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Abstract: Patterns and trends in forest elemental cycling can become more apparent in the presence of atmospheric 
perturbations. High-elevation forests of the northeastem United States have received large amounts of atmospheric 
deposition of pollutants, which have altered natural elemental cycling and retention rates in a variety of ways. This 
study examined atmospheric deposition of nitrogen, sulfur and base cations, and their interactions in a high-elevation 
forest on Whiteface Mountain, New York. Eight years of elemental cycling data (1 986- 1993) have shown that at our 
main study site (1 050-m elevation), atmospheric deposition of N was approximately 16.7 kg N ha-' y f l ,  with 32 
percent contributed by cloud water. Atmospheric deposition of S was 16.3 kg S ha-' yr-', with 37 percent contributed 
by cloud water. Total atmospheric inputs of nitrogen and sulfur to the forest canopy increased by a factor of four 
and five, respectively, over the elevational range of 600 to 1275 my largely due to the increased importance of cloud 
water deposition at high elevations. At 1050-m elevation, analyses of total ecosystem inventories and cycling 
revealed that nitrogen and potassium are conserved or retained in the ecosystem while sulfur, calcium and 
magnesium show losses in a relatively undisturbed spruce-fir-birch ecosystem. 

INTRODUCTION 

High elevation forests in the northeastern USA currently receive higher pollutant deposition inputs than most other 
locations in the country (Lovett 1994). Deposition rates were much lower earlier in this century, increased in the 
1950s through 1980s, and have begun to decrease over the last ten years or so, depending on the element (NAS, 
1986; Hedin et al. 1994; Miller and Friedland 1994). Atmospheric deposition has been shown and has been 
hypothesized to cause a variety of direct and indirect effects on forested ecosystems (Taylor et al. 1994). Given that 
elemental deposition rates will continue to change over the coming decades (EPA 1999, it is important to 
understand the role of atmospheric deposition in elemental cycling in forested ecosystems. A high-elevation site in 
the Adirondacks is an ideal location to study these projected changes and the potential effects of such changes 
because these types of sites: (1) receive relatively large pollutant inputs (Miller et al. 1993b); (2) already show 
some signs of assimilating atmospheric pollutants (Friedland et al. 1 99 1 ; McNulty et al. 1 99 1); and (3) have 
undergone significant red spruce decline, partly as a result of air pollution (Eagar and Adarns 1992) which has 
changed the composition of the forest (Scott et al. 1984; Friedland 1989; Battles et al. 1992). 

In order to ascertain the effects of atmospheric deposition of pollutants on a high-elevation forested ecosystem, we 
have established atmospheric deposition and nutrient cycling monitoring plots on Whiteface Mountain, New York. 
These include two towers for atmospheric measurements, four 0.1 hectare permanent plots and two adjacent 
monitoring plots where litterfall, throughfall and soil water collectors have been installed. This project is the core 
effort of a series of projects funded by the USDA Forest Service Northern Global Change Research Program, NSF 
and the Andrew W. Mellon Foundation. As such, a primary objective of this project has been to provide a 
comprehensive evaluation of atmospheric deposition and nutrient cycling in high-elevation forests that can serve as a 
foundation for other process-level research, including branch and tree fertilizations. 
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RESULTS AND DISCUSSION 

Ecosystem Mass Balance 

An eight-year average of wet (a combination of rain, snow and cloud water) and dry input delivered to the forest 
illustrates that input is dominated by hydrogen ion, ammonium, nitrate and sulfate (Fig. 1). This is similar to 
deposition in many forests in the Northeast, but total deposition amounts are higher here because the site is at a 
higher elevation and is immersed in clouds as much as 10 percent of the year (Miller et al. 1993~). No element 
shows constant input and output during the eight years of measurements (Fig. 1). Calcium and magnesium inputs are 
fairly constant during the eight years of our study, although there is a long-term trend of decreasing calcium inputs in 
the Northeast (Hedin et al. 1 994). Hydrogen ion and ammonium outputs are nearly const ant during the study, and 
ammonium outputs are virtually zero. Nitrate output varies from year to year but is definitely greater than zero. 
High ammonium output is thought to be one indication of the later stages of excess nitrogen storage in an ecosystem, 
also called nitrogen saturation (Aber et al. 1989). Apparently, this site is not in the later stages of nitrogen 
saturation. But the continual loss of nitrate suggests that the site might be in early stages of nitrogen saturation 
(Aber et al. 1989). Hedin et al. (1 995) suggest that the loss of nitrate is an indicator of a polluted system. 

Elements can be grouped into three categories based on their behavior: (1) sulfate and potassium outputs appear to 
be sensitive to inputs of sulfate and potassium, respectively; (2) hydrogen, ammonium and nitrate outputs appear to 
be insensitive to inputs of these same ions; and (3) the outputs of calcium and sulfate appear to be linked to one 
another (Fig. 1). These patterns suggest that the outputs of sulfate and potassium are in part regulated by inputs of 
those ions and of hydrogen ion. Both calcium and sulfate outputs are greatest in the 1989 water year, when water 
deposition is approximately 60 percent greater than any other year of the study and hydrogen ion input is greatest. 
Apparently, leaching of calcium and sulfate pools is at least partially dependent on water flow. This pattern of 
increased leaching with increased water flow is seen for nitrate but not sulfate in streams in the Catskills in 1989 
(Murdoch and Stoddard 1992), and suggests there is a relatively labile pool of exchangeable sulfate and calcium 
(e.g. Johnson et al. 1991). Outputs of ammonium and nitrate are apparently insensitive to the size of the input 
presumably because they are in relatively high biological demand. However, nitrate output was high in at least one 
year, 1987 (Fig. lB), and is significantly higher during the non growing season (data not shown), suggesting that 
plants are using most of the nitrogen available during the growing season but that atmospheric deposition provides 
excess nitrate to the system at other times of the year. 

In a previous study (Johnson et al. 1994), we presented hydrogen ion and calcium budgets for this forest and 
suggested that current calcium loss rates are higher than historical loss rates. However, the same article suggests that 
hydrogen ion accumulation will be offset by mineral soil weathering (which consumes hydrogen ion). The only pool 
that is questionable in terns of sustainability is the forest floor calcium pool. 

In Miller et al. (1 993a), we show that as much as 60 percent of the forest floor calcium pool is derived from 
atmospheric calcium. Given that calcium outputs appear to be influenced by inputs of hydrogen and outputs of 
sulfate (Fig. lA,E,G), and since calcium deposition to the northeast has been decreasing (Hedin et al. 1994), it is 
reasonable to be concerned about calcium limitations in the future. This situation could be exacerbated by increased 
nitrogen deposition, which may occur; and it could be partially ameliorated by reductions in sulfur deposition. The 
effect of increased temperature is much more difficult to predict. Thus, the specific nature of the environmental 
change over the next few decades will be critical in determining the future health of high elevation spruce-fir-birch 
forests. 

Atmospheric Deposition 

Inputs of elements such as sulhr and nitrogen increase by a factor of four and five, respectively, over the elevational 
range of 600 to 1275 m (Fig. 2; for nitrogen, data not shown). Steep gradients in wind speed and cloud immersions 
contribute to a nearly exponential increase in ion deposition by cloud water interception. Deposition rates are for 
simulations based on wind speeds representative of topographically sheltered inter-montane areas below 1000-m 
elevation (Miller et al. 1993b). Atmospheric inputs can valy significantly from year to year (Fig. 1) in forests 
subject to significant cloud water deposition; therefore, atmospheric influences on the nutrient cycling can be 
dynamic as well as chronic. 
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Fig. 1. Yearly mean inputs (precipitation + cloud water + dly deposition) and outputs (Bw horizon soil water) from 
1025-m elevation on Whiteface Mountain, New York between 1986 and 1993. A given year (i.e., 1986) represents 
Water Year 1986 (June 1, 1986-May 3 1, 1 987). Source: A. J. Friedland and E.K. Miller, unpublished data. 
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Fig. 2. Model estimates of the total annual deposition of sulfur to the forest canopy on Whiteface Mt., NY. 
Deposition rates are for model simulations based on wind speeds representative of topogt-aphically sheltered inter- 
montane areas below 1000 m. Estimates of deposition rates to low elevation forests on more exposed mountain 
slopes and in the low elevation terrain surrounding the high peak region are indicated by the open bars. Source: 
Miller et al. 1993b. 



LITERATURE CITED 

Aber, J.D., K.J. Nadelhoffer, P. Steudler, and J.M. Melillo. 1989. Nitrogen saturation in northern forest ecosystems. 
Bioscience 39:378-386. 

Battles, J.J., A.H. Johnson, T.G. Siccama, A.J. Friedland, and E.K. Miller. 1992. Red spruce death: Effects on 
forest composition and structure on Whiteface Mountain, NY. Bull. Torrey Bot. Club 1 19:4 18-430. 

Eagar, C., and M.B. Adams. 1992. Ecology and decline of red spruce in the eastern United States. Springer-Verlag, 
New York, 417 pgs. 

Environmental Protection Agency. 1995. Acid deposition standard feasibility study. Report to Congress. EPA 
430-R-95-00 1 (February), Washington, DC. 

Friedland, A.J. 1989. Recent changes in the montane spruce-fir forests of the northeastern United States. Environ. 
Mon. Assess. 12:237-244. 

Friedland, A.J., E.K. Miller, J.J. Battles and J.T. Thorne. 199 1 .  Nitrogen deposition, distribution and cycling in a 
subalpine spruce-fir forest, Adirondacks, New York, USA. Biogeochemistry 14:3 1-55. 

Friedland, A.J., B. W. Craig, E.K. Miller, G.T. Herrick, T.G. Siccama and A.H. Johnson. 1992. Decreasing lead 
levels in the forest floor of the northeastern USA. Ambio 2 1 :400-403. 

Friedland, A.J., E.K. Miller, and R.L. Boyce. 1993. A discussion of "Element distribution in red spruce (Picea 
rubens) fine roots; evidence for aluminum toxicity at Whiteface Mountain" by Schlegel, Amundson and 
Hiltternan. Can. J. For. Res. 23:1732-1733. 

Hedin, L., L. Granat, G.E. Likens, T.A. Buishand, J.M. Galloway, T.J. Butler, and H. Rodhe. 1994. Steep declines 
in atmospheric base cations in regions of Europe and North America. Nature 367:35 1-354. 

Hedin, L.O., J.J. Armesto, and A.H. Johnson. 1995. Patterns of nutrients lost from unpolluted, old-growth 
temperate forests: Evaluation of biogeochemical theory. Ecology 76:493-509. 

Johnson, A.H., A.J. Friedland, E.K. Miller and T.G. Siccama. 1994. Acid rain and soils of the Adirondacks, 111: 
Rates of soil acidification in a montane spruce-fir forest at Whiteface Mountain, NY. Can. J. For. Res. 
24:663-669. 

Johnson D.W., H. Van Miegroet, S.E. Lindberg, D.E. Todd, and R.B. Harrison. 199 1 .  Nutrient cycling in red 
spruce forests of the Great Smoky Mountains. Can. J. For. Res. 2 1 :769-787. 

Lovett, G.M. 1994. Atmospheric deposition of nutrients and pollutants in North America: An ecological 
perspective. Ecol. Appl. 4:629-650. 

McNulty, S.G., J.D. Aber, and R.D. Boone. 199 1. Forest floor and foliar chemistry changes in spruce-fir forests 
across New England. Biogeochemistry 14: 13-29. 

Miller, E.K, J.D. Blurn and A. J. Friedland. 1993a. Dete~mination of soil exchangeable-cation loss and weathering 
rates using strontium isotopes. Nature 362:438-44 1. 

Miller, E.K., A.J. Friedland, E.A. Arons, V.A. Mohnen, J. J. Battles, J.A. Panek, J. Kadlecek and A.H. Johnson. 
1993b. Atmospheric deposition to forests along an elevational gradient at Whiteface Mountain, NY, USA. 
Atmos. Environ. 27A:2 12 1-2 136. 



Miller, E.K, J.A. Panek, A.J. Friedland, J. A. Kadlecek and V.A. Mohnen. 1993c. Atmospheric deposition to a 
high-elevation forest at Whiteface Mountain, NY. Tellus 45B:209-227. 

Miller, E.K. and A.J. Friedland. 1994. Lead migration in forest soils: Response to changing atmospheric inputs. 
Environ. Sci. Technol. 28:662-669. 

Murdoch, P.S., and J.L. Stoddard. 1992. The role of nitrate in the acidification of streams in the Catskill Mountains 
of New York. Water Resources Res. 28:2707-2720. 

National Academy of Sciences. 1986. Acid deposition. Long-term trends. National Academy Press, Washington. 
506 pgs. 

Scott, J.T., T.G. Siccama, A.H. Johnson, and A.R. Breisch. 1984. Decline of red spruce in the Adirondacks, New 
York. Bull. Torrey Bot. Club 1 1 1 :438-444. 

Taylor, G.E., Jr., D. W. Johnson, and C.P. Andersen. 1 994. Air pollution and forest ecosystems: A regional to 
global perspective. Ecol. Appl. 4:662-689. 




