PROJECT SUMMARY

We propose to continue the project, “Long-term Ecological Research at Hubbard Brook
Experimental Forest” in an effort to improve general understanding of the mutual influences of
environment, disturbance, biological activity and the flows of energy and materials in forest
landscapes. Our integrated program of long-term monitoring and process-level studies at HBR
and a series of other regional sites addresses a series of hypotheses in three thematic categories:
biogeochemistry, vegetation dynamics and primary productivity, and heterotroph population
dynamics. Our biogeochemical studies focus upon the cycles of C, N, Ca and S and build
especially upon our 30+ year record of fluxes from the HBR experimental watersheds to address
several striking and surprising observations about element cycling in the northeastern forest. We
propose to expand our investigations of vegetation and primary productivity at the landscape
scale, focusing upon the interactions between tree spatial distributions, soil and glacial till
properties, and nitrogen cycling and nutrition. Our heterotroph population studies focus on
passerine birds, the food web interactions that govern their temporal abundance patterns and
forest habitat relationships at larger scales. Our research will be synthesized and integrated using

simulation models and in the form of monographic overviews of elemental cycles.
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1.0 - RESULTS FROM PRIOR NSF SUPPORT
Charles T. Driscoll, Timothy J. Fahey et al.
NSF Awards: 9211768; $3,500,000; I Oct 92 - 30 Sept 98.

Title: Long-Term Ecological Research (LTER) at the Hubbard Brook Experimental Forest
(HBEF)

Summary: The overall goal of the LTER study at the HBEF is to develop a beiter understanding
of the responses of northern hardwood ecosystems to natural and anthropogenic disturbances. We
have been conducting research on sites within and nearby the HBEF with contrasting histories of
disturbance, as well as continuing the collection and analysis of long-term data sets. Our strategy
has been to build upon previous and ongoing work at the HBEF through the use of long-term
records and manipulated watersheds. Thus, we have used LTER funds to help support monitoring
activities, initiate process-level research projects, and improve data management to facilitate
integration of past and current research at the HBEF. A few of our recent initiatives include:

Response of Forest Ecosystem to Changes in Atmospheric Deposition. Long-term
measurements of precipitation and stream chemistry at Hubbard Brook have demonstrated the
linkage between atmospheric emissions of materials, atmospheric deposition and the
biogeochemistry of forest watersheds. Atmospheric emissions of sulfur dioxide (SO,) in the U.S.
peaked in 1970 and have declined following the 1970 Amendments to the Clean Air Act. At
Hubbard Brook changes in annual volume-weighted concentrations of SO, in precipitation and
streamwater have closely corresponded with these changes in SO, emissions (Driscoll et al. 1992,
1998). Watershed mass balance calculations, however, indicate that stream losses of SO,* exceed
atmospheric deposition of S from bulk deposition and estimates of dry deposition using either
inferential or net throughfall approaches (Lovett et al 1992). We applied a simulation model to
assess the discrepancy in S mass balance from watersheds at Hubbard Brook and regionally across
the Northeast. Model calculations suggest that the discrepancy in watershed S budgets cannot be
explained by desorption of soil SO,*, but rather is due to either a large underestimate in measured
values of dry deposition and/or an internal source of S such as mineralization of soil organic S
pools or weathering of S minerals (Driscoll et al. 1998).

Biogeochemistry of Basic Cations: Ca and K. Synthesis and integration of biogeochemical
cycles at Hubbard Brook has provided insights into the mechanisms causing long-term changes,
landscape-level patterns and responses to disturbance. Efforts in the past five years have focused
on Ca and K (Likens et al. 1994; Likens et al. 1996 ; Likens et al. 1998). The combination of
naturally base-poor soils, high deposition of anthropogenically-derived strong acids and
periodically accelerated removal of bases associated with forest harvest would be expected to make
the Hubbard Brook ecosystem susceptible to excessive depletion of soil base cations, especially
Ca. In fact, a quantitative interpretation of our records of precipitation, soil and streamwater
chemistry strongly suggests that ecosystem response to decreases in acidic deposition may be
delayed significantly. Reductions in emissions of SO, and consequent decreases in deposition of
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strong acids followed the passage of the Clean Air Act in 1970, but at the HBEF these reductions
have been accompanied by declining deposition of basic cations (Cy), especially Ca. Coincident
reductions in streamwater concentrations of strong acids and Cg since 1970 have limited the
response of pH and acid neutralizing capacity of surface waters across the Northeast.

The Biogeochemistry of Nitrogen. Investigations have been conducted on the biogeochemistry
of nitrogen at Hubbard Brook and throughout the Northeast region, from upstate New York to
Maine. A spatial model of atmospheric deposition was developed for the Northeast based on
empirical relationships for major solutes in precipitation from the National Atmospheric
Deposition Program/National Trends Network, and particle and gas concentrations from the
National Dry Deposition Network (Ollinger et al. 1993). The results demonstrate a marked spatial
gradient of nitrogen from high values above 10 kg N/ha-yr in the Adirondack and Catskill
mountains of New York to below 4 kg N/ha-yr in Maine. Using a chronosequence of cut-
watersheds at and near the HBEF we have evaluated effects of land-use and cutting history on
dissolved inorganic nitrogen (DIN) loss from the northern hardwood forest (Pardo et al. 1995,
Aber and Driscoll 1997). Retention of DIN was high in recently cut watersheds and decreased
with increasing stand age. However, there was considerable year-to-year variation in loss of DIN
for a given watershed. Some of this variability in watershed loss of DIN may be due to climatic
factors and events. For example, Mitchell et al. (1996) reported synchronous loss of NO;™ in
forested watersheds across the Northeast, including the HBEF, in the late 1980s and early 1990s in
response to a soil freezing event. We have developed the simulation model PnET-CN as a research
and management tool to assess the response of the nitrogen cycle in forest watersheds to
disturbance, including changes in atmospheric deposition of nitrogen, climate and land-use {(Aber
etal. 1997, Aber and Driscoll 1997, http:// pyramid.sr.unh.edu/csrc/aber/pnetweb).

Changes in Lead Biogeochemistry. In the 1970s the U.S. restricted sale of gasoline with ethyl-
lead additives. Since that time the amount of lead consumed in gasoline has sharply declined,
resulting in lower rates of atmospheric deposition of lead. At the HBEF the input of lead in
precipitation has declined over 97% since 1976 (Johnson et al. 1995). Despite decreases in
atmospheric deposition, lead continues to accumulate in the forest ecosystem. Between 1977 and
1987 the lead content of the forest floor decreased by 29%, but lead now appears to be
accumulating in the mineral soil.

The Effects of Whole-Tree Clear-Cutting on Soil Processes. Whole-tree clear-cutting represents
a severe ecosystem disturbance, and leads to leaching losses of nutrients from the soil profile,
increased acidification, and elevated concentrations of Al in soil solutions and streamwater
(Dahlgren and Driscoll 1994). The process of nitrification, resulting in the production of nitric
acid in both the forest floor and mineral soil horizons, was the principal mechanism driving these
changes immediately after clear-cutting. The acidity generated through nitrification was largely
neutralized by release and leaching of basic cations and inorganic monomeric Al. The major
source of nutrient loss was from the forest floor. Basic cations lost from the forest floor and
decaying roots were mostly retained on mineral soil cation exchange sites (Johnson et al. 1997).
The consequent short-term increase in the base status of the mineral soil has been followed by
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elevated leaching losses of Ca?* and K* in streamwater for several decades following cutting
(Likens et al. 1994 1998; Romanowicz et al. 1996).

Forest Response to Fertilization. We altered soil resource availability during the early stages of
stand development after clear-cutting of northern hardwood forests to generate empirical evidence
for physiological, morphological, allocational and architectural factors regulating plant competition
(Fahey et al. 1998). We expected the competitive ability of the extreme pioneer species, pin
cherry, to be enhanced by increased nutrient supply, with consequent effects at the community and
ecosystem level of organization. Nutrient availability was increased by about 3-fold by monthly
fertilization for six yr in nine even-aged northern hardwood stands dominated by pin cherry, three
each of three ages (6, 12 and 18 yr at initiation of the experiment). Measurements in the control
plots indicated that the interval of stand development from age 6 to 23 yr was marked by a peak in
basal area and leaf area of pin cherry at about age 17 yr followed by a steady decline in its
dominance thereafter. Fertilization increased and prolonged the dominance of pin cherry
indicating that nutrient limitation accelerates the demise of this species during the 2nd and 3rd
decade of stand development. Thus, the competitive ability of pin cherry was improved by the
removal of apparent nutrient limitations on its physiological performance, canopy growth and
ability to compete for light.

Leaf area index of the fertilized plots was only slightly higher than the control plots, and
the same was true for stand basal area. The removal of nutrient limitation increased the intensity of
one-sided competition for light by concentrating the dominance among the largest trees;
consequently, very high mortality of suppressed stems of all species occurred. The increased
dominance of the fast-growing pin cherry contributed to increases in aboveground net primary
productivity (ANPP) in the fertilized plots. Some of this ANPP response probably was associated
with reduced C allocation to roots in some of the fertilized plots, but this pattern was not consistent
across all the stands. The results indicate that the outcome of inter-specific competition in mesic
forests, where co-limitation by light and soil resources prevails, depends upon the effect of site
quality upon the relative intensity of one-sided competition (for light).

Fine Root Dynamics in Northern Hardwood Forests. Limited understanding of the dynamics of
fine roots constrains our ability to accurately characterize the structure and function of terrestrial
ecosystems and to predict their responses to natural and human-accelerated environmental changes.
However, recent methodological advances, especially the minirhizotron (MR) technique may
provide the means to improve estimates of fine root production and turnover and their response to
environmental perturbations. Comparisons between MR and soil cores indicate that depth
distributions of fine roots are altered by MR access tubes; however, the MR technique could still
provide valid estimates of fine root production if the longevity of roots growing along tubes is not
different from that in soil. We compared MR measurements of the longevity of fine roots growing
in forest floor horizons with measurements obtained using in situ root screens (Fahey and Hughes
1994) to improve confidence in fine root production estimates by MR. Patterns of fine root
longevity were very similar for these two methods. Moreover, these estimates of fine root
production concurred with independent estimates of the forest floor carbon balance (Fahey and
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Tierney, submitted). These results strongly suggest that MR access tubes do not significantly alter
the longevity of fine roots in forest floor of northern hardwood forests.

Microbial Dynamics. In the last cycle of LTER funding, we initiated an effort to build a
long-term data base to understand the factors that regulate microbial biomass and activity and to
understand the role that microbes play in regulating biogeochemical fluxes in the northern
hardwood forest. The effort was designed to complement existing long-term monitoring efforts of
litter, soil solution chemistry and stream chemistry and to provide a background for more detailed
studies of microbial processes. A paper on spatial, seasonal and annual variation in microbial
biomass and activity, with analysis of relationships between microbial parameters and litter quality
and soil solution chemistry is "in preparation". Two more detailed studies,

funded by other sources, have been initiated; a manipulative study of "snow depth, soil frost and
nutrient loss” (funded by the interagency program on Terrestrial Ecosystems and Global

Change (TECO) and a study examining relationships between gross rates of N transformations and
N gas fluxes (funded by a USDA NRICGP grant).

Population Dynamics of Birds and Insects, and Tree Growth Patterns. Monitoring of bird
populations at Hubbard Brook, begun in 1969, continued to show declines in some species,
increases in others and stable patterns in yet a third group (Holmes and Sherry, in prep.). Most
species exhibited similar trends on three replicate plots, suggesting regional synchrony and the
effects of environmental factors acting at large scales. The finding that different species exhibit
different trends within the same sites, however, indicates that the factors and processes affecting
these populations are diverse and their effects species-specific (Sherry and Holmes 1996,
Rodenhouse et al. 1997, Holmes and Sherry in prep.). Process studies indicate that habitat quality
differs among species, some responding to factors such as shrub density (Holmes et al. 1996) while
others are affected by changes in overall forest structure (and presumnably food resources) over
successional gradients (Hunt 1996, 1998). Monitoring of defoliating Lepidoptera between 1991-
1997 showed no irruptions or major changes in abundance at Hubbard Brook or in the three
replicate sites in the southern parts of the White Mountain National Forest.

To test the hypothesis that birds indirectly influence tree growth through their consumption
of leaf-chewing insects, we measured the growth responses (e.g., shoot extension, leaf biomass) of
sugar maples (4cer saccharum) 1) from which birds were denied access through the use of
exclosures, 2) from which all herbivores had been removed by application of a biodegradable
insecticide, 3) on which herbivores were augmented by the addition of caterpillars, and 4) on
controls, Preliminary results indicate that birds significantly reduced insect herbivores outside the
exclosures compared to inside, confirming an earlier finding at Hubbard Brook (Holmes et al.
1979), but more importantly, those trees from which birds had been excluded exhibited increased
shoot extension in the following season. However, leaf biomass did not differ significantly,
despite greater shoot masses in exclosure and insecticide treatments (Strong et al., in prep.). These
findings extend our long-term studies of the ecological role of birds in northern hardwood
ecosystems (Holmes and Sherry 1997).

The Transport and Fate of CFC Replacement Chemicals. The phase out of
chlorofluorocarbons (CFCs) has resulted in the use of hydrochlofluorocarbons and
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hydrofluorocarbons as environmentally acceptable alternative chemicals. Trifluoroacetate (TFA)
has been identified as a byproduct of these CFC replacement chemicals, which following
production in the atmosphere largely returns to the Earth's surface via precipitation. Little is
known about the ecological fate of TFA. Two investigations were initiated to assess the transport
and fate of TFA in the environment. A cross-site study of LTER sites was conducted to investigate
soil adsorption of TFA (Richey et al. 1997a,b). Batch adsorption studies using soils from LTER
sites indicated a wide range of TFA adsorption. TFA adsorption was most strongly related to soil
organic matter. TFA adsorption increased with decreasing soil pH and competing anions
influenced the extent of adsorption. A field manipulation study was also conducted at the HBEF to
investigate the fate of added TFA to upland soils and a wetland. These results showed limited
retention of TFA in upland soil plots. In contrast there was considerable retention of added TFA
on soil and by vegetation in the wetland (Likens et al. 1997).

Controls on Water Quality of the Merrimack River Basin. We have been investigating spatial
and temporal pattemns in the water quality of the Pemigewassett-Merrimack River basin which
drains most of New Hampshire. Hubbard Brook is a headwater tributary to the Pemigewassett-
Merrimack River. Fifty-two water quality stations have been established along the basin and have
been sampled for 16 months. Water samples were analyzed for all major solutes. Using water
chemistry and U.S. Geological Survey discharge information mass fluxes for these solutes have
been determined. This initiative has also involved the development of a geographic information
system for the basin, including a digital elevation model, land-use, population density, soils,
hydrography, and precipitation quantity and chemistry. This information will be used to assess the
role of land-use in regulating water quality in the basin. These current data will be compared to
historical data from the early 1970's to evaluate causes of water quality changes over the last 25
years.

Data and Information Management. During this funding cycle we have modified and upgraded
the data and information management system from the original direct-dial, computer bulletin
board, "The Source of the Brook" (SOTB; Veen et al. 1994). We have developed a Hubbard
Brook Ecosystem Study (HBES) home page (http://www.hbrook.sr.unh.edu) to replace the SOTB.
The home page is maintained by the USDA Forest Service data manager, who coordinates the data
and information management efforts of all the HBES cooperators by uploading and connecting
data sets, either on this "umbrella” site or at the major nodes that are linked to this site.
Components of the HBES homepage include: an overview of the HBES research history and
results and HBEF site description; long-term data sets (meteorological, hydrologic, chemical,
biological); a bibliography of all HBES publications; resumes of HBES investigators; a list of
organisms of the HBEF; GIS coverages; information of sample and document archives; current
research initiatives; protocols for research involvement; and Hubbard Brook Research Foundation
activities.
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2.0 - Long-term Ecological Research at Hubbard Brook Experimental Forest
1. INTRODUCTION

In our continuing effort to comprehend the ecological patterns and processes characterizing
the northeastern forest landscape, long-term measurements in and around the Hubbard Brook
Experimental Forest (HBEF) repeatedly provide surprises and insights that both question our
previous understanding and challenge us to improve our conceptualization of forest ecosystem
structure and function:

» Forest biomass on the reference watershed (W6) at HBEF leveled off at a stand age 65 yr,
much earlier than projected by earlier models of forest production and C balance. What factors
govern the spatio-temporal pattems of C flux in the northeastern forest?

» Despite the reduction in biomass accumulation, N is strongly retained in the HBEF watersheds
even in this region of high N deposition; in fact, preliminary studies suggest that productivity of
stream biota is primarily N limited. What explains spatio-temporal patterns of N retention and flux
in the northeastern forest?

« Long-term changes in the acid-base balance of the forest and linked aquatic ecosystems
indicate that recovery from reductions in strong-acid loading will be slow and that ecological
disruptions owing to soil Ca depletion may occur in some landscapes. How can spatio-temporal
patterns in acid-base balance of forest watersheds be explained?

« Despite careful, long-term accounting of S inputs and outputs, the magnitude and dynamics of
some important S sources remain highly uncertain. What are the important S sources in the HBEF
forest and in other regional ecosystems?

»  Varying temporal pattemns of abundance within the passerine bird assemblage in the HBEF
illustrate the complex food web interactions that control population sizes of the diverse
heterotrophic community. What explains the spatio-temporal variations in population size of
various nesting birds in the HBEF?

«  During the second week of January, 1998 the HBEF and Northeast region was devastated by
an extraordinarily severe ice storm. What determined the spatial patterns of its impacts and what
will be the ecosystem responses to this intense, diffuse disturbance event?

The program of monitoring, experimentation and quantitative modeling in the HBR-LTER
is designed to address these and related questions about forest ecosystem dynamics. As a central
element of the Hubbard Brook Ecosystem Study (HBES), the LTER program provides both an
intellectual core and a funding base from which we examine our theme — controls of the structure
and function of the northern hardwood ecosystem. Our principal goal is to improve general
understanding of the mutual influences of environment, disturbance, biological activity and the
fluxes of energy and materials in the forest landscape. Our overarching research hypothesis is that
biological activity (especially species distribution and abundance) is the mediator of the influence
of environmental conditions and disturbance on biogeochemical cycling and energy flow. The
context for this influence includes the complex food web of the northern hardwood forest; and we
regard the biogeochemical (Fig. 1) and food web (Fig. 2) diagrams of the forest as the conceptual
basis from which our research program is derived. By clarifying and quantifying the linkages
within and among these conceptual models we are providing basic knowledge about ecosystem
dynamics, as well as information that will help to inform policy-makers addressing difficult
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environmental management problems such as changes in land-use, air and water pollution control,
human settlement, exotic species invasions and pathogen outbreaks, and global climate change
(Aber et al. 1997). Our participation in the larger LTER network provides both the opportunity
and the responsibility for the HBES, in concert with the other sites, to continue to advance
ecological science on regional, national and global scales.

Our proposed program of experimental and process research, monitoring, and simulation
modeling is designed to address a series of objectives and specific hypotheses that expand upon the
observations noted above. Although the focus of most of the research is the Hubbard Brook Valley
and especially the experimental watersheds therein, our research program addresses ecological
problems at a variety of scales. We regard the combination of precise, long-term measurements of
environment and biota, and the experimental unit of the small watershed, as an ideal basis for
improving understanding of ecosystem dynamics in these forest landscapes. However, we
recognize and stress the need to analyze the catchment at finer resolution and also to expand the
scales of measurement and modeling to encompass the broad region which the HBEF partially
represents.

Research Themes. Three thematic categories underpin the research structure of this proposal: 1)
biogeochemistry, 2) vegetation dynamics and primary production, and 3) heterotroph population
studies. Although these categories are intimately interrelated in many respects, they do provide a
convenient organizational structure. In the area of biogeochemistry our proposed work focuses
upon C, N, S and Ca, and upon the acid-base, and microbially-mediated redox processes that
largely determine their behavior. In addition to the studies described here, we recently submitted a
proposal for separate NSF funding of a watershed-scale manipulation of soil Ca status through the
application of a rapidly-weathering Ca-silicate mineral (wollastonite). Isotopic studies of the fate
of the added Ca together with long-term, watershed mass-balance and plot-scale experiments on
soil, microbial, vegetation and animal responses, will allow us to test a series of hypotheses about
the role and mechanisms by which soil base status regulates ecosystem structure, function and
composition. Our particular interest in the biogeochemical cycles of N and S builds upon past
work, and is motivated by the recognition that important questions still remain to be answered
regarding the behavior of these atmospherically derived nutrients and pollutants, as noted above.

At the scale of the experimental watersheds the dynamics of vegetation and primary
productivity are well understood at HBEF. However, the analysis of vegetation patterns at both
finer and coarser scales in the Hubbard Brook Valley (HBV) and the Northeast region suggests that
variation at these scales could play an important role in determining the response of the forest to
human-accelerated environmental change. For example, 1) unusual overstory mortality is observed
only in certain landscape positions in the HBEF and this seems to be a region-wide phenomenon
(Wilmot et al. 1995); and 2) the larger HBV is composed of a patchwork of stands that partly
corresponds with patterns of topography and soils as influenced by bedrock and glacial deposits.
Similar patch-scale variation in seedling and sapling recruitment and in net primary productivity,
would emphasize the importance of understanding controls on the distribution and dynamics of
these paiches for predicting forest compositional change and emergent properties of the forest
ecosystem.

We have focused our efforts in the area of heterotroph population dynamics on the diverse
and complex assemblage of passerine birds. Although our general understanding of the processes
regulating trends in abundance and distribution of birds in and around the HBEF is now well
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developed, better quantification of certain crucial interactions is needed, especially the dependence
of patterns of population abundances on 1) temporal variations in nest predation resulting from
natural fluctuations in small mammal populations driven by masting cycles of trees; 2) temporal
variations in food supply, especially phytophagous insects; and 3) spatial variations in habitat
quality at the larger scale of the entire HBV. We propose to expand our investigations of
heterotroph ecology by examining the role of moose in the structure and function of northern
hardwood forest. This large mammal returned to the HBV in the last decade after a prolonged
absence owing primarily to hunting pressure (Hicks 1986), and its effects on vegetation dynamics
are already obvious.

In sum, our coordinated research program in the HBR-LTER is the logical outgrowth of
previous studies that have provided a quantitative and integrative understanding of the
composition, structure and function of northern hardwood forest ecosystems. We expect that the
mutual influences of environment, disturbance, and biota in regulating nutrient cycles, energy flow
and the composition of biological community will be clarified by these continuing studies and that
as a result, predictions of responses to human-accelerated environmental change and the design of
public policies will be improved.

Intensive Study Sites. Most of the research in the HBR-LTER project is concentrated at the
HBEF in the White Mountains of central NH (Fig. 3). Because of space limitations we refer
readers to detailed descriptions of the climate, soils, vegetation, and history of the HBEF at our
WWW Homepage (http:\www.hbrook.sr.unh.edu) or in Likens and Bormann (1995). At the
HBEF we have been using the small watershed approach to quantify the response of forest and
aquatic ecosystems to disturbance, and several experimental watersheds on the south-facing slope
have been manipulated for this purpose (Table 1). Increasingly we have broadened the scope of
our studies to encompass the wider HBV including north-facing experimental watersheds and
additional landscape elements at HBEF. For example, Mirror Lake is a smalil (15 ha), clearwater
lake near the mouth of the HBV. Extensive research has been done on the limnology, hydrology
and paleoecology of the lake (Likens 1985; Bukaveckas et al. 1998a,b; Rosenberry et al 1998;
Winter et al 1989). We have measured precipitation and the inlets and outlet for the lake since
1965, and propose to continue these measurements as part of this LTER. Detailed data on the
inlets and outlet streamflow and groundwater flux for the lake are provided from the USGS.

The HBR-LTER also encompasses other regional forested sites that provide further context
for studies at HBEF (Fig. 4). In particular, The Bowl Natural Area (BNA) is a nearby large
watershed (206 ha) with no history of logging, human settlement or forest fire (Leak 1973), but in
other respects closely resembles HBEF. The HBR-LTER supports periodic surveys of forest
vegetation and element cycling at BNA that follow on earlier efforts (Martin 1979) and provide a
comparative basis for interpreting temporal patterns at HBEF. Cone Pond Watershed (CPW) is a
53-ha catchment near HBEF that forms a regional “end-member” in terms of low soil base
(fertility) status (Bailey et al. 1995, 1996; Hornbeck et al. 1997). The site experienced a major fire
around 1820. The watershed is gauged and has been monitored for precipitation chemistry,
throughfall chemistry, soil and soil solution chemistry, vegetation, hydrology and stream chemistry
since 1988. We propose to continue these measurements of CPW as part of this LTER.
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Study Regions. The HBR-LTER involves larger scale analyses of several relevant regions,
including the northeastern U.S., the White Mountain Ecological Zone (WMEZ) and the
Pemigewassett-Merrimack River (PMR) drainage basin (Fig. 4). The HBEF is part of the
northeastern U.S., a region that is largely forested and contains abundant surface water resources
(e.g., 7096 lakes >4 ha) that are characterized by low ionic strength and low acid neutralizing
capacity (ANC). Across the Northeast we have analyzed the effects of atmospheric deposition on
soil and surface water chemistry (Ollinger et al. 1993; Aber et al. 1997; Driscoll et al. 1998).
Geographic information system (GIS) data layers for the Northeast region used in our analyses
include a digital elevation model (DEM), precipitation, atmospheric deposition, vegetation, soil
chemistry, and surface water chemistry. In this LTER proposal, we will examine factors regulating
dissolved inorganic N (DIN) loss, controls of surface water SO,> concentrations and soil Ca?*
depletion across the Northeast region and compare these results to patterns observed at the HBEF
(see2.2,2.3,2.4). ’

The HBEF is located in the southern part of the WMEZ. The White Mountains are over
90% forested with northern hardwood the predominant forest type, and conifers dominate in rocky
and sandy habitats as well as above 775 m in elevation. Timber products and recreation dominate
the economy, industries that are dependent on the ecological health of the region. GIS data layers
for the WMEZ include a DEM, land-use, population density, roads, soils, hydrography, and
precipitation quantity and chemistry. In 1995, as part of the current LTER, we conducted a survey
of the water chemistry of the 130 ponded waters in the WMEZ. This survey will be repeated in
2000 as part of the proposed LTER.

Hubbard Brook is a headwater tributary to the PMR basin, and we have been investigating
spatial and temporal patterns in the water quality of this 13,000 km? basin which drains from the
White Mountains to the Atlantic Ocean. Land-use varies within the basin from largely forested
wilderness areas in the north to increasingly residential and urban lands in the south. We have
measured mass fluxes of major solutes for various sub-catchments of this basin, and we are
currently synthesizing these results in conjunction with a GIS for the basin that includes a DEM,
land-use, population density, soils, roads, political boundaries, industrial and municipal point
sources, hydrography, and precipitation quantity and chemistry. This information is being used to
assess the role of atmospheric deposition, and land-use and residential development in regulating
water quality in the basin.

Description of Long-term Data Sets. A major element of the HBR-LTER is the development of
long-term records for reference and experimentally manipulated watershed-ecosystems including:
1) meteorology and hydrology (since 1956); 2) precipitation and streamwater chemistry (1963); 3)
forest vegetation (1965); and 4) forest floor mass and chemistry (1965) (Likens et al. 1977, 1984,
1985; Likens and Bormann 1995; Federer et al. 1990; Table 2). Annual quantitative surveys of
bird and phytophagous insect populations within the forest have been conducted since 1969
(Holmes 1988). Largely through the HBR-LTER, long-term studies of air chemistry, throughfall,
litterfall, fine root activity, microbial activity, soil water and soils have been initiated to develop a
more comprehensive understanding of the ecology of the northern hardwood forest ecosystem.
The great value of these monitoring efforts is emphasized by the background they provide
for quantifying responses to catastrophic events such as the January 1998 ice storm which
will provide a natural experiment in coming years.
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Our long-term measurements have largety focused on the south-facing experimental
watersheds (i.e., W1-6). As part of the proposed LTER, we plan to expand this effort to include
north-facing experimental watersheds (Fig. 3). The north-facing watersheds at the HBEF are
characterized by cooler climate, and a greater proportion of coniferous vegetation.

The routine measurement of precipitation and stream chemistry in 18 experimental
watersheds is the backbone of the biogeochemical monitoring program (Fig. 5). All water samples
are analyzed for all major solutes. The Hubbard Brook LTREB project "Hydrologic-element cycle
interactions in small undisturbed and human-manipulated ecosystems” funded by the NSF,
provides about 40% of the funding for the routine collection and analysis of precipitation and
stream samples described above. We are requesting here funds to support about 60% of this
critical monitoring. Thus, both of these funding sources are necessary to sustain the long-term
records of biogeochemistry at HBEF.

Other ongoing monitoring programs (Table 2) are conducted at a number of sites within the
HBEF. Complete forest surveys (all stems > 10 cm dbh) and forest floor collections are made
every five years in W6. Atmospheric chemistry monitoring has continued since 1989 at two sites
in the HBEF, and dry deposition is measured at W6 using three methods (inferential, throughfall,
and watershed mass balance; Lovett et al. 1992). Litterfail, microbial activity and soil solution
monitoring are conducted immediately west of W6 to minimize disturbance to this reference site.
Fine roots are monitored using fine root coring, and observation of root growth and longevity using
minirhizotrons. Bird and insect population monitoring is conducted in a large area west of W6.

Description of Models Used. We use models as research tools, to facilitate hypothesis testing and
to integrate ecosystem studies. The hydrologic model, BROOK, was developed for small forest
watersheds, and was based on research at the HBEF (Federer and Lash 1978). We have developed
and linked two submodels to produce a comprehensive forest-soil-water model to simulate element
cycling in forest and interconnected aquatic ecosystems. These submodels include: 1) PnET
(Aber and Federer 1992; Aber et al. 1997; Aber and Driscoll 1997), a simple and well-validated
model of monthly carbon, water and nutrient balances, which provides estimates of forest net
primary productivity, nutrient uptake by vegetation and water balances; and 2) CHESS (CHemical
Equilibrium of Soils and Solutions; Santore and Driscoll 1995) a soil column model which
simulates abiotic soil processes, such as cation exchange, weathering, adsorption and solution
speciation. Separately or linked (PnET/CHESS), these models will be used to assess the effects of
air pollution and land-use disturbance on the biogeochemistry of forest and aquatic ecosystems
(e.g. Postek et al. 1995; Driscoll et al. 1998; see 2.2, 2.3, 2.4). Finally, we are using a nutrient
uptake model (Yanai 1994) to simulate solute uptake at the root surface, and its dependence on
solute movement to the root through the soil by mass flow and diffusion. The nutrient-uptake
model will be used in a LTER cross-site study of root nutrient uptake in forest ecosystems (see
5.0).

Core Area Coverage. Because of space limitations we refer the reviewer to Table 3 for a
summary of how this proposed research covers the LTER core areas.



2. BIOGEOCHEMICAL STUDIES

The biogeochemistry of forest watersheds in the northeastern U.S. is strongly regulated by
natural factors and human disturbance. Cool, moist conditions limit the decomposition of organic
matter and most elemental cycles are closely coupled with the dynamics of organic matter.
Moreover, these watersheds are generally characterized by shallow deposits of surficial materials,
soil minerals with slow rates of chemical weathering, and low concentrations and pools of
exchangeable base cations in soil (April and Newton 1985; Driscoll 1991; Eilers and Selle 1991).
These conditions result in low ionic strength, acidic drainage waters. Human disturbance alters the
biogeochemistry of these watershed ecosystems. Atmospheric deposition of strong acids (H,SO,,
HNO;) to forest watersheds accelerates the depletion of labile pools of nutrient cations from soil
(Kirchner 1992; Likens et al. 1996, 1998; Bailey et al. 1996), the mobilization of Al from soil to
drainage waters (Cronan and Schofield 1979, 1990) and the acidification of surface waters
(Driscoll and Newton 1985). Elevated atmospheric deposition of N may result in nutrient
imbalances in forest vegetation (Aber et al. 1995), soil and surface water acidification (Reuss and
Johnson 1986; Schaefer et al. 1990), eutrophication of coastal waters (Fisher and Oppenheimer
1991) and changes in trace gas emissions (Steudler et al. 1989; Bowden et al. 1991). Clear-cutting
results in marked increases in drainage losses of nutrients due to acidification of soil and drainage
water associated with enhanced nitrification (Dahlgren and Driscoll 1994). Qver the longer term,
regrowing vegetation enhances nutrient retention (Pardo et al. 1995) and the redistribution of soil
pools following clear-cutting alters stream nutrient loss (Romanowicz et al. 1996). Human
settlement will enhance element losses in drainage water and result in a deterioration of water
quality (Valiela et al. 1997).

Our general objective is to quantify spatial and temporal patterns of element
concentrations and fluxes and to assess their response to natural factors such as climate,
vegetation, geomorphology and bedrock geology and human disturbances such as air
pollution, clear-cutting and human settlement. We will use our ongoing measurements of
precipitation chemistry, litterfall, microbial biomass and transformations, vegetation uptake, soil,
soil water and stream chemistry and model calculations to test hypotheses on the biogeochemical
response of forest watersheds to environmental conditions and human disturbance. Results of site
specific observations will be extrapolated to the northeastern region, the WMEZ, and the PMR,
basin regions using GIS and model calculations.

OBJECTIVE 2.1. To evaluate the factors controlling organic carbon concentrations in soil
and drainage water across the HBEF landscape.

Drainage losses of dissolved organic carbon (DOC) are of particular interest because of the
contribution of organic acids to the acid-base chemistry of drainage waters, the transport and
speciation of trace metals and the effects of DOC on drinking water potability (Driscoll et al. 1994
a,b). Our previous studies of detrital organic matter in the reference (W6) watershed and in
adjacent W5 at the HBEF have shown that pools of soil organic C are highest at the upper
elevations (Fig. 6). We have hypothesized that this pattern is due to cooler temperatures, the
predominance of coniferous vegetation and a relatively flat slope in the upper reaches of these
south-facing watersheds but the relative importance of these factors remains uncertain. Soil carbon
pools appear to coincide with leaching of DOC and associated elements (Fig. 7; Driscoll et al.
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1988). Conifers comprise a larger fraction of the forest vegetation in the north-facing watersheds
(Fig. 8) that generally have higher DOC concentrations in streamwater than the south-facing
watersheds. However, differences in DOC are evident across the three north-facing watersheds,
with significantly higher concentrations of DOC in W9 (7.1 mg C/L) than W7 (1.7 mgC/L}) or W8
(2.9 mg C/L). We believe these patterns in DOC concentrations are due more to differences in
watershed topography, than climate or vegetation. In contrast to W7 and W8, W9 is characterized
by a relatively large flat area where restricted drainage may allow for the accumulation of soil
organic C and contribute to the elevated DOC observed in W9.

Hypothesis 2.1. Watershed topography exerts primary control over soil organic C and stream
DOC losses in upland catchments at HBEF, with forest vegetation composition (conifer vs.
hardwood) playing a secondary role.

To test hypothesis 2.1, we propose to supplement our studies of organic C dynamics on the
south-facing experimental watersheds with analogous work on north-facing W8 and W9. We will
establish an elevation transect of four intensive monitoring sites in W8 and W9 and we will
measure litterfall, microbial biomass and activity, and the chemistry of soil water and streams.
Forest biomass will be estimated by measuring the dbh of all trees with dbh > 10 cm on 120
randomly located plots in both W8 and W9 (i.e., 240 plots total). Forest floor samples will be
collected at 100 randomly located sites in both W8 and W9 using the "pin-block” method (e.g.,
Federer et al.. 1993). Mineral soil samples will be coliected from 50 soil pits in each watershed,
fifieen of which will be excavated using the quantitative approach of Huntington et al. (1988).
Data collected in this effort will enable us to construct detailed C budgets for W8 and W9, as we
have previously done for W6 and W5 (Johnson et al. 1995). We will compare patterns of C
concentration and dynamics for W8 and W9, with our values for W6. The patterns of variation in
vegetation, topography and soil and surface water carbon within and between these watersheds will
enable us to elucidate the controls on the biogeochemistry of detrital organic C.

OBJECTIVE 2.2. To understand and gquantify patterns of N cycling and loss.

Long-term monitoring of N in plant biomass, litterfall, soil solutions, strearn water and
microbial biomass has revealed interesting spatial and temporal patterns that will guide our
research over the next six years. There are strong patterns of N cycling with elevation within
watersheds of HBEF. Forest floor depth and microbial biomass and activity are highest at the
highest elevations (Fig. 6), but concentrations of dissolved inorganic N (DIN) in the soil solutions
and streamwater peak at intermediate elevations (Fig. 7). Soil depth and vegetation production
decrease with increasing elevation. Patterns of N cycling with elevation are controlled by complex
interactions between plant, soil, microbial, climatic and hydrologic factors.

The N saturation hypothesis suggests that leaching losses of NO;” will increase in forest
watersheds under elevated inputs of DIN from atmospheric deposition and as the rate of
accumulation of N in biomass decreases with increasing stand age (Stoddard 1994). The 80-yr
stand on W6 at the HBEF is an ideal site to examine the linkage between atmospheric deposition of
N, the accumulation of N in forest biomass and stream N loss. Biomass accumulation on W6 was
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rapid through the early years of the study (1960s), then declined through 1982 and no net increase
of living biomass has occurred since 1982 (Likens et al. 1994; Fig. 9). Early in the study period
(1963-1976), we observed a pattern of increasing NO;" concentrations and loss in streamwater
from W6 (Fig. 5,10). However, since the mid-1970's there has been a decline in stream NO;.
Streamwater loss of NO, from W6 is currently the lowest value observed during the 33-yr study.
This long-term pattern in stream NO;’ loss is one of the most interesting and perplexing
characteristics of the long-term biogeochemical record at the HBEF.

While the mechanism controlling interannual stream NO;" loss at the HBEF is not clear,
climate may be an important determinant. Using the model PnET, Aber and Driscoll (1997) were
able to explain 29% of the variance in annual NO; loss in W6 (Fig. 10). Much of this variation as
predicted in PnET was due to climatic variation.

To examine the longer-term response of the northern forest to atmospheric deposition of N,
we calculated the annual retention coefficient of DIN (DINy,y epositionPIN siream outtlow/ P TNbuik depasition)
for a chronosequence of watersheds of different stand age in the HBV and mature forests at the
nearby BNA and CPW (Fig. 11). This analysis suggests that young, strongly aggrading stands
(recently cut W2, W4, W5) retain a large fraction of atmospheric inputs of N. With increasing
stand age the extent of N retention decreases except for the CPW which was severely burned two
centuries ago. While this pattern follows the general paradigm suggested for temperate forest
ecosystems (Vitousek and Reiners 1975), there is considerable year-to-year and decade-to-decade
variability in N loss and watershed retention. Hence, while the concept of N-saturation is a useful
mode! of N loss over the time-scale of forest development (i.e., centuries), it is more problematic
to assess the response of forest watersheds to atmospheric N deposition over the time scale of
decades.

The effects of N or P additions on algal assemblages of stream ecosystems depend upon
which nutrient limits primary production (Fairchild et al. 1985; Meyer et al. 1988). Within
temperate forests, freshwater systems generally were considered to be P limited (Schindler 1974),
but recent research in lakes has shown that N is limiting as often as P and that most aquatic
systems are co-limited by N and P (Elser et al. 1990). We recently found in Bear Brook at the
HBEF that stream DIN concentrations are now sufficiently low relative to P in the summer to
cause N limitation of algal growth (E. M. Bernhardt, unpubl. data). These observations lead to the
following hypotheses:

Hypotheses 2.2.1. Spatial patterns of N loss in streamwater are the result of complex
interactions between climate, vegetation, soil, microbial activity and hydrologic conditions.

Huypothesis 2.2.2. The cessation of forest biomass aggradation at the HBEF will result in
reduced net uptake of N, and streamwater concentrations of NOy will increase particularly
during the growing season.

Hypothesis 2.2.3. The degree of N limitation in stream ecosystems will be greater in more

recently cut forests than more mature forests. The degree of N limitation of stream algal
biomass will be greatest in summer when stream NO;y concentration is lowest.
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We will use our ongoing biogeochemical measurements in the reference area west of W6
together with stable isotope data to test hypothesis 2.2.1. Litter quality, quantity and composition
have been monitored in this area since 1984 (Hughes and Fahey 1994). Microbial biomass C and
N content, microbial activity (potential net N mineralization and nitrification, denitrification, soil
respiration) have been monitored since 1994 using methods in Groffiman et al. (1996). Soil
solution chemistry is monitored at three horizons at three elevations west of W6 using methods in
Driscoll et al. (1988). Stream chemistry is measured at 5 stations along an elevational gradient in
W6 (Likens et al. 1994). These data sets are critical for interpreting spatial, seasonal and annual
variation in plant and microbial N cycling and will enable us to test hypothesis 2.2.1.

Stable isotopes are a useful tool for evaluating N cycling intensity and history of NO;” loss
(Nadelhoffer and Fry 1994). Microbes discriminate against ’N during microbial transformations
of N, creating pools within the ecosystem with distinct isotopic signatures. At sites with high rates
of N cycling and NO;" loss, remaining soil and plant material becomes enriched in "*N. In a past
study, we related nitrification rate to soil ’N at three sites across a gradient of NO;’ loss in the
Hubbard Brook region (Fig. 12; Pardo et al., in prep.). In coming years we will continue to
evaluate *N in soil and litter in relation to N cycling measurements at a variety of scales, from
plots in HBEF to regional comparisons. In addition, we will begin to measure *NH," and '*NO;’
in soil solutions to evaluate the intensity of N cycling by soil horizon and to determine the sources
of plant available N. Monthly measurement of "N in soil solutions from Oa, By and B, horizons at
three elevations, in streamwater at five elevations and in precipitation will allow us to characterize
the nature of N cycling. Finally, we will continue our long-term measurements of N in
streamwater in the HBEF watersheds, CPW and the BNA to test hypothesis 2.2.2. We will
continue to use PnET, and atmospheric deposition, vegetation and climatic data to probe factors
regulating stream N loss.

To test hypothesis 2.2.3, we will examine nutrient limitation and transport in 2nd order
streams of 8 watersheds in and around the HBEF, ranging from the BNA to a 1985 clear-cut (W5)
and CPW (Fig. 11). We will assess nutrient limitation and nutrient transport at three seasons using
nutrient diffusing substrates placed throughout each study reach following the method described by
Winterbourn (1990), and Corkum (1996). Substrates will be enriched with N (NH,NO,) and P
(PO,?) in a factorial design. After 2 weeks, we will collect substrates and determine chlorophyll a
biomass and algal assemblage structure. We expect chlorophyll a to be highest on substrates that
provide the limiting nutrient. Epilithon N:P will be measured, and should reflect stream N:P ratios
(P. J. Mulholland pers. comm.). We will add NO,", NH," and PO,” along with a conservative Cl’
tracer into streams to examine transport distance and uptake rates of these nutrients (Stream Solute
Workshop 1990). We expect that streams that are N limited will have short N transport distances
relative to P, as has been found in other streams (Munn and Meyer 1990, Marti and Sabater 1996).

OBJECTIVE 2.3. To evaluate controls on SO,* loss from forest watersheds in the
northeastern U.S.

We have observed 2 marked decline in annual volume-weighted concentrations of SO,*in
precipitation and streamwater at the HBEF, that closely corresponds to declines in emissions of
SO, (Fig. 13). Assessing future recovery associated with continued reductions in SO, emissions is
limited by uncertainty in sources of S inputs to watersheds. Several studies have documented a
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discrepancy in the S budget for watersheds in the Northeast (Norton et al. 1988; Likens et al. 1990;
Mitchell et al. 1996) and simulations using CHESS (Driscoll et al. 1998) suggest that either of two
alternative mechanisms explain the missing S source: 1) significant underestimation of dry S
deposition, and/or 2) internal watershed S sources, such as mineralization of soil organic S pools or
weathering of S minerals. Close agreement between measured and model results precluded
:dentification of which of the two mechanisms controlled long-term trends in stream SO (Fig.
14). Model simulations indicated that soil adsorption reactions significantly delayed the response
of stream water to declines in SO,% inputs since 1970, but could not explain the discrepancy in
watershed S budgets.

Hypothesis 2.3. Net mineralization of soil organic S pools supplies SO/ to drainage water,
thereby delaying the response of stream water to decreases in atmospheric S deposition.

To test hypothesis 2.3, we will continue to measure S in atmospheric deposition and
streamwater. We will initiate new measurements of S in forest vegetation and litter to provide
more detail on the S cycle at the HBEF. These measurements will be supplemented by
measurements of stable S isotope ratios in archived precipitation and stream samples to attempt to
assess the source(s) of SO, in streamwater (Mitchell et al., in press). Finally, we will expand
PnET/CHESS to consider microbial immobilization of SO,* and mineralization of soil organic S
pools using the formulations and rate data provided in Fuller et al. (1986).

OBJECTIVE 2.4. To quantify the depletion of labile Ca® from soil pools in the HBEF and
the northeastern U.S. and to assess the ecosystem response to this perturbation.

Long term biogeochemical studies at the HBEF have revealed a marked depletion of
reactive Ca?* from soil (Likens et al. 1996; 1998; Fig. 15). This depletion of soil Ca™ is largely a
consequence of elevated inputs of strong acids from atmospheric deposition and has been reported
for several other acid-sensitive sites in eastern North America and Europe (Kirchner 1992; Bailey
et al. 1996). Calcium is the major nutrient cation of the soil exchange complex and the major
cation in drainage waters at HBEF. The supply of Ca* is a critical controller of the acid-base
status of soil and drainage waters, and as a result is important in regulating the structure and
function of the northern hardwood forest and associated stream ecosystems.

Hypothesis 2.4.1. The rate of soil Ca** depletion will decrease and the acid neutralizing capacity
of surface waters will increase in response to decreases in atmospheric deposition of SO/

Hypothesis 2.4.2. The % Ca saturation of the soil exchange complex is an important master
variable regulating the structure and function of the northern hardwood forest.

We will use two approaches to assess depletion of soil Ca?. First we will use the mass
balance approach described in Likens et al. (1996). Second we will use PnET/CHESS as a
research tool to evaluate soil Ca** depletion. Model simulations initially will be compared to
measured mass balance calculations (Likens et al. 1996) to evaluate the effectiveness of model
predictions. Then the model will be used to probe the recovery of soil and surface waters at the

2-10



HBEF in response to decreases in SO, emissions that are planned as a result of the 1990 Clean Air
Act Amendments. In 1995 as part of the HBR-LTER a synoptic survey was conducted of the
water chemistry of ponds in the WMEZ. This survey will be repeated in 2000 as part of this
proposed study. We will use information from these surveys to assess the response of the WMEZ
to changes in atmospheric deposition.

We have proposed, under separate funding, to manipulate the supply of Ca* to a small
watershed (W1) at HBEF to investigate responses of soil chemistry, soil microbes and
invertebrates, vegetation and animal communities and stream biota. This experiment was designed
as a 50-year study. If funded, at the end of the five-year project period, measurements of the
longer-term response of the ecosystem to the experimental treatment will be included as part of the
HBR-LTER, including measurements of precipitation, chemistry, vegetation, litter, microbial
biomass and activity, soil, soil water chemistry and stream chemistry for W1,

OBJECTIVE 2.5. To evaluate the impact of human settlement on water guality.

Our long-term data show marked changes in the water quality of the lower HBV. Housing
development, with associated septic-field drainage, in the Mirror Lake watershed near the mouth of
the Valley has increased in the last 5 yr. Comparison of data from Hubbard Brook at the outlet of
the HBEF (unimpacted by human settlement) with the lower reaches of Hubbard Brook
(population density = 30 per km? in a watershed area 8% of the HBEF) demonstrate that even
relatively sparsely populated areas can have marked effects on water quality (Fig. 16). In
particular, NO, concentrations in streamwater below the reach of human housing are elevated
during the low-flow summer period, in contrast to very low values draining the HBEF. Likewise
our ongoing investigation of spatial controls on the water chemistry of the PMR basin show
marked increases in solute concentrations and fluxes from the WMEZ wilderness areas to
downstream areas of human settlement (highly urbanized areas of southern NH and northeastern
MA,; Fig. 17). Historical data that are available suggest marked changes in water chemistry have
occurred in the Pemigewassett-Merrimack River since the early 1970's (Ceaser et al. 1976).

Hypothesis 2.5. Increasing concentrations of nutrients (e.g. N. s NOy, dissolved organic N,
total P, CF) in surface waters reflect the extent of human settlement.

To test hypothesis 2.5 we will use our long-term data and continue measurements of water
chemistry in the tributaries and outlet of Mirror Lake and from nests of piezometers and
groundwater wells distributed around the Lake and from stream sampling sites along Hubbard
Brook. We will conduct mass balances of solute loss at these stream sites to examine the role of
human settlement on water quality anticipating continuing increases in local population density.
This work will be integrated with the larger scale studies of the PMR basin to improve
understanding of the roles of atmospheric deposition and residential development on regional
surface water element fluxes.
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3. VYEGETATION DYNAMICS AND PRIMARY PRODUCTIVITY

By providing the energy base and the structure that regulate habitat quality and drive
biogeochemical cycles, trees play a dominant role in forest ecosystem biology, and hence
understanding controls on tree distribution, abundance and growth is central to any program of
study of forest ecosystems. Qur current conceptual model for the northern hardwood forest
emphasizes the mutual interactions among disturbance, environment and tree life history
characteristics, but at present takes only limited account of landscape-level patterns. The shifting-
mosaic steady state that typified pre-Columbian forest dynamics in northern New England
consisted of a patchwork whose structure, pattern and composition was set by a combination of
frequent small-scale disturbance (individual tree falls) and rarer large-scale disturbances
(hurricanes, ice storms) non-uniformly distributed across the matrix of climatic (elevation and
aspect) and topoedaphic gradients (Bormann and Likens 1979). To provide an improved context
for quantifying forest ecosystem structure and function and predicting responses to human-
accelerated environmental change, we seek a better understanding of the mechanisms that have
given rise to the current forest patterns in the HBV, especially those operating at the landscape
level.

The HBV, as well as our old-growth reference watershed (BNA), are ecotonal landscapes
at the interface between the broadleaf deciduous (northern hardwood) and needleleaf evergreen
(spruce-fir) forest biomes. The coniferous forest dominates the highest elevations and
interdigitates into the broadleaf forest at various landscape positions throughout these valleys (Fig.
8). We propose to advance understanding of forest dynamics at this ecotone by combining field
sampling of forest disturbance, composition, productivity and nutrient status using our network of
permanent plots; mapping of vegetation associations and foliar N content; terrain analysis using
DEM and field sampling of glacial till and soils; and statistical and simulation modeling of
vegetation distribution and primary productivity.

Permanent Plots. A network of permanent vegetation plots has been established in and around
HBEF at different scales, intensities and extents to examine long-term changes in forest structure,
composition and productivity (Table 4). The routine measurement of these plots is supported in
part through LTER funding. Initially these plots were concentrated on the experimental
watersheds where they have provided critical information for calculating watershed mass balances.
More recently, we have established several other sets of permanent vegetation plots to provide a
wider context for these studies, including 1) an intensive sample of contiguous plots in the
hardwood forest zone (“bird-line plots”, Fig. 3) for calculating spatial patterns of growth and
mortality; 2) a Hubbard Brook Valley-wide set of 370 plots (.05 ha each) established on a grid
(Fig. 3); 3) an analogous set of 200 plots in the BNA; and 4) a chronosequence of forests on
abandoned fields near HBEF and with similar edaphic and climatic characteristics. Together these
permanent plots provide essential basic information on vegetation distribution and abundance and
changes through time at a variety of scales and under different disturbance histories. During this
LTER funding cycle, remeasurements are proposed for Wé (Fig. 9); a 30-yr sample of regrowth on
W2 to expand and update the analysis published by Reiners (1992); a 20-yr sample of regrowth on
W35 to expand and update the analysis of Mou et al. (1993); biennial sampling of 10,000 tagged
trees on the “bird-line plots” to continue the record of spatial patterns in growth and mortality
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(Siccama et al., in prep.); and 25-year resampling of old-field chronosequence plots (Thome and
Hamburg 1985).

OBJECTIVE 3.1: Reconstruction of the recent disturbance history of the HBV ang the
BNA.

Hypothesis 3.1. Current spatial patterns of tree distribution and abundance are weakly
correlated with disturbance history since the mid-1800s.

In previous work, we have quantified forest responses to major disturbances (C. Cogbill, in
prep.; Merrens and Peart 1992) in some parts of the HBV. However, a comprehensive set of
information covering the entire valley is needed to interpret the influence of disturbance on
vegetation pattern. Towards this purpose, tree cores have been collected from old spruce and
beech trees at each of the 370 valley-wide plots. We propose to analyze these cores for release
dates using standard dendrochronology techniques. Disturbance history coverages will be digitized
into the Hubbard Brook GIS and we will analyze elevational, topoedaphic and spatial influences on
disturbance history using standard ordination methods {Jongman et al. 1995).

OBJECTIVE 3.2. To quantify spatial patterns of forest vegetation and environment in the
HBYV and the BNA.

Like most glacial landscapes, the HBV and the BNA exhibit a complex array of soil parent
materials and soil taxonomic units. Variation in these topoedaphic factors locally alters
environmental conditions and soil resource availability and influences the forest vegetation
composition (Leak 1980) and together with elevation and disturbance history exerts primary
environmental control over forest distribution patterns. Much of the apparent patchiness in
distributions of the dominant species (Fig. 18) and vegetation associations in the HBV probably is
associated with this topoedaphic variation.

It has been suggested (Delcourt and Delcourt 1992; Neilson 1993) that relatively
homogeneous patches of vegetation are smaller in ecotonal areas because plant species are more
environmentally constrained near the limits of their geographic distributions than at biome core
areas. Similarly, the concept of centrifugal niche organization (Keddy 1990) proposes that the
most productive habitat in a landscape can be considered the core area where the most competitive
species in the landscape dominate, and less competitive species are constrained to a series of
marginal, less productive habitats where special adaptations allow them to thrive.

Hypothesis 3.2.1. Overstory composition reflects the distribution of habitat types (sensu Leak,
1980) in the HBV and BNA.

Hypothesis 3.2.2. The patch structure of the forest vegetation is more strongly correlated with
topoedaphic patterns as the ecotone between hardwood and conifer forest biomes is approached.

We will utilize existing high resolution (1:6000) color infra-red images (Enslin and
Sullivan 1974) to subdivide hardwood-dominated sites into compositional units in the region
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(Hershey and Befort 1995) thereby increasing the detail of our existing map (Fig. 8). Second, we
will derive topographically-related factors from the DEM and construct logistic regression models
for the distribution of principal vegetation associations using the topographic factors, disturbance
history and vegetation maps (Brown 1994). The fit and accuracy of the models will be tested with
R? and the x statistic, respectively, by comparison with actual distributions measured in the Valley-
wide plots. We expect that some of the unexplained variation in abundance patterns will be
explained by soil properties associated with different parent materials. These will be sampled on a
sub-set of the permanent piots by excavating soil pits to the C horizon and classifying till and soil
types (Leak 1980).

The recognition of space as an ecological variable and spatial heterogeneity as an important
feature of vegetation and ecosystem dynamics (Turner and Gardner 1991; Li and Reynolds 1994)
represents an important conceptual advance that promises to improve our understanding of the
mechanisms underlying ecological phenomena. We recently completed data collection on species
abundances across a grid of permanent plots in HBEF, and initial geostatistical analyses indicate
that different species exhibit spatial autocorrelation at different scales and intensities (Fig. 19). We
propose to analyze residual spatial variability in species abundances and environment by
combining geostatistical methods with Mantel tests (Leduc et al. 1992; Rossi 1996, Cesaroni et al.
1997) to test the following hypothesis:

Hypothesis 3.2.3. After accounting for spatial variation in abundance resulting from
environmental and disturbance factors, the remaining patchiness in distribution will reflect
differences in tree life history characteristics, especially dispersal distance and method of
reproduction (e.g., vegetative sprouting, buried seed, etc.).

OBJECTIVE 3.3. To explain local and regional patterns of distribution of sugar maple
regeneration in and around HBEF.

Recent observations strongly suggest that the core northern hardwood species, sugar maple,
is undergoing a regional decline, particularly on shallow soils and at higher elevations (Wilmot et
al. 1995; Likens et al. 1998), but the causes and consequences of the decline remain obscure
(Bauce and Allen 1991; Long et al. 1997). Understanding the sensitivity of sugar maple
recruitment to local variations in environment will be critical to predict future changes in its
abundance. Two historical factors that may be affecting patterns of sugar maple recruitment are: 1)
the regional expansion of sugar maple abundance that accompanied human disturbance in the 19®
and early 20" century (Fujikawa 1997); and 2) the increase in root suckering of American beech in
response to the invasion of beech bark disease and consequent intense competition in the
understory. We propose to use existing and new information on sugar maple recruitment from
each of our permanent plot networks in combination with experimental manipulations of beech
sprouts to evaluate the following hypothesis.

Hypothesis 3.3. Although regeneration of sugar maple is constrained by the same topoedaphic

factors that regulate overstory abundance, its range is being further reduced by competition
from beech sprouts and by a lack of large-scale disturbance.
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OBJECTIVE 3.4. To quantify interrelated spatial patterns of forest net primary
productivity and foliar N concentration and their connection to patterns of N cycling and
species composition.

Regional patterns of forest productivity depend primarily upon the climatic gradient
(corresponding to elevation and slope aspect), as well as soil resource controls that locally modify
NPP probably through effects on both tree nutrition and species composition (Fahey et al. 1998).
At the hardwood-conifer ecotone, if patchiness in forest composition were to correspond largely to
habitat quality, then a mutual connection with patterns of NPP would be expected. Moreover,
feedbacks between tree nutrition and nutrient recycling (Stump and Binkley 1993) might either
reinforce or counteract the local patch siructure depending upon their direction (positive or
negative) and intensity. We argue that an improved understanding of these interactions among
NPP, forest composition and tree nutrition is essential for predicting their mutual responses to
coincident changes in atmospheric CO,, climate, N availability and other natural and anthropogenic
forces in coming decades.

Hypothesis 3.4.1. Variation in NPP across the HBV is closely related to variations in canopy N
content and overstory species composition; these patterns can be accurately predicted using
remotely-sensed data combined with an ecosystem simulation model.

Recent surveys have illustrated the utility of high spectral resolution remote sensing data
for predicting N content of forest canopies (Wessman et al. 1989; Martin and Aber 1997). We
propose to use available images for the HBV from NASA’s AVIRIS instrument to predict canopy
N content. These predictions will be validated against direct measurements on a selected subset of
the Valley-wide plots. Using PnET, we will predict NPP patterns across the Valley; our plot-level
NPP measurements from the Valley-wide plots will be used to validate model predictions. We also
propose to explore the intriguing relationships among macroclimatic and topoedaphic controls and
the patch structure of forest composition and NPP patterns by contrasting the north and south
facing slopes of the HBV. We expect that both the peak NPP, and the forest composition
expressed at peak NPP, differ in response to the macroclimatic influence of slope aspect at the
hardwood-conifer ectotone in the HBV.

Hypothesis 3.4.2. Nitrogen cycling is regulated strongly by tree species composition through the
chemistry of litter, and this regulation is observable in relationships between species composition
and nitrogen cycling at the watershed and landscape scales.

Litter quality can affect decomposition rate, which in turn controls N cycling in temperate
forests. Thus, patchiness in vegetation translates to patchiness in nutrient cycling, and we suggest
that a watershed is a mosaic of patches of soils that can be characterized by their N-mineralization
and nitrification rates. We propose to measure N mineralization and nitrification rates in a subset
of the 370 Valley-wide vegetation plots (Fig. 3) to determine empirically the relationship between
species composition and these N cycling rates. This work will be coordinated with "N sampling in
several plots near the experimental watersheds (objective 2.2). Nitrogen mineralization and
nitrification will be measured with both a laboratory incubation at constant temperature and
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moisture and a field incubation using PVC mineralization tubes. We will then use the AVIRIS
imagery to model soil N cycling spatially as a function of species composition.

4. ECOLOGY OF HETEROTROPH POPULATIONS

The food web in the HBEF provides a framework for understanding the cause-effect
relationships underlying heterotroph population dynamics (Fig. 2). Rather than spreading our
efforts across all groups, we have concentrated on the diverse assemblage of passerine birds. We
propose to expand our heterotroph research to include detailed studies of the role of moose in
regulating vegetation composition, energy flow and nutrient cycling at the hardwood-conifer
ecotone.

Temporal patterns in population abundance of birds (Fig. 20) depends on natural variation
in both seed production (masting) of dominant trees and the populations of defoliating insects.
Bird reproductive success appears to vary inversely with mast production because rodent
population increases following mast years result in high nest predation of breeding birds the
following summer (Ostfeld 1986). The reduced reproductive success leads to lower recruitment
and hence lower abundances (Sherry and Holmes 1992; Holmes et al. 1992). Irruptions of
Lepidotera larvae have a direct, food supply effect on populations of insectivorous birds (Holmes
et al. 1986, 1991).

OBJECTIVE 4.1. To quantify long-term patterns in the abundances and demography of
breeding bird populations at the HBEF and their relationships to defoliating insect
abundances and masting cycles of trees.

There is widespread concern that many species of migratory birds, especially those that
migrate to the tropics (Neotropical migrants), are declining in abundance (Fig. 20; Holmes and
Sherry 1988). The causes of these declines, however, are not understood, and indeed are the
subject of much controversy (Sherry and Holmes 1995, 1996). Current evidence from the long-
term studies at the HBEF indicate that diverse factors influence bird abundance pattemns, including
1) fluctuations in food availability, especially defoliating caterpillars, 2) year-to-year differences in
abundances of nest predators, 3) changes in habitat structure that occur with forest maturation (e.g.,
through natural succession), and 4) mortality over the non-breeding period (Holmes et al. 1986;
Holmes and Sherry 1988). Analyses of long-term demographic data on bird populations at the
HBEF show that recruitment of yearling males into breeding populations is significantly and
positively correlated with nesting success in the previous summers (Sherry and Holmes 1992;
Holmes et al. 1992). Because recruitment essentially determines breeding population size, this
finding strongly suggests that factors affecting reproductive output have a major impact on
subsequent population dynamics and abundances of these species and importantly, may override
the impact of events during migration or in winter.

The two most important ecological factors affecting breeding success of birds at the HBEF
are food availability and nest predation (Reitsma et al. 1990; Holmes et al. 1991, 1992, 1996;
Rodenhouse and Holmes 1992). Thus knowledge of annual changes in the abundance of
Lepidoptera larvae (major food items for most breeding bird species), predator populations (mainly
sciurid rodents), and avian reproductive success will provide a test of the importance of these
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factors in determining population levels, and thus contribute to understanding the factors
underlying changes in bird abundances.

Hypothesis 4.1.1. Fluctuations in abundances of birds breeding in northern hardwood forests
are related most directly to changes in reproductive success, which are influenced most by food
supply and nest predation operating during the breeding season. We predict that bird
reproductive success and ultimately recruitment will be positively correlated with caterpillar
numbers and negatively correlated with predator numbers, the latter varying with mast
production.

Our approach will be 1) to monitor abundances of all bird species at the HBEF and nearby
sites, using methodology employed since 1969 (see Holmes et al. 1986), 2) to monitor in depth the
reproductive success of one species (black-throated blue warbler, Dendroica caerulescens), which
nests in the shrub layer, thus making study of its demographic characteristics possible
(methodology for demographic monitoring will follow that of Holmes et al. (1992, 1996), and 3) to
relate bird demographic patterns to environmental factors (e.g., Lepidoptera larvae, nest predators),
as described below.

In terms of potential impacts on forest ecosystem structure and function, phytophagous
insects are probably the most important group of heterotrophs. Lepidopteran defoliators increase
dramatically in abundance at periodic intervals and at these times can remove a large proportion
(up to 100%) of photosynthetic leaf tissue (Barbosa and Schultz 1988). The periodicity of
defoliator irruptions and their effects on forest ecosystem dynamics have not been well studied,
especially in northern hardwood forests. We have sampled defoliators at the HBEF since 1969, and
over this 29-yr period three irruptions have occurred (Fig. 21), peaking at 10-20 larvae/1000
leaves. In the periods between outbreaks, caterpillar densities have been low, averaging 5.2
larvae/1000 leaves (Holmes and Schultz 1988).

Hypothesis 4.1.2. Lepidoptera defoliators enter outbreak phase periodically, and while
synchronous over large areas, are locally patchy in occurrence.

Our approach is to monitor phytophagous insects by visual censuses, malaise traps, and
frass collectors (Holmes et al. 1986; Holmes and Schultz 1988; Holmes et al. 1991). A reference
collection of adult and larval Lepidoptera is maintained at Dartmouth College. Monitoring will be
conducted during the in-leaf period each year, with sampling at 2-week intervals, on permanent
plots within the HBV and in the southern White Mountains.

Many tree species in temperate forests produce large quantities of seed intermittently; such
mast fruiting at the HBEF has been monitored periodically: 1968-1971 (Gosz et al. 1972) and
1976-1979 (Nothnagle 1980); it has been part of our LTER monitoring program since 1991. All
the dominant trees at the HBEF exhibit masting, but it is most pronounced in the large-seeded
beech. Together with census data on small mammal populations these measurements allow us to
test the following hypothesis.
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Hypothesis 4.1.3. Patterns of seed production vary significantly among major tree species and
among years and tree species x year interaction will often be significant. Changes in rodent
populations are correlated with seed abundance, especially that of the large-seeded beech.

We will continue to monitor seed production in litter traps in the main Bird Area (Fig. 3).
The major nest predators at HBEF are red squirrels and eastern chipmunks (Sloan et al. 1998), and
we will concentrate monitoring on their populations. Because these species are active diurnally,
we will use the point count census method with points located systematically at 100 m intervals
through the study area.

OBJECTIVE 4.2. To examine landscape level patterns in the distribution and abundance of
breeding bird populations across the wider HBV.

Most studies of animal communities have been conducted at very small temporal and
spatial scales, making assessments of the effects of natural or human-induced perturbations
difficult (Kareiva and Andersen 1988). Furthermore, it is not clear the degree to which
conclusions from studies at such small scales can be extrapolated to larger scales (Béhning-Gaese
etal. 1994). For considerations of avian population abundances and community dynamics, studies
have usually been conducted either on sites <50 ha in area or at very large, continental-wide scales
(e.g., the Breeding Bird Survey - Peterjohn et al. 1995). Comparisons of results from these two
disparate scales suggest that conclusions from one are not readily extrapolated to the other
(Bohning-Gaese, et al. 1994). Data are therefore needed on the distribution and abundance of
species at intermediate or landscape levels. Such information is lacking for northern hardwoods
ecosystems, as well as most other regions (but see Bolger et al. 1997 for California shrub
communities).

Demographic studies of bird reproductive success and survival at the HBEF and elsewhere
indicate the importance of variation in habitat quality in regulating population abundances (Hoimes
et al. 1992, 1996; Hunt 1996, 1998). Across the HBEF spatial variation in environment and
vegetation composition results in sharp contrasts in bird habitat quality, but the exact nature of bird
responses to habitat variation at this landscape scale are not known. We propose to examine the
abundance of all bird species across the 30 km? HBV by sampling on the Valley-wide vegetation
grid (Fig. 3) and applying multivariate and spatial statistical models to the coincident variations in
environment, vegetation and bird populations.

Hypothesis 4.2. Distribution and abundance of bird species vary in relation to habitat
characteristics (e.g., vegetation, elevation, aspect and other environmental features) at different
spatial and temporal scales.

Our approach will be to conduct point counts (Ralph et al. 1995) of birds of all species seen
or heard in the Valiey-wide plots. We propose to conduct a complete census in year 1 (summer
1999), and then to use these to choose a sub-set of plots that represents the range of variation in
bird abundance and habitat quality for resurvey in subsequent years to assess annual variations in
bird abundance and distribution in relation to proximal factors (insects, masting and nest
predators).
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OBJECTIVE 4.3. To quantify spatial patterns of moose distribution and herbivory in the
HB Valley.

Although the key role played by large herbivores in regulating the dynamics of many
terrestrial ecosystems has long been appreciated their role in forests often has been discounted
because energy and nutrient flow through the consumer food chain in forests is usually low. The
most important mechanism of large herbivore influence in forest ecosystem dynamics results from
the effects of selective browsing in shifting vegetation species composition (e.g., Anderson and
Loucks 1979) and consequent feedbacks on productivity and nutrient cycling (Pastor et al. 1988).
For example, heavy selective browsing by moose has shifted vegetation composition on Isle
Royale, MI, towards white spruce and away from more preferred species including paper birch,
mountain maple and balsam fir (Mclinnes et al. 1992).

We have measured vegetation response to selective moose browsing on hardwood trees in
the higher elevations of W5 after clear-cutting: the release of spruce from competition with
hardwoods has been striking (Fahey, unpublished data). We hypothesize that by favoring conifers
over hardwoods, moose browsing will alter energy flow and nutrient cycling patterns in the
hardwood-conifer forest ecotone of the HBEF, and we are planning a small watershed-level
exclosure experiment to test this hypothesis. In preparation for submission of a separate proposal
for this purpose, we propose with LTER funds to quantify spatial patterns of moose activity within
the HBEF by quantifying browsing along transects on the north-facing watersheds. These surveys
will assure that the exclosure experiment will be conducted in an area where moose are active.

5. CROSS-SITE STUDIES

Cross-site studies, particularly those involving other LTER sites, are an important
component of the HBES. The HBR-LTER is participating in a number of LTER cross-site studies,
including the long-term intersite decomposition study (LIDET), the lotic intersite nitrogen
experiment (LINX), the stream hydrology synthesis, and the cross-site comparisons using the
ZELIG model (Urban et al. 1991). During the current LTER we initiated a cross-site study of
trifluoroacetate retention in soil (Richey et al. 1997a,b). Also during the current LTER we initiated
a workshop with PI's from the Harvard Forest LTER to discuss common research interests and
plan future research initiatives. The principal new cross-site study proposed in this funding cycle
is a comparison of simulated nutrient uptake at the root scale based on a root uptake model (Yanai
1994) and ecosystem budgets at selected LTER sites. Nutrient uptake at the ecosystem scale
integrates information about vegetation dynamics, hydrology, microbial activity, and chemical
cycling. Predicting uptake of a variety of elements for diverse ecosystem types therefore provides
a rigorous test of current understanding of a wide range of processes. Ecosystem budgets for a
variety of elements are available at a range of LTER sites and most of the parameters required to
apply the root uptake model are also available at these sites. The important missing parameters
will be measured; others can be estimated from other sources. The two methods of estimating
uptake are quite independent: ecosystem budgets depend on estimates of annual nutrient fluxes in
litterfall, root turnover, and biomass accumulation. Simulated uptake depends on root length and
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radius, soil chemistry, and uptake kinetics (Yanai 1994). Initial comparisons between budgeted
and simulated uptake will be made with attention to the probable accuracy of the estimates.

6. SYNTHESIS

By providing a tangible framework for integration, the unit of the experimental watershed
has provided an effective vehicle for synthesis of the HBES (Bormann and Likens 1979; Likens
and Bormann 1995). Our understanding of forest biogeochemistry at this scale has stimulated
explorations of ecological patterns, processes and interactions at smaller and larger scales and at
increasing levels of complexity of interspecific and biogeochemical interactions. Synthesis and
integration of the research in the HBES is approached both in the design of our current and
proposed research program and in the recent and future expected products of the program,
including monographs, books and simulation models. By analyzing biogeochemical and species
abundance patterns at plot and landscape scales and placing these patterns in both a mechanistic
perspective and a regional context, we expect to improve general understanding of the ecology of
the northeastern forest. Similarly, in our proposed long-term manipulation of soil Ca** availability
we will explore the complex interactions between biogeochemical processes and species abundance
patterns.

The HBR-LTER is a large complex study involving many investigators whose
responsibilities we summarize in Table 5. We hold quarterly workshops to help integrate the
LTER studies. We are in the process of integrating much of the long-term, biogeochemical
information through a series of monographs. Monographs on K (Likens et al. 1994) and Ca
(Likens et al. 1998) have been completed; monographs on N, C, Mg, Cl, Na, Si and § are under
way; and our goal is to synthesize these into a book, where the interrelations among element cycles
will be explored. Beyond achieving a synthesis of the long-term biogeochemical information from
the experimental watersheds at the HBEF, these monographs are designed as a comprehensive
overview of the current understanding of element cycles in temperate forest ecosystems. Parallel
efforts have been completed on the controls of passerine bird assemblages at the HBEF
(Rodenhouse et al. 1997; Holmes and Sherry 1997). Although we are not yet in a position to
attempt a grand synthesis of the relationships among population, community, landscape and
regional ecological phenomena, our coordinated efforts in the HBES are directed toward that long-
term goal. Continuation of the HBR-LTER project is an essential means toward our pursuit of that
goal.
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4.0 - SITE MANAGEMENT

Primary and ultimate responsibility and authority for administering the HBEF on this
federal property is, by law, the Chief of the U.S. Forest Service (FS) who in turn delegates
authority to the Director of the Northeastern Forest Experiment Station (NFES). The FS has
agreed to share the management of long-term ecological research at the HBEF with research
institutions, recognizing the need for all parties to commit funds, personnel, and equipment to
attain common long-term objectives in research and education. Principal investigators representing
the U.S. Forest Service, Institute of Ecosystem Studies, Yale University, Cornell University,
Dartmouth College, Syracuse University and the USGS currently constitute the HBES Scientific
Advisory Committee (SAC). They are responsible for the planning, direction and management of
the research programs at the HBEF. Because of the remote location of the Forest, general
supervision of the Forest, is under the Forest Service principal investigator, the Project Leader, as
delegated by the Director of the NFES. Actual day-to-day operations on the Forest are supervised
by the resident Research Forester-Manager of the NFES (C.W. Martin).

A. OPERATION OF THE HBES

Long-term research at the HBEF is conducted jointly by the USFS NFES and cooperating
institutions. Each of these parties cooperates to plan, develop, and utilize the HBEF as a center for
research and demonstration. The development and management of the HBEF is guided by the
following objectives:

1. To provide landscape space for conducting basic and applied research in natural and
manipulated environments. This includes setting policy that permits making space
administratively available and providing reasonable means of access to sites.

2. To establish a system for making available information on biogeochemistry, climate, soils,
vegetation, streamflow, animal behavior, and other important environmental parameters;
and to facilitate long-term collection of ecological and biogeochemical data. Included in
this activity are the collection and preservation of samples (e.g., soil, vegetation, etc.) for
future examination and comparison with current samples. This information is supportive
and essential for many studies and is vital in determining long-term trends.

To make available support facilities and space for on-site accommodation of scientists,
technicians and student researchers, as funds, space, and personnel permit.

(3]

4. To strive to maintain a congenial spirit of cooperation among all users of the Forest. Past
experience and productivity at Hubbard Brook show that research accomplishments of the
research team in large measure stem from individual research freedom coupled with a
willingness to share data and to consider the needs of fellow workers.

5. To promote the integration of the findings of individuals into a better understanding of the
ecosystem as a whole.



B. STRUCTURE AND ROLE OF THE HUBBARD BROOK SCIENTIFIC ADVISORY
COMMITTEE

The Hubbard Brook SAC has the responsibility to develop goals and to provide leadership
and oversight in the selection, integration and monitoring of research projects and educational
activities of the HBES. The SAC advises the USFS in its operation and maintenance of the HBEF.
The SAC has the authority to form subcommittees to meet the changing demands of the HBES.
Three standing committees {Information Oversight, Facilities and Data Management) report to the
SAC.

The SAC is composed of at least five members, including a non-voting chair (who must be
a USFS employee) and a non-voting Executive Director. The voting members are senior
researchers with a demonstrated long-term interest and participation in the research at the HBEF.
The chair is charged with calling meetings, calling votes and may cast a vote in the event of a tie (if
the SAC consists of an even number of members). A quorum is a simple majority; votes by
telephone or other means may be obtained, and on important issues, a strong attempt is made to
assemble the entire group. Members have a term of 6 years. Members are appointed by the
Hubbard Brook Research Foundation.

The SAC meets at least three times per year. The meetings occur once in early summer
near the time of the Annual Cooperator's Meeting, in late fall, and in early spring. The agenda of
the SAC consists of: 1) reviewing proposals for research within the HBEF and giving advice on
these proposals to the USFS chair, who has the authority to decline or accept proposals; 2)
integration of results and projects of the HBES, and promoting integration of these results toward
larger synthesis of forest ecosystem processes and suggestions for practical management.; and 3)
education of students and the public.

Reports and recommendations from the standing committees are passed to the Executive
Director, who informs the SAC of the content and pursues some action with the SAC. The USFS
has the final say on what research will and will not occur within the HBEF. All research proposals
must be approved by the USFS chair of the SAC before the proposed research can be initiated and
all proposals should be submitted to the USFS with sufficient lead time to allow a rational decision
to be reached. Some proposals, generally for small, non-manipulative projects, can be acted upon
directly by the USFS chairperson of the SAC. More commonly, the USFS solicits the opinion of
the Executive Director who informs the SAC of the content and solicits recommendations from the
SAC. Considering this advice, the USFS chair acts on the proposal. Proposals impinging on any
of the standing committees are forwarded to the chairperson of those committees for comment
before the proposal goes to the SAC for voting.

Management of facilities within the HBEF is the responsibility of the USFS Project Leader.
Facilities at Camp Osceola (Mirror Lake property) cabins and other improvements, e.g. roads,
water, and sewage systems, also are the responsibility of the USFS Project Leader. However,
input for managing Camp Osceola is sought from the SAC, while day-to-day management is
handled by IES. Pleasant View Farm Complex is managed by IES with input from the SAC.

4-2



5.0 - DATA AND INFORMATION MANAGEMENT

5.1 Structure

The HBES homepage (http://www.hbrook.sr.unh.edu) currently resides on a UNIX-based server
located at the University of New Hampshire. The Hubbard Brook data manager, John Campbell, is
a USDA Forest Service employee. The Data Manager coordinates the efforts of all HBES cooperators
by uploading and maintaining their data sets, either on this "umbrella" site, or at the major nodes that
are linked to this site. Data bases currently “on line” are listed in Table 2.

A Scientific Advisory Committee (SAC) provides scientific leadership and oversight for the HBES.
An Information Oversight Committee (I0C) oversees documentation, the development of metadata,
and internet publication of the long-term data sets and other information from the HBES. The Data
‘Management Subcommittee, as a2 working group under the IOC's supervision, reports annually to the
I0C and SAC on issues of data acquisition, physical sample storage and subsampling protocols, and
anticipated computer hardware needs.

3.2 Data input

More than many LTER sites, HBR has a multi-institutional research program, with a long history.
These characteristics have made the development of procedures for uniform data management of the
type described by Ingersoll et al. (1996) problematic. Data sets, metadata and documentation are
contributed by HBES researchers to the HBES Data Manager following strict protocols, but regular
updating is the responsibility of each principal investigator. Data procedures for the major institutions
contributing to the HBES data system are described below:

USDA Forest Service. USFS researchers are responsible for the collection and management of
precipitation, streamflow, phenology, soil temperature and moisture and hydrometeorological data.
Data collected during the current year are backed up on 3.5 inch floppy disks when the data files are
altered or appended. The entire database for the current year is backed up monthly on a 100MB zip
drive. Backup disks are stored at the Robert S. Pierce Ecosystem Laboratory at Hubbard Brook and
also at an off-premise location. Data formatting and QA/QC checks are made at Hubbard Brook with
a series of manual inspections and computer programs. Corrected files are transferred annually to the
Northeastern Forest Experiment Station in Durham, New Hampshire where they are stored in a
DBMS. Backups of the entire long-term database are made in Durham and are stored at both Hubbard
Brook and Durham. The corrected data are posted on the WWW in ASCII format immediately after
they are received in Durham.

Institute of Ecosystem Studies (IES). The HBES long-term stream and precipitation chemical data
are compiled, checked for quality assurance, and flux values calculated on a pair of Pentium-processor
based, peer-networked computers in the Robert S. Pierce Ecosystem Laboratory at the HBEF, under
the supervision of the IES Field Research Manager. Each chemical data file is run through a series of
subroutines that determine ion balance and identify potential keypunching errors and/or possible
contamination by comparisons to long-term means and standard deviations. No data records are
removed or otherwise edited unless physical evidence or re-analyses confirm that the sample is
contaminated. Updating of data files on the HBES WWW site is done by replacement of the complete
data set, and not by appending new data to the old values. This procedure ensures that any corrections
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to the original files are incorporated into the public dataset. Backup files are made onto 100MB
removable cartridges, which are sent to [ES at regular intervals. Backup cartridges, containing all data,
are updated at the end of each working day and are stored in offsite locations.

IES investigators are also responsible for long-term datasets on throughfall and microbial biomass and
activity. These datasets are collected, analyzed, and submitted to the HBES data manager by the
individual investigators. IES has just installed a new Windows NT server and TCP/IP running over
ethernet. All IES HBES data will be stored on this server and backed up daily for security.

Syracuse University. Researchers at Syracuse University conduct long-term measurement on soil,
soilwater and streamwater. Samples collected and processed in the field, are analyzed at Syracuse
University and logged into spread sheets. The data base is checked and a backup file established each
month. The quality of the data is ensured by a quality assurance/quality control (QA/QC) program
which includes sample and analytical replicates, sample splits with other laboratories, charge balance
checks, analysis of standard reference materials and blind audit samples. Data are submitted to the
HBES Data Manager yearly for inclusion into the HBES data base.

Cornell Upiversity. Cornell University researchers are responsible for the collection, analysis and
data management of monitoring efforts for foliage chemistry, litterfall mass and chemistry and fine root
dynamics. Foliage samples from overstory trees are collected in late summer every year, ground and
stored in the HBES sample archive. Litterfall is collected four times each year from a network of 80
traps. These samples are sorted by tissue type and species, including direct counts of all leaves.
QA/QC is performed by the PI (Fahey) each year. Fresh leaf litter is collected during peak litterfali
over a 3-day rainless interval, and samples are dried, ground and stored in the sample archive, Foliage
and litterfall samples are analyzed chemically at Yale University. Fine root dynamics are measured
by minirhizotron (since 1995). Original videos are stored in the sample archive. Digitized images are
currently being analyzed and a final data management and storage protocol is under development for
this extremely complex data set.

Yale University. Researchers at the Yale School of Forestry and Environmental Studies conduct
long-term research on the forest biomass, nutrients and population dynamics as well as forest floor
mass and nutrients. Forest plots on the reference watershed (WS-6) are inventoried at 5-year intervals.
Standard summaries are prepared of the phytosociology (basal area, density and frequency by species)
and biomass calculated using HBEF-specific allometric equations. Total nutrient amounts in the forest
biomass are calculated. Raw field data on a plot by plot basis are entered into ASCII files and also
entered onto the WWW. A tagged-tree inventory is maintained on 10 ha with all the individual trees
over 10 crn monitored at 2-year intervals. Quantitative measures of the forest floor mass and chemistry
are monitored on the reference watershed at 5-year intervals. Chemical analyses for base cations, P,N
and Pb are done on the forest floor material. Data are also available in ASCII format and on the
WWW when completed and approved for public access. Physical samples of forest floor material are
archived in the HBEF sample archive building for long-term preservation.

Dartmouth College. The HBES long-term bird and insect data have been collected since 1969 by a
number of scientists, along with post-docs, students, and numerous field assistants. Methods for data
collection, analysis, and quality control are accessible in numerous publications (see HBES WWW
Page under Richard T. Holmes). Data are updated and submitted to the HBES Data Manager
annually. Insect specimens are in the process of being catalogued and archived for future chemical or
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other analyses. Holmes uses a Mclntosh personal computer system based at Dartmouth, with data
entered and checked for quality daily as they are collected in the field.

5.3 Sample Archive

All HBES samples of precipitation, stream water, lake water, vegetation and soil are reposited in the
physical sample facility at HBEF. Cataloging, barcoding, and storage of these analyzed and preserved
water samples is expected to continue for the foreseeable future, although space limitations may
require priority storage eventually. Electronic linkages between the HBEF GIS, the long-term
chemical database, and the physical sample inventory are in development. Requests for reanalysis of
these samples {e.g. for sulfur isotopes or heavy metals) average two or three times each year, so this
archival system obviously has become attractive to researchers at HBEF and elsewhere. A manuscript
exhaustively detailing the methods used to collect and analyze water samples at HBEF, since the
inception of the HBES in 1963, has been prepared (Buso et al. 1998). A document archives located
and maintained at IES includes field books, data books and records, correspondence, theses, proposals,
and all publications of the HBES.

5.4 Data availability

Our HBR-LTER data have been available publicly since 1988 through a direct-dial, computer bulletin
board, "The Source of the Brook" (SOTB), which was one of the first fully functional database
retrieval systems established at an LTER site (Veen et al. 1994). The SOTB provided, for example,
data on streamflow, precipitation, meteorology, vegetation, soils, and monthly chemical data for
precipitation and stream water for the HBES. A blind search of web sites that reference the HBES data
collections finds several hundred cross-references. In addition, dozens of “outside” researchers over
the years have used or referred to the long-term data bases from the HBES.

The draft “data access policy for the LTER network” circulated in August 1997 has generated much
discussion among the HBES researchers. Based on long-term policy, HBES biogeochemical data are
made public 5 years after collection. Hydrological, meteorological and some biological (at the
discretion of the investigator) data are made public within 1 or 2 years of collection. These policies
are consistent with the draft data access policy for the LTER network, whereby we view the
biogeochemical data as Type II, i.e. “exceptional data sets”, based on the assumption that some data
sets require more effort to get on-line and that no “blanket policy™ is going to cover all data sets at all
sites. However, we feel that the data access issue is much more complex than this proposed policy
would suggest and requires much more discussion both within the LTER network and within the
scientific community at large. HBES researchers are ready and willing to play a leading role in this
discussion.



6.0 - SITE OUTREACH

We will continue to build on the strengths of the scientific program at Hubbard Brook, and the
talents of the scientists and technical support staff, to share our knowledge and understanding of
ecosystem science and environmental issues with a diverse audience of students, visiting scientists,
resource managers, policy-makers, the media, and the public. During the past LTER funding cycle
Hubbard Brook annually hosted an average of 20 college classes, 30 scientists from other
countries, 2-3 site visits associated with professional conferences, 3-5 continuing education courses
for resource management professionals, 1-3 major media contacts, and a seminar series for the
local community. Each year we provide a broad range of activities at Hubbard Brook that fall
under the category of site outreach. These activities can be grouped into education, extension, and
communication. The recently formed Hubbard Brook Research Foundation will expand the scope
of site outreach beyond these traditional areas and share the knowledge gained through research
from the HBES with a wider audience.

Education: In addition to providing student education through the graduate programs of
participating universities and work experience for many undergraduates, Hubbard Brook hosts over
20 college classes each year for field trips or portions of field courses. During the past academic
year, class visits to Hubbard Brook were made from Yale, Brown, The University of New
Hampshire, Dartmouth, Keene State College, Plymouth State College, The University of
Wolverhampton, England, Paul Smith’s College, The University of Connecticut, Sterling College,
Bentley College, The University of Vermont, and MIT. The focus of most field trips is on the
long-term biogeochemistry studies and the effects of watershed-scale manipulations on forest and
associated aquatic ecosystems at Hubbard Brook, although some are more specialized (e.g., forest
hydrology).

Extension: The depth and diversity of research at Hubbard Brook provides an excellent basis for
extension and outreach activities that meet the informational needs of scientists, foresters, resource
managers, soil scientists, land owners, non-governmental organizations, and policy-makers.
Scientists from HBES conduct an average of 10 sessions per year which fulfill the continuing
education requirements of resource professionals working in forestry or soil science, with 3-5 of
these being hosted at the HBEF. Field trips as part of national scientific meetings visit Hubbard
Brook on average of 1-2 times a year. Recent trips have been associated with the Ecological
Society of America, Gordon Conferences and Geological Society of America meetings. During
the past LTER funding cycle, HBES hosted 2 visits by congressional representatives and a group
of selectmen, town managers and town conservation committee members from 5 nearby towns.
The purpose of these visits was to gain an understanding of current resource management and
environmental issues. We have also provided programs on the HBES and tours of HBEF to a
number of non-governmental organizations including The Sierra Club, The Audubon Society, the
Northern New Hampshire Foundation, the Switzer Environmental Leadership Program, the
Northern Forest Alliance, and the Pew Scholars Program.
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There are two significant international efforts associated with the HBES. First, Steve Hamburg is
participating in the International LTER program. He has been working closely with scientists from
Taiwan to develop the Taiwanese Ecological Research Network. As part of this effort, there have
been several exchanges of scientists between the HBEF and Taiwan. Second, through the United
Nations Man and the Biosphere Program, HBES scientists have a cooperative research program
with the Russian Institute of Geography in Moscow and the Caucasus Biosphere Reserve.

Communications: During the past year a considerable amount of information about the HBES,
including access to data, were consolidated in the Hubbard Brook World Wide Wed Homepage
(http://hbrook.sr.unh.edu). Topics include descriptions of the site and its history, summaries of
major research findings, CV’s of the PIs, a list of the more than 1300 publications that have been
produced by the HBES over the past 30 years, news and activities, and current research programs.
We have also recently updated three descriptive documents on the HBES each of which is directed
to different audiences; a brochure, a 16 page booklet, and a longer description of the HBES. A
major forum for communication within the HBES is the annual cooperators meeting. Currently
held in early July, this two day meeting has over 150 participants and features between 50 and 60
presentations, including several on the policy implications of HBES research.

Hubbard Brook Research Foundation: The Hubbard Brook Research Foundation (HBRF), a
private non-profit 501¢3 organization, was established in 1993 with the objectives of 1) advancing
scientific understanding of forests and associated aquatic ecosystems by promoting and supporting
scientific research studies, 2) promoting the utilization of scientific findings of the HBES in
improved management of terrestrial and aquatic ecosystems, 3) promoting the scientific education
of students, and 4) promoting public awareness of the ecological importance of forests and
associated aquatic ecosystems and the scientific findings of the HBES. To expand on the
education, extension and communication efforts described above, the HBRF is developing a
“Science Links" program in which it will partner with HBES scientists and the USDA Forest
Service to systematically enhance the flow of information from HBES researchers to practitioners
and policy-makers throughout the region. One component of this program will bring together
HBES scientists and conservation, management and policy leaders through annual round-table
discussion series to identify critical ecosystem questions facing the region, synthesize HBES
research to help address these questions, and communicate these findings through forums,
conferences and publications geared toward a non-scientific audience.
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