* 

Lab 
In situ 

Lab 

Lab 

Lab 
Lab 

In situ 

Lab 
In situt 

Lab 

Lab 

Lab 
Lab 

Lab, In situ 

Lab, In situt 
Lab 
Lab 
Lab 

PiRu 
AcRu, AcSa, BeAl, FaGr, 
FrAm, OsVi, PrSe, TiAm, ViAl 
AcSa, BeA1, FaGr, PiRu 

AbBa, AcRu, AcSa, AcSp, 
BeAl, FaGr, PiRu, TsCa 
AbBa, AcRu, BeAl, BeLe, 
BePa, PiRu, SoAm 
AcSa, FaGr, TsCa, QuRu 
AbBa, AcRu, AcSa, AcSp, 
BeAl, FaGr, PiRu, TsCa 
AcRu, AcSa, BeLe, LiTu, 
PrSe, QuRu 
AbBa, BeA1, BePa, PiRu 
Qu Ve 

AbBa, AcRu, BeAl, BePa, 
PiRu, PiSt, ThOc, TsCa 
AbBa, AcRu, AcSa, AcSp, 
BeAl, FaGr, PiRu, TsCa 
PiRu 
AbBa, BeAl, BePa, PiRu, 
SoAm, TsCa 
AbBa, AcRu, AcSa, BeAl, 
BePa, PiRu 
PiRu 
AbBa, AcSa, BeAl, PiRu 
AbBa, BePa, PiRu 
AbBa, AcRu, AcSa, BeAl, 
Be Pa, BePo, FaGr, PiRu, SoAm 

McNulty et al. 1991~ 
Mitchell et al. 2001 

Nadelhoffer et al. 
1995; Jefts et al. 2004 
Martin 1979; Pardo 1999 

McNulty et al. 1991 

Templer 2001 
Bailey et al. 1995; Pardo 1999 

Gilliam et al. 1996; 
Adams et al. 1997 
McNulty et al. 1991 
Magill et al. 1997; 
Nadelhoffer et al. 1999a 
McNulty et al. 1991 

Pardo 1999; Bohlen et al. 2001 

McNulty et al. 1991 
McNulty et al. 1991 

Campbell et al. 2000 

McNulty et al. 1996 
McNulty et al. 1991 
McNulty et al. 1991 
McNulty et al. 1991 



Table 1. Continued. 

Site N Deposition N inin. i it.^ # # Foliar Species analyzedc 
"kg ha-' y" Method Plots samples 

References 

Scituate, MA 
Whiteface Mt., NY - NGS* 
Wildcat Mt., NH - NGS* 
White Mtns., NH* 

Ju Vi, PiRi, PiSt, Qu Ve 
AbBa, BeAl, BePa, PiRu, SoAnz 
PiRu 
AbBa, AcPe, AcRu, AcSa, 
BeA1, BePa, FaGr, PiRu, 
PoTr, TsCa 
AbBa, AcPe, AcRu, AcSa, 
BeA1, BePa, FaGr, FrAm, 
PiRu, PiSt, SoAnz, TsCa, ViAI 
AbBa, PiGl, PiRu, PiRe, PiSt, 
l3Ca 

Hooker and Compton 2003 
McNulty et al. 1991 
McNulty et al. 1991 
Goodale and Aber 2001 

Lab 
Lab 
Labt 

White Mtns., NH* Labt Ollinger et al. 2002 

Wolcott, VT* DeHayes et al. 2001 

Oilzer North America 
Experimental 
Lakes Area, Ontario, CAN 
Harp Lake, Ontario, CAN 
Helmer's Ridge, AK 
Rockies east (3), CO 
Rockies west (5), CO 
Turkey Lake, Ontario, CAN 
South Anzerica 
Antillanca, CL 
Paillaco, CL 
Europe 
Aaheden, SE - CANIF 
Aber, UK - NITREX 
Alptal, CH - NITREX 
Aubure, FR - CANIF 
Collelongo, IT - CANIF 
Gardsjon, SE - NITREX 
Gribskov, DK - CANIF 
Gulkeputten, BE 

In situt PiMa, PiBa, Lamontagne 1998; 
Lamontagne et al. 2000 
Schiff et al. 2002 In situt 

In situt 
Lab 
Lab 
Labt 

AbBa, AcSa, FaGr 
PiMa 
PiEn 
PiEn 
AcSa 

Rueth and Baron 2002 
Rueth and Baron 2002 
Sirois et al. 2001 

Labt 
Labt 

CIICO, NoBe, SaCo 
ChQu, NoOb, PeLi 

Oyarzun and Huber 2003 
Oyarzun and Huber 2003 

Labt 
In situ, Lab1 
In situ resin 
Labt 
Labt 
In situ resint 
Labt 
Labt 

PiAb, PiSy 
PiSi 
PiAb 
FnSy, PiAb 
FaSy 
PiAb 
FaS? 
AlIn, An?La, BePe, CaBe, CoAv, 
QuRo, QuRu 

Emmett et al. 1998 
Schleppi et a1.1999 
**Dambrine 2000; Bauer et al. 2000b 
**Moselle 2000; Bauer et al. 2000b 
Emmett et al. 1998 
**Anderson 2000; Bauer et al. 2000b 
Vervaet et al. 2002 


















































