


































































































































































































quality relationships. 
The combination of 
NASA- and 
sponsored research has 
provided new insights 
into methods for 
studying vegetation­
climate interactions. 
These interactions are 
hypothesized to be the 
causal links between 
traditional ecological 
and climatological 
interests and, thus, 
form a logical research 
emphasis for a national 
or international 
network of biosphere 
preserves. Facilitating 
this interaction is an 
objective of the 1991-
1996 LTER effort. 

The Konza Prairie Research Natural Area, are the largest surviving tract of 
prairie. They have unplowed lands because of the abundance of steep and rocky soils. KONZA 

Research conducted 
as part of the International Biological Program at 
other tallgrass sites emphasized effects of cattle on 
ecosystem dynamics. While we are interested in 
effects of large herbivores, bison were not 
established on Konza Prairie until autumn of 1987 
and, to date, these animals have not been allowed 
on LTER intensive study sites. Research during 
the first 10 years of the Konza Prairie LTER 
program concentrated on fire, the major variable 
influencing tallgrass prairie. This background 
research on fire effects, in conjunction with 
previous research done on grazing, and the new, 
spatially explicit analytical techniques developed as 
part of the NASA-FIFE program, now allows 
study of complex aspects of fire, grazing and 
climatic interactions. 

PROGRAM 

onza L TER research encompasses a variety 
of questions within the realms of 
organismic, population, community and 

ecosystem ecology arid attempts to integrate them 
(e.g., explain community dynamics in terms of 
population processes; explain system productivity 
in terms of ecophysiological processes; and explain 
landscape scale phenomena in terms of spatially 
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explicit patterns of abiotic influences and 
population responses). 

This diversity of approaches and interests is one 
of the program's strengths. Some of our questions 
or variables do not directly scale up to units 
necessary to provide a higher synthesis or to 
integrate ecological information from diverse sites. 
Nonetheless, such comparisons do provide insights 
into basic ecological processes, and explicit 
comparisons of organismic through ecosystem 
phenomena often contribute to a better 
appreciation of ecological concepts. For example, 
the evaluation of disturbance effects led us to the 
conclusion that the disturbance concept is useful 
only when applied to a specific level of the 
biological hierarchy; i.e., a disturbance to an 
organism or population is not necessarily 
measurable at higher levels. Moreover, the same 
"disturbance" produces potentially very different 
responses depending upon initial conditions of the 
system and forcing functions such as climatic 
variables. 

Ecologists are only now developing 
methodologies and procedures to study the 
consequences of spatial patterns on organismic and 
ecosystem processes. Evidence is accumulating that 
spatially explicit interactions are the appropriate 
level for mechanistic interpretations of many 
ecological phenomena. Aggregation of this 



information using different formulae and 
approaches produces unique perspectives, all of 
which are potentially important for specific 
ecological questions. Therefore, we advocate this 
approach to the long-term study of fire and 
grazing effects on tallgrass prairie, and our studies 
involve landscape-level, spatially explicit analyses 
of organismic, population, community and 
ecosystem responses to fire, grazers, and climate 
interactions. 

In spite of a rich history of ecological inquiry, 
important concepts basic to the functioning of 
tallgrass prairie have been overlooked or 
unappreciated. Prior to the mid-1960s, ecologists 
viewed fire as a destructive force, and the 
importance of fire for arresting forest invasion of 
prairie was not recognized. Possible reasons 
include: (1) decades of fire suppression were 
required for woody species to attain densities to 
provide an adequate seed source; (2) the droughts 
of the '30s and '50s suppressed woody expansion 
even in the absence of fire; and/or (3) in 40 years 
of existing study the emphasis was on grazed 
prairie. Fire under moderately to heavily grazed 
conditions may be a neutral factor. Tests of these 
hypotheses require a long-term, site specific data 
base on plant population and community dynamics 
such as that accumulating on Konza. 

Previous landuse practices and biological 
legacies of previous communities affect current 
ecological phenomena. Our site exhibits large-scale 
patterns in plant species composition not 
attributable to current management treatments. 
The years 1981-1987 (the first seven of the Konza 
LTER program) all had annual precipitation 
values above the long-term average, and results 
from the period were affected by this unusual 
climatic pattern. Only in 1988 and 1989 were data 
representative of responses to below-average 
rainfall. Ironically, our own LTER group initially 
failed to recognize this potential "wet bias" in our 
results. Wet years favored plant production in 
general (and certain species in particular) which, 
in turn, increased the C:N ratio of the soil and, 
therefore, the soil N immobilization potential. As 
a result, stream chemistry exhibited directional 
changes and the production of the gallery forests 
(located "downhill" from the prairie) may have 
been similarly affected by a reduction in 
available N. 
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The extent to which demographic responses of 
individual plant and consumer species were 
influenced by this suite of wet years is not yet 
known. Only a long-term data base will 
demonstrate these patterns and relationships. This 
work becomes particularly relevant given 
anticipated directional changes in climate. 
Historical effects or biological legacies will be 
important in understanding the biotic response to 
climatic change. While some effects of drought on 
tallgrass flora are known, we are just beginning to 
develop predictive models for other system 
components. 

Experimental Design 
Konza Prairie is a complex landscape consisting of 
grazed and ungrazed watersheds burned at various 
intervals designed to study fire and grazing effects 
on community and ecosystem processes. Each 
watershed encompasses complex topoedaphic 
gradients created by the limestone and shale 
layering of the Flint Hills landscape. Initial L TER 
questions focused primarily on the effects of late 
spring burns of varying frequencies on upland and 
lowland communities, or on the characteristics of 
one-, two-, four-, or 20-year burns. Not all 
treatments were replicated for LTER 
measurements, but replicated short-term intensive 
studies were used to statistically validate LTER 
findings. Our interest in grazing-fire-soil fertility 
interactions resulted in the establishment in 1986 
of the L TER Belowground Plots, which do provide 
long-term, statistically valid comparisons among 
treatments. Ironically, while such information may 
be statistically valid, the generality of the results 
from small plot studies may be questioned because 
of the potential for "founder effects" on the system 
response. 

Given our central questions involving 
fire-grazing-landscape interactions, the watershed 
series remains the best "experimental unit" for 
most of our research. We believe that grazing 
intensities (none, moderate, heavy) and 
topoedaphic effects can be nested within a 
watershed unit. In the past, we tended to study the 
extremes of annually burned versus long-term 
unburned prairie. We are continuing certain 
measurements and observations on those 
treatments, but substantial information suggests 
that annual burning or extended periods of fire 
suppression on any particular site were low-



probability events, unlikely to persist for extended 
periods. Thus, expansion of the experimental 
design to include native grazer treatments and 
detailed analysis of fire-bison-topoedaphic 
interactions will focus only on sites burned at 
four-year intervals because this regime is most 
similar to estimated natural or pre-European 
settlement fire frequencies, and because expansion 
of sampling to include grazing and topoedaphic 
effects on all burn frequencies is not feasible. 

Measurements on a watershed burned every four 
years means that data are actually gathered on 
sites burned in the year of study, or that have been 
left unburned for up to three years. By using four 
watersheds in this effort, at least one watershed 
will be burned each year; thus, major patterns of 
fire-grazing-climate interactions will be detected. 
As before, we will have to use short-term 
experimentation on replicated watersheds or plots 
to provide statistically robust interpretations of 
our observations. We also plan to use remote 
sensing and geographic information systems (GIS) 
to offer spatial pattern measurements at various 
scales for the treated watersheds. 

We plan to introduce bison to the new intensive 
study sites in autumn of 1991. All LTER plots are 
permanently marked, and a cessation of 
measurements on certain sites does not preclude 
their resumption, either intermittently or more 
intensively, at a future date. Fire treatments will 
be continued on all Konza Prairie watersheds. 

LTER Hypotheses & Questions 
Controls of Net Primary Productivity (NPP) 
" Ungrazed tallgrass prairie exhibits energy, water 
and N limitations, with the intensity of the 
limitation determined by the specific combination 
of climate, topography and fire frequency. 
• Grazing negates the effects of fire as an 
ecological variable but often induces similar 
effects. 
" Grazed vegetation exhibits a susceptibility to 
water stress. Thus, production will be diminished 
in the second year of drought and recovery from 
drought effects will be slower on grazed sites. 
" Soil nutrient availability will improve during 
drought on grazed sites. 
• Because grazed vegetation will lack the root 
surface area to exploit higher levels of available 
nutrients in soils once water is no longer limiting, 
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the production response on grazed prairie will be 
less than that observed on ungrazed sites. 
• Light and moderate grazing, like fire, will 
stimulate foliage productivity in most years; 
however, heavily grazed sites will most resemble 
floras from the shortgrass prairie and/or contain 
elements of the flora of the Southwest. 

Organic Matter Dynamics 
• Sustained annual burning will result in a decline 
in soil organic matter. 
• Since plant nutrient availability is dependent 
upon decomposition, microbial immobilization of 
nutrients and turnover of the active fraction of soil 
organic matter, fire will result in tighter coupling 
of plant and microbial N dynamics. 
• The input of higher C:N ratio plant material 
will result in an increase in the proportion of fungi 
compared to bacteria. 
• Grazing in tallgrass prairie reduces the C input 
and the C:N ratio of the above- and belowground 
plant biomass: grazers may negate the fire effect. 
The decrease in C quantity and quality (C:N ratio) 
as a result of grazing reduces the soil N 
immobilization potential. Microbial biomass C and 
N is also reduced with grazing frequency. 

Nutrient Dynamics 
• Nutrient outputs from watersheds are less than 
inputs except during years marked by 
high-intensity, low-frequency runoff events 
(floods). Long-term drought will result in an 
increase in N concentrations of groundwater and 
(if present) streamwater. 
• Sustained experimental phosphorus enrichment 
of tallgrass prairie will eventually stimulate the 
appearance of N-fixers. 
" Soil and stream water nitrate concentrations will 
increase in response to grazing intensity due to the 
reduction in soil N immobilization potential. 
• Aboveground NPP will be maximized by an 
intermediate intensity of grazing because of the 
increase in soil inorganic N availability. 

Population Studies 
• Bird, small mammal, and grasshopper densities 
are governed by resource/competition interactions, 
as mediated by experimental treatments. 
• We hypothesize that certain forbs should benefit 
from short-term drought, which may improve soil 



Grazing Is a natural parl of the r,.n,.,,,, • ., 
Bison ware added to part of the prairie In 1987. 

nutrient status via reduced immobilization and/or 
reduced plant competition for nutrients while deep 
soil water remains available. Thus, although 
frequent burning may result in declines in many 
forb populations relative to C4 grasses, this may be 
offset by an enhancement of forbs in drought years 
due to enhanced nutrient availability. 
" Grazers can increase species diversity by either 
increasing habitat heterogeneity or by reducing the 
competitive dominance of the dominant perennial 
grasses. The former mechanism should primarily 
influence species richness, whereas the latter is 
predicted to strongly influence the evenness 
component. 
o The interacting influences of native ungulate 
grazers and fire over the topographic gradient will 
result in unique patterns in species abundance, 
distribution, and diversity at different spatial 
scales. We predict that local abundances and 
within-population diversity of plant species 
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can be explained by predictable effects of fire, 
grazers and their interactions on plant growth 
dynamics and sexual and vegetative reproduction. 
o Grazing by bison will result in different 
responses among co-occurring plant species and 
shifts in plant community structure, and these 
grazing effects may be a result of both direct effects 
on plants and indirect effects on mycorrhizal 
abundances and resulting shifts in competitive 
relationships between C:3 and C4 species. 

Studies Related to Global Questions 
Ecosystem-Climate Relationships. We are 
addressing several questions revelant to issues of 
global climate change. These include the following: 
How do fire, grazing and fire-grazing interactions 
influence processes and patterns in tallgrass prairie 
and the response of the prairie to climate forcing 
functions? What will be the ecological response 
(biophysical, ecosystem, community, population, 
organismic) to climate change given current land 
use? How will modification of experimental 
treatments (representing Flint Hills landuse 
patterns) influence the persistence and 
characteristics of the system? How much control 
does the biota have on microsite and local climate, 
and how might these controls be modified by fire 
and grazing intensities or frequencies? Can 
patterns observed for the tallgrass prairie be 
extrapolated to other L 1ER sites? 

Ecology has traditionally focused on the 
organism-to-ecosystem hierarchies, but efforts are 
now underway to predict ecosystem to landscape 
and regional scales. Ecologists must be able to 
scale research questions to the landscape level in 
order to integrate the importance of their research 
to the regional scale and to broader scales where 
implications for climate change are meaningful. 
Understanding the landscape controls or 
constraints on ecological phenomena therefore 
become a critical LTER question. 

The Ecological SiJlnificance of Spatial Patterns. 
How do position in the landscape and landscape 
interactions affect ecological phenomena in 
tallgrass prairie, and what is the importance of the 
interaction of edaphic and climatic variables on 
biotic processes? How do landforms affect 
processes in tallgrass prairie? The neutral 
hypothesis (spatial patterns do not affect the 



variable of interest) has been implicitly negated by 
all Konza researchers. Analysis of the importance 
of geomorphic patterns and landscape position on 
ecological processes is underway at scales ranging 
from plant leaf to watershed levels. 

New and Continuing Research 
In addition to continuing the long-term study of 
tallgrass prairie patterns in relation to fire/climate, 
we are expanding the LTER study significantly to 
(1) assess the role of fire/bison grazing interactions 
on populations, community structure, net primary 
production (NPP), organic matter, and nutrient 
dynamics; (2) conduct a more spatially explicit 
analysis to patterns of variation across 
topographical gradients; and (3) analyze patterns 
at larger spatial scales by linking analysis of 
population, community, and ecosystem properties 
with patterns detected at the landscape level using 
remote sensing, GIS and simulation modeling. The 
central question and goal of the research is to 
understand how grazing influences biotic and 
ecosystem processes and patterns imposed by fire 
frequency over the landscape mosaic, all of which 
are subjected to a variable (and possibly 
directional) climatic regime. 

lntersite & Network Activities 
Researchers from our site were among the first to 
participate in multisite LTER studies, helping to 
develop the data management system now used at 
a number of L TER sites, and comparing the N 
and P sensitivity of streams in five different 
biomes. Konza L TER is cooperating with four 
other L TER sites and the L TER Network Office 
in developing a distributed intersite climate 
dtaabase for ecological research. This system could 
serve as a prototype for access to other ecological 
data. The list of ongoing multisite projects 
involving Konza Prairie and L TER investigators is 
rapidly increasing. Eight of 19 federally supported 
projects on Konza Prairie during the current five­
year period have involved at least one additional 
site. In addition, several proposed multisite 
projects involving Konza are pending at NSF. 

We are currently working at a number of spatial 
scales above our individual site. We have 
established relationships with a network of 
tallgrass prairie sites including at present: 
Fermilab (Illinois), Tucker Prairie (Missouri), The 
Land Institute (Kansas), and three Nebraska sites 
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(Allwine Preserve, Arapaho Prairie, and Niobrara 
Preserve), as well as a group interested in 
comparing native prairie and agroecosytem 
properties. An example of this regional interaction 
occurred in 1986-87, when LTER data sets were 
used in a preliminary evaluation of the status of 
nearby tallgrass prairie sites used for military 
training activities. 

Konza personnel are active participants in the 
LTER and associated networks. Collaboration 
currently exists for several initiatives, including 
modeling, data management, stable isotope and 
stream studies, remote sensing/GIS, decomposition 
and organic matter dynamics, and global climate 
change. 

Related Research Projects 
The NASA FIFE project (1987-present) represents 
a study of a size and scale previously unknown to 
ecologists; it dwarfs even the grasslands 
International Biosphere Program (IBP) work in 
terms of number of scientists involved, funding, 
data acquisition, and data management. The 
significance of this effort to current LTER efforts 
cannot be overstated. If ecologists are to become 
active participants in the global change arena, they 
must be able to interact with biophysicists and 
atmospheric scientists and be capable of providing 
data appropriately scaled for vegetation­
atmosphere studies. Biological processes and 
ecological constraints have extremely large 
influences on regional climate, for both the short­
and long-term. This fact has yet to be integrated 
into general circulation models. Until such 
information is incorporated, these models cannot 
provide realistic long-term predictions. 

Thus, the Konza Prairie group has an important 
responsibility to the scientific community. First, we 
must provide proof-of-concept projects and studies 
using the FIFE data and, second, we must preserve 1 

the FIFE data base (FIS) to guarantee its 
availability to ecologists. Our current cooperative 
study with CSU, and our own NASA projects, 
should contribute towards the first goal. We are 
also exploring avenues of obtaining a functional 
archive of FIS with personnel at NASA 

Collaborative research with CSU is examining 
the influence of tallgrass prairie biota on C02 and 
H20 exchange with the atmosphere. This 
examination is at a finer scale than the FIFE 
project and thus complements and builds upon 



that experiment. Measurements of foliage N 
content, leaf chlorophyll, plant water status, net 
photosynthesis, transpirational water loss, and 
aboveground biomass have been made on transects 
spanning topographic gradients. These data are 
being correlated with canopy spectral reflectance 
measurements made at CSU to provide the key 
links in the modeling efforts of CSU colleagues. 
The influence of fire on these relationships is also 
being studied. Ultimately, these data will be 
combined with landuse patterns to develop a 
regional model of biosphere-atmosphere 
interactions that can be nested within global 
climate models. 

Work has begun on a time-domain reflectometry 
(TDR) system in conjunction with the transect 
studies. TDR provides real-time measurements of 
soil moisture along a topoedaphic gradient, and 
these data, in conjunction with photosynthesis, 
water stress, production and N data should provide 
a robust perspective of plant-nitrogen-water 
relationships, as mediated by the Flint Hills 
topography. Should the system provide useful data 
not obtainable with current methods (neutron 
probes), we will attempt to install a system for the 
L TER transects. 

With support from NSF, Konza researchers are 
conducting a study entitled, "Phase-space 
ordination and the complexity of successional 
trajectories." The complexity of the successional 
trajectory will be quantified using long-term data 
sets at Konza Prairie, Cedar Creek, and Sevilleta 
LTER sites. 

An effort is underway by the USGS and State of 
Kansas Cooperative Studies to characterize soil 
water and groundwater conditions within a 
watershed. Four transects perpendicular to the 
stream channel were instrumented with 58 
lysimeters and 20 observation wells in late winter 
of 1988. Lysimeters were installed in the A. B and 
C soil horizons to sample the unsaturated zone, 
and observation wells were installed in the Morrill 
and Eiss Limestone Members (Lower Permian). 
Water samples analyzed for dissolved organic C 
and nitrate had greater concentrations in the 
unsaturated zone than in groundwater, indicating a 
decrease in these constituents during transport 
from soil to groundwater. Future work will focus 
on the reasons for the Dissolved Organic Carbon 
(DOC) and nitrate decrease and the identification 
of DOC biomarkers that can be used as tracers in 
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the transport of water and natural compounds 
from the soil to groundwater. 

FUTURE DIRECTIONS 

T he availability of GIS and remote sensing 
techniques now allows us to make full use 
of Konza's robust experimental design, and 

several projects are already underway. A Konza 
Prairie geomorphology map is being digitized onto 
the GIS. Maps indicating soils, elevation, slope 
and aspect, and watershed boundaries are already 
on the GIS. Our current holdings of satellite 
images will be augmented with additional TM 
scenes as these become available. 

Additional funding is being sought to acquire a 
functional archive of the FIFE data set, which 
contains over 30 gigabytes of data on KPRNA and 
adjacent areas. In conjunction with this project, we 
are seeking outside support to re-establish some of 
the fine temporal resolution biophysical 
measurements of mass, energy, momentum and 
C02 flux originally obtained by the FIFE project. 

An analysis of gallery forest wood growth 
dynamics is planned. This dendrochronological 
study will allow us to compare forest wood 
production with our prairie foliage NPP record, 
and test several predictions regarding controls on 
the respective systems. The dendrochronological 
analysis will also complement LTER studies on 
the dynamics and spatial patterns of woody plants 
by providing information on wood, plant 
population structure and past recruitment patterns. 
These data will also be integrated with climate/ 
hydrological pattern issues studied by the "Wet 
Group." 

Spatial modeling at the landscape or regional 
scale demands a high degree of concurrent 
processing in order to simulate efficiently (and 
naturally) the nested spatiotemporal hierarchies 
intrinsic to ecological processes. Accordingly, we 
intend to implement an integrated soil-water­
vegetation model on a fine resolution parallel 
processor. We shall be able to map the Konza 
Prairie landscape by specifically programming the 
topology of the processors to mimic our link-node 
representation of watersheds. Climatic variables, 
disturbances and other forcing variables are 
introduced into the "landscape" through a host 
computer which represents a cutting-edge 



technology that holds great promise for ecological 
modeling. 

National Science Foundation-sponsored research 
projects recently initiated on Konza Prairie include 
a study of the role of mycorrhizal relationships in 
determining plant population and community 
patterns, research designed to identify the 
mechanisms of persistence of tallgrass prairie forbs 
(important for biodiversitiy in tallgrass prairie) 
within a "sea of grass," and studies of trace gas flux 
from experimental watersheds. These projects, and 
others like them which involve a multidisciplinary 
approach and collaboration with researchers from 
other academic institutions, are evidence of the 
value and success of the site-based L TER program 
at Konza Prairie. Our future short- and long-term 
research efforts at Konza will continue to build 
upon our rich tallgrass prairie data base as well as 
LTER Network initiatives. Together, these provide 
us with opportunities to address complex 
ecological issues that demand information at 
temporal and spatial scales only accessible through 
the L TER program. 111 
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Flgur® 1. Monthly water budget values, including precipitation and actual evapotranspiration. 
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Figur® 3. Average annual temperature data. 
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Luquillo Experimental 
Forest (LU ) 

\ 

RESEARCH SETTING 

eriodic visits by hurricanes and tropical 
depressions in the Caribbean and their 
interaction with steep topography offer an 

opportunity to study long-term responses of 
complex ecosystems to natural disturbances. 
Researchers from the University of Puerto Rico, 
the Institute of Tropical Forestry, and 15 other 
institutions are conducting long-term studies of the 
relationship between disturbance regime and forest 
structure in the Luquillo (loo-KEY-yo) Experi­
mental Forest LTER site in Puerto Rico. The 
objectives of these studies are: (1) to investigate 
the relative importance of different types of 
disturbance within the four life zones constituting 
the landscape of the Luquillo Experimental Forest, 
and (2) to analyze the importance of the biota in 
restoring ecosystem productivity after different 
types of disturbance within representative 
watersheds in one of these life zones. 

Research at the site began over 100 years ago 
with a series of botanical explorations. Over 400 
publications record the results of this activity up to 
1980. Portions of the research site were protected 
by the Spanish Crown as early as 1860 and 
transferred to the U.S. government in 1898. In 
1939 the USDA Forest Service established a 
research station whose mission was to study and 
manage the forest ecosystems of the Luquillo 
Mountains. Today, the Institute of Tropical 
Forestry is among the oldest tropical forestry 
research institutions in the hemisphere and is the 
oldest among U.S. government facilities, including 
those in Hawaii and Costa Rica. 
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The Luquillo Experimental Forest (LUQ) was 
established by the USDA Forest Service in 1956 to 
recognize the growing importance of research work 
undertaken there. Early research sponsored by the 
Forest Service at Luquillo emphasized long-term 
studies of tree growth and the management of 
tropical forests. In 1963, the U.S. Atomic Energy 
Commission (AEC) established a research project 
at the El Verde Field Station to study the 
structure and function of the forest ecosystem and 
to investigate the effects of gamma irradiation on 
ecosystem processes. This research program 
continued uninterrupted under the auspices of 
AEC and later the U.S. Department of Energy for 
25 years. Since the initiation of the Luquillo 
LTER program in 1988, approximately 100 
scientists and about 60 graduate students have 
used the site each year for research. Over 100 
research projects are currently being undertaken. 

To preserve genetic diversity and remnant virgin 
tracts representing the forest types indigenous to 
the area, an 850-hectare "Baiio de Oro" Research 
Natural Area has been established within the 
Luquillo Forest, and the El Cacique Wilderness 
Area has been proposed. The Forest has also been 
designated as a research site for the U.S. 
Geological Survey's (USGS) Water, Energy, and 
Biogeochemical Budget (WEBB) program. An 
investigation of the controls of primary 
productivity along an elevational gradient has been 
initiated through the National Science 
Foundation's Minority Research Centers of 
Excellence (MRCE) program. 



Site Characteristics 
The Luquillo Experimental Forest, encompassing 
elevations between 100 to 1,070 m in the Luquillo 
Mountains in eastern Puerto Rico, is a National 
Forest and a Biosphere Reserve, and contains 
several research natural areas within its 
11,231 ha. Four life zones occur in the 
Forest (subtropical wet forest, 
subtropical rain forest, lower montane 
wet forest, and lower montane rain 
forest), and four major vegetation 
associations occupy these life zones. 
The higher elevations remain covered 
with virgin forest, although the lower 
elevations are forested with secondary 
growth, having been once cleared for 
agricultural purposes. 

The dominant tree below 600 m is 
the tabonuco (Dacryodes excelsa), which 
is best developed on protected, 
well-drained ridges. Above the average 
cloud condensation level (600 m), palo 
colorado (Cyrilla racemiflora) is the 
dominant tree except in areas of steep 
slope and poorly drained soils, where 
the palm Prestoea montana 
occurs in nearly pure stands. 
The dwarf forest occupies ridge 
lines and is composed of dense 
stands of short, small-diameter 
trees and shrubs that are almost 
continually exposed to winds 
and clouds. Both the palm and 
dwarf forests are dominated by 
only a few plant species. Tree 
height, number of species, basal 
area, average tree diameter at 
breast height (dbh), and 
complexity index decrease with 
elevation; stem density 
increases. 

More than 225 tree species are native to the 
Forest (23 of these are endemic, and 88 are rare), 
and 47 tree species have been introduced. About 
50 species of native orchids and 150 species of 
ferns exist in the Forest. Also, 100 vertebrate 

The Luquillo mountain range The Luqulllo IV•v•um•m•u. 

intercepts several global airsheds, including 
northeast trade winds, cyclonic activity originating 
in East Africa, northern fronts produced at high 
latitudes over continental North America, and 
cloud systems from the Amazon Basin. Annual 
precipitation in the Forest ranges from 2,500 to 
over 5,000 mm, while mean temperatures range 
from 25.5"C at the lowest elevation to about 
18.5°C above 1,000 m. 
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species occur, including 11 native mammals (all 
bats), eight lizards of the genus Anolis, 16 small 
frogs of the genus Eleutherodactylus, and nine 
shrimp species. Sixty-six bird species occur in the 
Forest, which contains all of the existing habitat 
for the endangered Puerto Rican parrot. 



reproductive success, carbon 
fixation, and food web 
structure); and 
• system properties that 
emerge from the effects of 
disturbance pattern and 
frequency on the mutual 
interaction of abiotic 
environment and biota 
(nutrio:.nt cycling, phases of 
recovery, rates of recovery, 
and displacement from and 
return to steady state). 

Landslides are an important disturbance type In the Luquillo Forest. ROBERT B. WAIDE 
I 

Tropical forestry research in 
Puerto Rico has already 
produced observations that 
suggest certain patterns of 
biotic response to both large­
and small-scale phenomena. 
For example, the estimated 

RESEARCH PROGRAM STATUS 

urricane Hugo (September 1989) created 
opportunities for the Luquillo Experimental 
Forest L TER program (LUQ) to study 

forest regeneration processes, as well as those 
stemming from regional and global-scale 
environmental change. The history of disturbance 
is well-known through measurements of long-term 
observation plots established by the U.S. Forest 
Service in the 1940s, although ecosystem responses 
have not been thoroughly investigated for each 
type of disturbance. 

The major forms of disturbance in this humid 
tropical forest are natural treefalls, landslides, 
hurricanes, and selective cutting. The integral role 
of disturbance has been emphasized by computer 
simulation of actual relative abundances of tree 
species, using a forest dynamics model that 
incorporated treefalls and hurricanes. 

Components of the L TER program include the 
examination of: 
• pattern, frequency, and intensity of disturbance 
(treefalls, landslides, and hurricanes); 
• environmental properties that are expected to 
vary with disturbance size, age, and origin (light, 
nutrient availability, moisture, temperature, and 
soil organic matter); 
• biological properties that are expected to vary 
with environmental properties (species 
composition, growth, nutrient dynamics, 

106 

age of large colorado trees (Cyrilla racemiflora) 
and palms (Prestoea montana) can be related to 
hurricanes in 1867 and 1932, respectively. Studies 
show that frequently measured forest parameters 
such as biomass, tree density, number of tree 
species, basal area, wood volume, wood density, 
above-ground primary productivity, and complexity 
index will change in predictable patterns over 
periods of 40 years following hurricanes. Variation 
in annual rainfall that is unrelated to hurricane 
events can also elicit biotic responses, since 
periods with more frequent and higher rainfall 
increase the probability of landslides and can 
result in a doubling of annual stream runoff. 
Because hydrologic fluxes are critically important 
to many ecosystem processes, infrequent but large 
fluctuations in rainfall will have significant effects 
on ecosystem functions such as organic matter 
export, nutrient cycling, and productivity. Long­
term records are necessary to measure and 
understand such infrequent events. 

Long-Term Field Studies 
Research related to the L TER program at 
Luquillo has been focused on three major areas. 
Mathematical modeling is an integral part of each 
of these research areas. 

Disturbance Regime: Frequent human-related and 
natural disturbances to the Forest have created a 
mosaic of areas in various stages of succession, 



where the major forms of disturbance are natural 
treefalls, landslides, hurricanes and selective 
cutting. By far the greatest disturbance in recent 
years has been Hurricane Hugo, which significantly 
affected the Forest in September 1989. 

Using aerial photography, satellite imagery, and 
long-term plot data, we are determining the 
frequency, size class distribution, and spatial 
distribution of the major disturbance types in the 
Forest. Mathematical models of hurricane 
characteristics are being used to generate 
information on the effects of historical storms. 
Research results suggest that disturbance intensity 
is regulated in part by stage of vegetation 
development. Topography and bedrock 
characteristics are also important in regulating the 
frequency and spatial distribution of disturbance 
because of the high relief, diverse hillslope aspects, 
and varied geologic conditions. 

available for the period 1963-1%6 for comparison 
with present-day records. Data on these 
parameters in gaps and through vertical profiles 
within tabonuco forest are also available. 

Biotic Response to Disturbance: 
Plant succession - The processes by which a 
disturbed patch of forest regenerates is a major 
focus of the LUQ L TER. Revegetation after 
disturbance alters abiotic and biotic variables with 
the amplitude and direction of change strongly 
dependent on the severity and scale of the initial 
disturbance. Disturbance within the Luquillo 
Forest can be categorized along a continuum of 
area from small to large gaps, and along a 
continuum of severity from tree falls to hurricanes 
and landslides. Pathways of succession vary 
depending on initial conditions and the type and 
severity of the disturbance. 

Tab/® 1. Tho range of tree (> 10 em dbh) mortality and turnover time as a result of 
background and catastrophic mortality in the Luquil/o Experimental Forest. Hurricanes 
of the intensity shown have a return time of 60 years. In tho absence of hurricanes, 
background mortality r~sults in a turnover time for trees that is less than the hu"icane 
return time. Hurricane and gap data are from the LTER site at Bisley. 

Nutrient cycles - Baseline data 
collected before Hurricane 
Hugo allowed us to examine 
changes in ecosystem storages 
and fluxes as a result of the 
hurricane. The reorganization 
of system structure and the 
transfer of large amounts of 
mass between ecosystem 

Type of disturbance 

Background (all causes 
but hurricanes) 

Treefall gaps 

Hurricanes 

Treo mortality 

1973-2650 

100-266 

472 

• ba&sd on th<> avarliQ<! mortality (144 trooo/ha. 100 y~ 

Environmental Correlates of Disturbance: Past 
and ongoing research serve to quantify the changes 
in environmental parameters that occur after 
disturbance in order to understand regeneration 
mechanisms. An extensive data base on general 
climate and gap environments exists for the 
tabonuco forest, as well as data on light 
availability, soil moisture, and soil nutrient levels 
for tropical forest disturbances in general. Hourly, 
daily, and monthly records of insolation, 
illumination, temperature, humidity, rainfall, wind, 
evaporation and carbon monoxide levels from the 
Rain Forest Irradiation Project at El Verde are 
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Turnover time 
(stemo/ha.1 00 yr) 

49 

380* 
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compartments had profound 
short- and long-term effects 
on nutrient cycles. Monitoring 
of the affected ecosystem 
components over the life of 
the LUQ LTER will permit 
evaluation of the long-term 
effects. 

Nutrients stored in 
vegetation serve as an index to the rate of nutrient 
recovery and indicate mechanisms for nutrient 
conservation after disturbance. An initial inventory 
of above- and belowground C, N and P in both 
disturbed and surrounding undisturbed vegetation 
was conducted prior to Hurricane Hugo. A total 
nutrient budget is being estimated by the inclusion 
of soil analyses. 

Comprehension of the dynamics of soil organic 
matter is a critical factor in understanding 
fluctuations of soil nutrients after disturbance. 
Changes in soil organic matter, C, N, and P over 
time provide information on the relative role of 



root vs. leaf litter on soil organic matter 
formation, on the impact of different leaf litter 
application rates on soil organic matter formation, 
and on the influence of different types of 
disturbance and time since disturbance on soil 
organic matter formation. 

Plant and animal population studies - Population 
studies of key plant and animal species are critical 
to the understanding of both community and 
ecosystem processes. Studies consisting of 
systematic observations on life history and 
organism-environment relationships were initiated 
for animal and plant species as part of the routine 
work at the LUQ LTER. However, after 
Hurricane Hugo these studies acquired new 
meaning and value to the program. The two 
traditional study sites of the program (Bisley and 
El Verde) became the two poles of a new 
environmental gradient, that of hurricane 
disturbance. Paired studies of animal and plant 
populations (coquis, lizards, bats, birds, shrimp, 
walking sticks, palms, tabonucos, ausubos, and 
others) are now providing critical information 
about how organisms cope with various intensities 
of disturbance, i.e., how they respond to natural 
stress gradients. Addressing organismal response to 
hurricane disturbance in paired studies across a 
gradient of damage is central to the main question 
of this program, i.e., how the forest biota copes 
with, and maintains homeostasis in, the stressful 
conditions of the Forest. 

FUTURE DIRECTIONS 

T he evaluation of hurricane effects has once 
again underscored the importance of 
environmental gradients in the Luquillo 

Forest. We are in the process of surveying large 
forest areas for damage and have expanded our 
traditional focus on two sites (El Verde and 
Bisley) to include sites with intermediate levels of 
response to Hurricane Hugo. The addition of the 
WEBB, Global Change, and MRCE programs to 
the LTER represents a significant leap towards 
understanding landscape gradients both in the 
Forest and on a regional scale in the Caribbean 
Basin. We see our program evolving towards a 
closer examination of the many gradients that 
operate in the Forest. 
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We anticipate a greater effort in the accurate 
depiction of the geographic and topographic 
location of studies (possibly using global 
positioning systems) and the measurement of local 
environmental conditions at each of these 
locations. Only through such a strategy will we be 
in a position to apply the powerful tools of 
modeling and GIS being developed in this first 
phase of research. These modeling and GIS tools 
provide the capability to accurately extrapolate our 
measurements to the landscape and study patterns 
over time scales that range from the instantaneous 
to millennia. I!! 



* LUQ Climate Record 1951 • 1980 

LUQUILLO 
PPT & AET 1951-1990 
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figure 1. Monthly water budget values, including precipitation and actual evapotranspiration. 
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Figure 2. Average annual precipitation totals. 
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LUQUILLO FOREST 
TEMPERATURE 1975-1990 
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Figure 3. Average annual temperature values. 

"' Data from on-site or nearest weather station. 
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RESEARCH SETTING 

he North Inlet Marsh Long-Term Ecological 
Research (LTER) site research is focused 
primarily on a pristine estuary typical of the 

southeastern United States. The North Inlet 
coastal landscape is composed of a Well-defined 
estuary with a major inlet connecting to the 
Atlantic Ocean and minor tributaries entering 
Winyah Bay, the largest drainage basin in the 
southeast. The primary water exchange (79 
percent) occurs through Town Creek, with inputs 
from Winyah Bay occurring primarily with 
southwesterly winds and during high river 
discharge into the Bay. The estuarine-marsh 
complex is surrounded to the north and west by 
maritime forest and, to the east, is separated from 
the Atlantic Ocean by sandy beach ridges. Most of 
the highlands surrounding North Inlet Estuary are 
preserves owned by the Belle W. Baruch and Tom 
Yawkey foundations. 

The watershed is approximately 25 km2 (6,139 
acres), with 3,697 acres to the north draining a 
moderately developed residential watershed into 
the upper portion of North Inlet Estuary and, to 
the west, 2,442 acres draining a forested watershed. 
Residential development is less than 2 percent of 
the watershed land area. The maritime forest 
consists of long-leaf pine, loblolly pine, laurel oak, 
red maple, turkey oak, and live oak. The swales 
contain mixed bottomland hardwoods with cypress 
and tupelo in the wetter areas. The swales aggrade 
into freshwater marshes which are typically 
occupied by white marshgrass, cattails, giant 
cordgrass, and bulrush, and the brackish water 
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marshes by needle rush, black rush, and giant 
cordgrass. The open dunes have at least 24 species 
of higher plants, including sea oats, Spartina 
patens, Panicum, Iva, and Myrica. 

Site Characteristics 
The estuarine-marsh area consists of 32 km2 of 
immature (20 percent) and mature (80 percent) 
salt marshes intersected by numerous 
interconnecting tidal creeks. The estuarine 
marshlands are dominated by Spartina, !uncus, and 
Salicornia. Over 130 species of fishes and 200 
species of macroinvertebrates have been identified 
which occupy different habitats within the 
estuary-marsh complex. These habitats include 
mud flats, sand flats, shelly bottoms, mud bottoms, 
open beaches, and oyster shells. 

Marshlands range from ocean salinities to 
freshwater. The average channel depth within the 
estuarine-marsh area is 3 m. The greatest depth 
(7.4 m) occurs in Town Creek adjacent to the 
inlet. The freshwater input to the system from the 
adjacent watersheds is less than 1 percent of the 
tidal prism, and this low freshwater inflow 
contributes to an average annual salinity range of 
23.6 parts per thousand (ppt) to 35 ppt in the 
estuarine-marsh complex. Freshwater inflow 
generally occurs from November to May. The tide 
is semi-diurnal with a mean range of 1.4 m and the 
estuary has a tidally pumped circulation. The 
maximum spring tide range is 2.5 m, the neap tide 
range about 1 m. The maximum tidal current is 1.7 
m per second. There is no significant vertical 



Infrared image of North Inlet, South Carolina from 8,000 feet (Atlantic Ocean, 

right) clearly delineates different components of the system: sandy beaches and shoals 

(white); Spart/na salt marsh (dark); flooded creeks and marsh (intermediate). 

stratification of salinity or density. 
The present topographic configuration reflects 

the modification of the pre-marsh landscape by the 
slow rise in sea level (approximately 2 mm per 
year). The pre-marsh landscape has been preserved 
as a series of regressive beach ridges which are 
now found within the maritime forest and 
underneath the immature and mature marsh. The 
swales within the forest are approximately 1 m 
lower than the adjacent ridges and are drained by 
intermittent blackwater streams which flow either 
toward Winyah Bay (mesohaline bay-brackish 
marsh) or toward North Inlet marsh (tidal 
creek-high salinity marsh). 

Subsurface flow is the major hydrologic transfer 
within the forest and to the streams. With the 
gradual rise in sea level, salt water is slowly 
invading the forest along the low-lying swales. The 
swale basin is being gradually converted from a 
terrestrial swale into an estuarine swale. With 
time, the new or immature marshes are buried by 
clay brought in with the tides. When this occurs, 
the basin is converted from a sandy immature 
marsh into a muddy mature marsh. Groundwater 
flow from the forest to marsh or within the marsh 
is minor. 
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Surface flow, primarily driven by tidal processes, 
is the major hydrologic transfer within the marsh. 
Because of the tremendous increase in tidal 
exchange runoff, as the system converts from forest 
to marsh the creek channels widen and deepen. 
Seaward of the immature marsh, the active beach 
ridge, or shoreline, is also migrating upslope 
across the marsh in response to the gradual rise 
in sea level. 

The climate of the North Inlet coastal landscape 
is controfled by the low elevation and coastal 
location. The climate is temperate (average 18°C) 
to subtropical with annual temperatures ranging 
from 8 to 27 °C. Precipitation in the study area 
averages 130 em per year. Annual precipitation 
patterns are highly variable due to the episodic 
occurrence of tropical storms and hurricanes. 
Tropical storms or hurricanes impact the South 
Carolina coast approximately once every 2.6 years 
accounting for an average 10 to 15 percent of the 
total annual precipitation at North Inlet, and as 
much as a quarter of the annual rainfall. Wind 
speed and direction vary with season. Northeas­
terly (fall and winter) and southwesterly (summer) 
winds are the most common. Predominantly 
southwest spring winds are the most variable. 



North Inlet is important to the LTER Network 
in that it represents one end of a continuum of 
sites ranging from the mountains to the sea. The 
estuary is the last land-encompassed body of water 
receiving extensive run-off from terrestrial habitats 
before it reaches the sea. Unlike terrestrial LTER 
sites, the estuary is dominated by the rhythmic 
surging of tidally driven waters. This extremely 
dynamic environment presents resource 
management questions that differ from other sites. 
Many of the major economically important marine 
species spend part of their life cycles in the estuary 
before returning to the ocean. What are the 
management strategies which must be developed 
to address the complexities of dealing with this 
wide diversity of species competing for the same 
estuarine resources? 

RESEARCH PROGRAM STATUS 

stuarine systems are influenced by critical 
temporal controls operating over 
semidiurnal to decadal scales (e.g., 

short-term tidally forced fluctuating water heights, 
longer-term meteorological processes, and episodic 
disturbances). The gradual rise in sea level is 
converting relatively stable habitats on decadal to 
century time scales. These habitats include a 
relatively stable terrestrial component at the 
highest geomorphic position in the landscape, 
slowly-aggrading tidal marsh (immature marsh) 
adjacent to the terrestrial component, relatively 
stable tidal m::trsh (mature marsh) and, at the 
lowest geomorphic position in the landscape, open 
water (river, bay or ocean). Exchanges among 
these landscape habitats occur primarily via 
streams, tidal creeks, or inundating tidal water 
(sheet flow). The importance of these linkages 
among the coastal landscape habitats are poorly 
understood. While it is readily acknowledged that 
estuarine systems are very dynamic, no studies 
have adequately quantified the temporal variability 
important in determining controls of system 
processes and the exchanges among the landscape 
habitats. Initially research activities were focused 
on quantifying temporal variability within selected 
habitats of the coastal landscape. Emphasis was 
placed on quantifying variability of important 
components at a variety of temporal scales within 
the five LTER-designated core areas. 
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During its 12-year history, LTER research at 
North Inlet has evolved from emphasizing detailed 
studies of the separate five core questions 
to attempting to integrate the data from these 
earlier studies into a better-defined systems 
approach. Although systems-level modeling was 
incorporated in the early research plans, the need 
to establish a broad database, representing as 
many subunits of the estuarine system as financial 
resources would support, was paramount to a 
long-term study of temporal variation. Earlier 
efforts were directed toward establishing 
statistically valid sampling protocols and to 
establish an understanding of biotic diversity with 
time and space. With time, well-established cyclic 
patterns of species abundance, life history data, 
variation in nutrients and other chemical species, 
and the abiotic characteristics were determined. 
Long-term trends could not be determined based 
on a short-term database. In the process of 
establishing a database, it was possible to modify 

Installation of an electromagnetic currant mater used to take 
time series measurements of current speed and direction. 
(Courtesy of TIDINGS) 



the sampling protocols based on scientific 
evidence. One of the important aspects of long­
term research which was not fully appreciated 
when this project was begun was the importance of 
developing a functional data management system. 

The fundamental question that research at 
North Inlet LTER seeks to address is: What is the 
relationship between the observed coastal 
landscape structure and the underlying physical, 
chemical, and biological processes that create, 
maintain, and change it? Because patches vary 
over geomorphic and hydrologic (tidal inundation) 
gradients which can vary from hours to centuries, 
we have subdivided the landscape into 
spatiotemporal domains and we are focusing on 
the internal and external controls within each 
domain as they regulate the observed structure and 
important ecosystem processes which maintain that 
structure. 

Research is organized around the following 
questions: 
• What are the structural and functional attributes 
of neighboring ecosystems which affect estuarine 
processes? 
• Are primary production, trophic structure, 
nutrient dynamics, and marsh development 
internally or externally regulated? 
• Are the abiotic and biotic parameters which 
characterize North Inlet's structure changing with 
time? 
• What constitutes a "disturbance" to an estuarine 
ecosystem and how does the system respond to 
extreme events? 
• At what scales do disturbances operate in the 
coastal landscape? 

Patterns & Control of Primary Production 
Spartina. A comparative study of the production 
and demography of Spartina altemiflora continues 
since its initiation in spring 1984. This study 
conclusively demonstrates a large annual variability 
in marsh primary production. Aboveground 
production has declined at all monitoring sites 
since 1985, when it was 438 g C/m2!yr, to a low of 
197 g C/m2/yr in 1988. The cause(s) of variation of 
primary production are being investigated. The 
positive correlation we observed earlier between 
aboveground production and summer sea-level 
anomalies continues to be a valid predictor of 
growth. Our working hypothesis is that variation in 
soil salinity is the proximate cause of variations in 
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primary production. Sediment salinity and NH4 + 

levels may be correlated with growth rate. 
Aboveground growth rates at two high marsh sites 
are highly correlated and equal in magnitude, 
indicating that the factor(s) regulating growth are 
regional in scope. However, stem density at one 
site is two times greater than the other site, 
indicating that allocation between vegetation 
reproduction and growth differ between sites, 
although total production is equal. 

A canopy photosynthesis model, which was 
calibrated for the Spartina marsh and solved for 
four years beginning in 1985, is being used to 
derive a carbon budget for the vegetated marsh. 
Preliminary results suggest that net ecosystem 
production has varied between a high of 828 and a 
low of 361 g C/m2!yr. This quantity of carbon fixed 
by the plant community cannot be accounted for 
in respiratory losses. Most of this carbon is 
exported from the marsh; the remainder is buried. 

Phytoplankton. Annual areal phytoplankton 
production steadily dropped from 345 g C/m2!yr in 
1985 to 220 g C/m2/yr in 1987 (64 percent) and 
remained the same in 1988. The drop is significant, 
but is insignificantly correlated with light 
reduction, temperature of summer surface waters, 
and annual budgets of nitrate-nitrite, ammonium, 
and phosphate concentrations; however, we have 
measured higher productivity rates in previous 
years when the annual mean nutrient 
concentrations were lower. Daily chlorophyll a 
measurements track with our regression of chi a 
against 14C productivity, which is measured 
quarterly. Chi a measurements are an accurate and 
easy method for estimating phytoplankton 
productivity. Diurnal production can be reasonably 
modeled (r = 0.73, n = 213, P < 0.01) using 
water temperature, light attenuation (lagged three 
days), NH4-N (lagged one day), N03-N (lagged five 
days), and P04-P (lagged one day). 

Macroalgae. All eight of the dominant macroalgal 
species and most of the other 45 species in North 
Inlet can complete their life cycles within the 
estuary and do not require external recruitment of 
spores. Photosynthesis versus irradiance (P-1) 
curves do not vary diurnally. Thus, P-I curves 
generated at any time during a day can be used to 
model daily photosynthesis provided that solar 
irradiance (APR) is monitored for the whole day. 



Photosynthesis in the dominant species became 
light saturated at surprisingly low irradiances. 
Photoinhibition occurred in most species usually at 
irradiances just above saturation. 

Annual net production of macroalgae averages 
280 g C/gdw/m extrapolated over the whole 
estuary, which is significantly greater than that of 
phytoplankton. An average of 84 percent of the 
production occurred between December and April, 
a period when primary production by other plant 
communities is depressed. A model to determine 
diurnal photosynthesis is most sensitive to the 
components of biomass and P mu • Production of 
Ulva curvata (and perhaps other species) is 
nutrient dependent only when light is not limiting. 
Thus, production peaks in early spring (March 
through April) when light is optimal and nitrogen 
abundant. 

Benthic microalgae. Preliminary studies suggest the 
existence of a strong periodicity in benthic 
microalgal production rates with both tidal stage 
and time of day being significant contributors to 
this periodicity. The implication is that single 
point in time measurements are meaningless 
unless the effects of time of day and tidal stage are 
taken into account. 

Spatial & Temporal 
Distribution-Trophic Structure 
Biweekly collections of three size fractions of 
water column organisms and two size fractions of 
benthic organisms made since 1981 have yielded a 
unique dataset for examining seasonal patterns and 
interannual variations in estuarine animal 
population parameters. Abundance, biomass, and 
length data for zooplankton ( < 1 mm), motile 
epibenthos or macrozooplankton (1-20 mm), fishes 
and large crustaceans(> 20 mm), meiobenthos 
( < 0.5 mm), and macrobenthos (> 0.5 mm) have 
revealed new information about both the temporal 
dynamics of the populations and the 
environmental factors which influence them. Other 
studies have provided information on white ibis 
nesting and feeding patterns. A combination of 
long- and short-term sampling programs and 
experiments has resulted in the elucidation of 
habitat requirements, recruitment, predation, and 
migration patterns and processes. 

Most taxa and life stages occur during 
predictable, well-defined periods; however, 
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abundances are highly variable and unpredictable. 
Taxonomic composition and dominance within 
assemblages vary little among years. Except for the 
benthic taxa which appear to be increasing in 
abundance throughout the years, most taxa are not 
changing in overall abundance. For many taxa, 
larval production and settlement of major taxa are 
continuous for three to five months, but timing of 
peak abundances is usually irregular. Recruitment 
patterns of most water column taxa involve 
movements between the ocean and estuary; ingress 
of larvae and egress of immature adults probably 
result in a large net export of biomass. Studies at 
nearby Pumpkinseed Island show that the white 
ibis breeding population imports substantial 
amounts of N and P to the island from inland 
freshwater wetlands, but the amounts imported 
vary from year to year. 

Rainfall and salinity have been documented as 
primary environmental factors which affect both 
the aquatic and avian community. Annual 
variations in the size of white ibis breeding 
populations have been linked to amounts of 
rainfall during the preceding winter and early 
spring. Rainfall levels affect the availability 
freshwater crayftsh, primary food of the ibis. Large 
year-to-year variations in abundances of some fish 
and crustacean taxa have been associated with 
significant salinity changes, particularly during the 
winter. 

Within years, population dynamics and 
distribution patterns are highly variable. In the 
water column assemblages, maximum faunal 
abundance and diversity occur during the summer 
months, but the peaks are highest in the winter for 
the benthos. Taxonomic and life stage composition 
of water column assemblages differ greatly between 
winter and summer but less so in the benthos. 
Benthic populations decline in the spring when 
bottom-feeding predators enter the estuary. Short­
term (tidal, diet, diurnal) variations in abundance 
of water column taxa are large and often 
predictable. Dominant planktivores consume a 
wide variety of prey but select certain prey types. 
Major seasonal and ontogenetic shifts in prey 
preference and habitat requirements for many 
dominant taxa result in dynamic and complex 
interactions between the fauna and other 
ecosystem parameters. 



Patterns & 
Control-Organic/ 
Inorganic Matter 
Water samples 
taken daily over a 
nine-year period 
have been analyzed 
for various dis­
solved inorganic 
compounds, dis­
solved organic 
substances, particu­
late matter, and 
chlorophyll a. 
Freshwater inflow 
to North Inlet 
through rainfall 
and upland runoff 
is less than 3 
percent of the tidal 
prism. Thus, 
nitrogen inputs to 
North Inlet via 
rainfall and upland 
runoff (non-point 
source) are 
minimal. Biological 
processes account 
for the primary 
nitrogen source for 
North Inlet, with 
nitrogen fixation 
being the dominant 
source. 
Approximately 38 
g/m2/yr is fixed by 
the biota on the 

T&bl® 1. Continuously monitored variablea mellllured llll part of the North Inlet Marsh LTER program. 

Cllmllltlil Meteorological Station 
Continuous Recording of 
-Precipitation 
-Wind opeed 
-Barometric presoure 
-Solar radiation 

ChomhBtry 
Water Column 
Daily at 10:00 a.m. 
Locations: Two 
Constituents: 
Dl68olved organic N, P, C 
Particulate N, P, C, P04, NH4 
NOafN02, Chlorophyll ATP 

SpartiM 
Monthly using harvest method 
Location: Creekside, mid marsh, high marsh 

Phy~l Moo11urementa 
Contlnuouo 
-Conductivity 
-Water temperature 
-Discrete (dally water sample) 

-Salinity 
-Ught penetration (secchi disc) 

lntM!!tltl!§l 
Location: Goat Island, Bread 
and Butter Creek, Town Creek 

4 corea per transect (12 depths, 
2.5 em per depth) 
Constituents: NH4, P04, 

TOP, TON, DOC, Cl, C02, 

SI03,CA, Mg, K, Na, Fe, 
S, pH, Eh, alkalinity 
Frequency: Nov, Feb, May, Aug 

Monthly using nondestructive measurements of density and heights (1984 - present) 

Location: Oyster Landing and Clambank 

fauna 
Community 
Zooplankton 
Motile Epibenthos 
Fishes, Crabs, 
Shrimps 

Meiobenthos 

Macrobenthos 

Habitat Gear Mash 

Oblique, bottom to surface 30-cm ring 153 um 

Within 30 em of bottom sled 365um 

Shore zone seine 6mm 

< 1 m depth channel, trawl 6 mm bag 

>3m depth 
Subtidal, upper 10 em of core 32-um sieve 

sediment 
Subtidal, upper 30 em of core 500-um sieve 

sediment 

CruiHlll· Biweekly (12-15 days) 
When low tide occurs between 1100-1400 hrs 

All collectiono within 6-hr period 
Replicates at each of two stations 
(Inlet and creek) 

marsh surface; however, at present the amount 
fixed by phytoplankton is unknown. 

that approximately 10 percent of the particulate 
nitrogen is living biomass. Ammonium comprises 
76 percent of the inorganic nitrogen while only 
comprising 5 percent of the total nitrogen present. 
Nitrate-nitrite is less than 1 percent of the overall 
nitrogen available in North Inlet. 

Another factor is exchanges with both Winyah 
Bay and the coastal ocean, with a net annual 
export occurring. Losses from the system include 
sedimentation and denitrification; 3 g/m2/yr are 
calculated to be lost via sedimentation and 
approximately 1 g/m2/yr appear to be lost by 
denitrification. In North Inlet the predominant 
nitrogen form is dissolved organic nitrogen (60 
percent), with particulate nitrogen (34 percent) 
making up a substantial fraction. It is estimated 
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Unlike most river-dominated estuarine systems, 
North Inlet has strong seasonal nitrogen patterns 
which reflect temperature variation rather than 
freshwater runoff variation. All mean monthly 
nitrogen fractions were higher during summer 
months than during maximal runoff periods. 



Nitrogen fixation and remineralization are strongly 
regulated by temperature and thus may be 
regulating the seasonal variation observed in mean 
monthly nitrogen fractions. On an annual basis the 
nitrogen fractions vary substantially. Total nitrogen 
mean annual concentration steadily declined from 
1981 to 1987. In general, inorganic nitrogen 
interannual variation is inversely correlated with 
interannual variation in salinity. Higher 
concentrations of nitrogen during wetter (less 
saline) years suggest that freshwater import of 
nitrogen may be important on an annual basis, but 
even during those years most seasonal dynamics 
are internally regulated. 

Nutrient budgets for an adjacent loblolly pine 
forest exhibit a net annual flux of ions, with 
exports exceeding imports by two to 64 times. 
Important in the export process is intrusion 
(approximately 37 times per year) by estuarine 
waters. During the January 1, 1987 syeygy, saline 
waters penetrated several miles into the terrestrial 
watershed. Increased ionic concentrations and 
shifts in ion balance in soil solutions from the 
terrestrial watershed occurred. Enhanced 
mobilization of NH4 + lasted six months and excess 
salts were detected greater than a year after the 
intrusion. 

Patterns & Frequency of Disturbance 
During the past four years two major disturbances 
occurred: a drought in 1986 and Hurricane Hugo 
in September 1989. A workshop was held in 1988 
which dealt with the comparative effects of 
drought on the coastal area of South Carolina and 
the upland forest at the Coweeta L TER site. Hugo 
was the most destructive hurricane in the history 
of South Carolina. Both the immediate and long­
term effects of this event are being studied. 

Some of the modeling effort accomplishments to 
date are: development of a graphical database, 
implementation of a water budget computer 
program, construction of a cypress tree growth 
model, development of a subtidal benthic carbon 
model, preliminary evaluation of system response 
to sea-level rise as a function of global climate 
change, statistical summarization of all LTER 
variables, initial development of a tidal freshwater 
nutrient flux model and a marsh grass production 
model, and the conceptual design for a spatially 
articulate habitat distribution model. 
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In addition to research related to the five core 
areas, significant effort was expended on 
developing a data management system, 
inventorying the biota, archiving samples for future 
reference, and strengthening intersite relationships. 
Numerous investigators from other institutions 
either conducted L TER-related research on-site or 
used L TER data. 

DIRECTIONS 

new emphasis on process-based interactions 
and feedbacks within the North Inlet 
ecosystem is proposed. The coupling of 

ongoing long-term sampling programs with 
process-based experiments and transect analyses 
across ecological gradients is also planned. Now 
that we have a good description of the long-term 
temporal variability in ecosystem structure, 
research emphasis will shift toward experiments 
designed to explain that variation. These process­
oriented studies will concentrate on the Oyster 
Landing Basin (OLB) where marsh habitats are 
encroaching into the coastal forest. Transects 
within this watershed will be sampled to monitor 
spatial and temporal variations in nutrients, the 
deposition of organic matter, plant and animal 
biomass, fish migrations, and water movements. 
Select locations along a transect will provide 
insights on very long-term processes such as marsh 
evolution. These measurements will be combined 
with experiments on nutrient cycling, 
sedimentation, decomposition, primary production, 
fertilization, trophic dynamics, and recruitment in 
a coordinated effort that emphasizes exchange and 
transformation processes. 

Ecosystem models at a variety of spatial and 
temporal scales will be developed. They will 
characterize and summarize the complexity of the 
major structural and functional habitats within 
North Inlet, test hypotheses, structure our field 
experiments, and, ultimately, be incorporated into 
large landscape/climate models. Models will focus 
our attention on general systems dynamics and the 
chemical, physical, and biological interactions 
which regulate system level processes. This focus 
will, in turn, place the North Inlet L TER site in a 
strong position to evaluate the impacts of 
disturbance events (e.g., hurricane..<;, global climate 



change, and regional land-use change) on system 
processes at various scale~. 

We will also extend key long-term datasets into 
a second decade (Table 1). This continuity with 
the past provides the measurements of long-term 
variations in the estuarine structure, the indices by 
which change is obseiVed. Statistical analysis of the 
short-term variability in these long-term data sets 
has found that certain environmentally controlled 
parameters, such as chlorophyll concentrations or 
seasonal fish migrations, are reasonably 
predictable, while other more biologically 
controlled parameters, such as the zooplankton 
abundance or recruitment success of benthos, are 
unpredictable and likely to vary greatly within and 
between seasons. 

Having studied the variation in over 100 
variables for nine years, we ean now optimize our 
sampling resources by (1) sampling less frequently 
at certain times of the year, (2) combining routine 
sample collections with small sub-basin 
experiments, (3) using high-resolution satellite 
images to sample certain parameters over large 
spatial scales, and ( 4) structuring the field 
sampling, data analysis, and model designs around 
a hierarchical system of spatial and temporal 
processes. 

The fundamental question addressed by research 
on integration across scales is: What is the 
relationship between the obseiVed coastal 
ecosystem structure and the underlying physical, 
chemical, and biological processes that create, 
maintain, and change it? To answer this question 
for the North Inlet landscape we propose to 
subdivide the entire system into manageable 
spatiotemporal domains and focus our attention 
on the internal and external controls within each 
domain as they relate to the obseiVed structure. 
To understand how a system operates at different 
scales and how these scales can be measured and 
modeled for North Inlet, we must first categorize 
the LTER program within the global environment. 

The patterns observed at North Inlet are 
controlled at many levels of organization but the 
two most influential domains are the microscale 
and the mesoscale. The dominant processes 
operating within these two domains are articulated 
into external and internal controls. Internal 
controls are biotic feedbacks which affect 
ecosystem structure. For example, succession is a 
landscape process which results from the 
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interactions between recruitment, predation, 
productivity, and competition. External controls 
are the environmental forcing functions such as 
seaQlevel rise and hurricanes, which operate 
concurrently with internal controls, and which are 
also confined to restricted spatiotemporal domains. 
This spatiotemporal seating of interactions is the 
guide we will use to dissect the North Inlet 
ecosystem into more manageable habitat domains 
for the development of population, process, 
ecosystem, and landscape models. These controls 
dictate the changes we have obseiVed at North 
Inlet over the past 12 years. They are the 
fundamental forcing functions that shape the 
North Inlet structure. It is our intention to begin 
shifting emphasis from a static description of 
ecosystem structure to a more analytical, dynamic 
understanding of how processes interact over time 
and space, as well as what controls them. 

Research currently underway on the short-term 
influence of a major disturbance (Hurricane Hugo) 
will be expanded to examine long-term system 
effects on North Inlet Estuary. The impact of the 
severely damaged adjacent forested areas on the 
estuary is also being studied. 11! 
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Figure 1. Monthly water budget values, including precipitation and actual evapotranspiration. 
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Figure 2. Average annual temperature values. 
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RESEARCH SETTING 

ur Long-Term Ecological Research (LTER) 
research on north temperate lakes extends 
beyond the traditional boundaries of 

ecosystem studies to encompass multiple temporal 
and spatial scales. We consider a suite of adjacent 
lakes that share a common climate but differ 
dramatically in their physical, chemical, and 
biological characteristics. We employ a long-term 
perspective that permits us to place analyses of 
seasonal and annual patterns into the broader 
context of year-to-year variability and to evaluate 
the implications of such variability for community 
and ecosystem processes. We use a nested series of 
spatial scales ranging from within individual lakes 
to the entire Northern Highland Lake District. 
This permits us to consider how processes 
occurring in a lake are related to factors in 
adjacent systems and the surrounding landscape. 

Lakes provide ideal systems for long-term 
ecological research. Their boundaries are relatively 
distinct, and adjacent lakes, although sharing a 
common setting, may differ greatly in their 
fundamental properties. Thus, comparisons of 
lakes can be used to isolate at least partially 
important control factors for lake processes. Their 
distinct boundaries make lakes particularly useful 
for analyses of landscape-scale patterns. Likewise, 
many in-lake processes operate on shorter time 
scales than their analogs in terrestrial habitats 
(e.g., population growth and succession). This 
facilitates the observation of repeated sequences of 
processes within a few years as well as 
experimental manipulations. These advantages are 
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coupled with a long tradition of limnological work 
--a substantial amount of which was conducted on 
our L TER lakes in the first half of this 
century-which has laid the groundwork for our 
research. 

Site Characteristics 
The Northern Highland Lake District, with an 
area of approximately 10,000 km2

, has one of the 
highest concentrations of lakes in the world. 
Within Vilas County alone, where our LTER site 
is located, there are over 1,300 lakes, covering 16 
percent of the surface area. Within a 10-km radius 
of the Center for Limnology's Trout Lake Station 
there are 68 named and 38 unnamed lakes. Lakes 
range in size from 0.1 to over 1,500 ha, in depth 
from 1 to 33 m, and in fertility from oligotrophic 
to eutrophic. Other representative limnological 
conditions include: rainwater dominated, 
groundwater dominated and drainage lakes; 
dystrophic lakes; lakes with varved sediments, 
winterkill lakes, temporary and permanent forest 
ponds, and reservoirs. Lakes are influenced by 
strong seasonality and are usually ice covered from 
late November to late April. The district is also 
the source area for several major river systems. 
The county surrounding the station has 
approximately 640 km of permanent streams and 
numerous intermittent streams. 

Lakes within the Northern Highland exhibit 
near-natural water quality conditions. The 
Northern Highland and American Legion State 
Forests protect 80 percent of the land area and 



The main Trout for .imt1olctnv. UnfltBrsJrtv 
provides a base for the North Temperate Lakes LTER site. Winter 1981HXJ. 

about two-thirds of the lake frontage. Many lakes 
have totally forested watersheds and no private 
frontage. There is no heavy industry and only a 
sparse population density. Detailed investigations 
have indicated minimal effeets of acid deposition 
on the lakes. Outdoor reereation and forestry form 
the economic base for local communities. 

Climate is cool with a growing season of about 
195 frost-free days. The average annual 
temperature is less than soc. The area receives 
approximately 76 em of preeipitation~ about 30 
percent of which falls in spring~ with June and 
following summer months being the rainiest. This 
area receives 127-152 em of snow which covers the 
ground for about 120 days each year. 

Other research activities colnplement and are 
complemented by the L1ER research. First~ other 
research at the Center for Limnology is extensive. 
Also, the Station is within 15 km of the Wisconsin 
Department of Natural Resources' major warm 
water fish research site, the Five Lakes 
Experimental Fisheries Area, which has been 
collecting fisheries data continuously since 1946. 
Finally, the .Trout Lake Station lies in close 
proximity to the University of Notre Dame's 
Environmental Research Center. Numerous 
activities at the two facilities are conducted in 
close collaboration. Together the Trout Lake 
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Station and the Notre Dame Center form a site 
within the Experimental Ecological Reserve 
Program. In addition, cooperative work is 
underway with the U.S. Environmental Protection 
Agency, the U.S. Department of Energy, the U.S. 
Geological Survey, and the Wisconsin Department 
of Natural Resources. 

RESEARCH PROGRAM STATUS 

Major Objectives 
ithin the synthetic goal of understanding the 
ecological complexity generated by multiple 
processes acting over many temporal and 

spatial scales, we aim to develop a series of 
broad-scale evaluations of factors controlling lake 
processes. These evaluations are interrelated but 
can also be considered independently. They can be 
classed generally into five major objeetives: 
e to perceive long-term trends in physical, 
chemical and biological properties of lake 
ecosystems; 
o to understand the dynamics of internal and 
external processes affeeting lake ecosystems; 
o to analyze the temporal responses of lake 
ecosystems to disturbance and stress; 



" to evaluate the interaction between spatial 
heterogeneity and temporal variability of lake 
ecosystems; and 
" to expand our understanding of lake-ecosystem 
properties to a broader, regional context. 

The first four objectives have played a key role 
in our research over the past five years; the last 
objective is new. Conceptual extensions within the 
first four objectives include (1) a focus on global 
climate change, (2) expanded evaluations of 
microbial processes, and (3) more detailed 
assessments of land-water interactions. 

Approach to Questions 
Perceptions or Long-Term Trends: Our goal has 
been to develop a set of ecological measurements 
that will allow investigators to observe and analyze 
patterns of long-term change in the physical, 
chemical, and biological features of lake 
ecosystems. Long-term measurements at various 
ecological levels and several temporal and spatial 
scales are intended to capture the structure and 
function of lake ecosystems and enable analyses of 
interactions among the principal ecosystem 
components. We established a data management 
system to make modern and historic data easily 
available to researchers. 

We have focused on a suite of lakes and 
surrounding terrestrial areas linked through a 
common groundwater and surface water flow 
system that share common climatic, edaphic, and 
biogeographic features. Our seven primary lakes 
(Trout, Big Muskelunge, Allequash, Crystal, 
Sparkling, and Trout and Crystal Lake Bogs) 
located within 5.3 km of the Trout Lake Station in 
north central Wisconsin, were chosen to represent 
marked differences in size, morphometry and 
habitat diversity, in thermal and chemical features, 
in species richness and assemblies, and in 
biological productivity. , 

The choice of primary lakes makes groundwater 
one major focus of our project, because of its 
importance in regulating differences in the 
chemical composition of lakes and in linking 
terrestrial and lake ecosystems. We also have 
secondary lakes for comparison with the primary 
lakes on specific research questions of individual 
investigators. The two most important are Little 
Rock Lake, the site of a USEPA-funded 
experimental acidification, and Lake Mendota, the 
site of a Wisconsin DNR-funded, whole-lake 

biomanipulation experiment. Lake Mendota, our 
only study lake outside of the Northern Highland 
area, is included also because of its rich historical 
data, including 145 years of ice-cover data to 
analyze climatic patterns. 

We sample most major physical, chemical and 
biological parameters. Sampling frequency is tuned 
to the dynamics of individual parameters. Sampling 
is most intense at spring overturn, maximum 
stratification in summer, fall overturn, and winter 
stratification. Nutrients, pH, inorganic and organic 
carbon are sampled monthly. Temperature, 
dissolved oxygen, chlorophyll a, primary 
productivity, and zooplankton abundance are 
measured every two weeks during the open water 
season and every five weeks under ice cover. 

Parameters that vary over longer time scales are 
measured annually in August. These include 
macrophyte distribution, fishes (abundance, 
biomass, and community structure) and benthic 
invertebrate abundance. In addition, groundwater 
levels in selected wells are measured monthly and 
groundwater chemistry is measured quarterly. 
Parameters measured at our automated land-based 
weather station include air and soil temperature; 
precipitation; longwave, shortwave, and 
photosynthetically active radiation; wind speed and 
direction; and relative humidity. Our raft-based 

· station on Sparkling Lake records air and water 
temperature, wind speed at three elevations, and 
relative humidity. 
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Dynamics or External & Internal Processes: 
Long-term patterns in lakes are generated by a 
complex interplay between the external and 
internal processes we study. Because internal and 
external processes operate on a variety of time 
scales, interactions among them lead to complex 
patterns, often with time lags between cause and 
event. Understanding how lakes are affected by the 
interaction of processes occurring on different 
time scales, particularly when there are time lags, 
is a major goal of our L TER program. External 
processes being studied include climatic and 
hydrologic factors combined with land-water 
interactions. Climate exhibits substantial 
year-to-year variation and distinct long-term cyclic 
behavior. Hydrologic differences among NTL 
LTER lakes are associated primarily with 
differences in groundwater inputs. 



These differences exert important influences on 
both water and chemical budgets. Land-water 
interactions involve linkages between terrestrial 
and aquatic systems in which numerous processes 
operate at fundamentally different time scales 
(contrast the growth and decomposition of trees 
versus phytoplankton). For an example of internal 
processes, a lake's primary production during 
midsummer is controlled directly by the extent of 
turnover during the previous spring and by the 
amount of grazing exhibited by herbivorous 
zooplankton during that period. Each of these 
processes in turn is linked with longer-term factors 
such external nutrient loading and the year-class 
strengths of zooplanktivorous fishes. 

Responses to Disturbance & Stress: Our efforts 
have emphasized acid deposition and species 
invasions of rainbow smelt and rusty crayfish. Our 
work bas considered the role of turnover events as 
disturbances in plankton communities. Using a 
series of temporary ponds at the NTL LTER site, 
we also have tested explicitly the hypothesis that 
the importance of biotic interactions in 
determining community structure increases with 
the extent of time between disturbances. 

Spatial & Temporal Variability: We consid.er .. 
multiple scales of spatial and temporal vanabthty 
and interactions not only between spatial and 
temporal variability, but also betw~n per'7pt.i~ns 
of variability and scale of observation. Vanabthty 
is a characteristic of all ecosystems, yet there is 
little understanding of how systems differ in 
variability patterns, or what factors lead to these 
differences. Remote sensing and geographical 
information systems allow us to sample and 
analyze different systems at the same spatial scale. 
Use of these tools can be particularly powerful in 
analyses of landscape structure of diverse ~ystems. 

Temporal variability arises through the mterplay 
between internal dynamics and fluctuations in 
external driving forces. Spatial heterogeneity may 
interact with temporal variability in determining 
community and ecosystem features. Spatial 
heterogeneity may decrease the connectedness of a 
system and act as a buffer against disturbance or 
altlernatively may prevent the re-invasion of a 
species lost after a disturbance. 
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Figure 1. Lake and stream map of the North Temperate 
Lakes L TEA site In the Northern Highlands Lake District of 
northern Wisconsin and the upper peninsula of Michigan. 
The Center lor Limnology's Trout Lake Station Is located In 
the center of the 10 km circle, which Includes the primary 
LTER study lakes. CARL J. BOWSER and JOHN J. MAGNUSON 

Broader Spatial Scales: Of particular interest is 
the issue of how to make useful predictions across 
scales. We wish to scale-up from the seven LTER 
lakes to the Northern Highland Lake District to 
assess: (1) bow well we can transfer our 
understanding of processes within the L TER lakes 
to a larger region, (2) regional impacts of global 
change, (3) regional diversity, and (4) effects of 
regional changes in conservation, forestry, land 
development, and recreation policies. 

Problems of scale have always been part of 
ecology. We do not believe that simply 
extrapolating across scales will be an effective 
means of predicting across scales. For example, 
analyses of satellite and acoustic remote sensing 
scenes makes clear that interesting differences 
result when the natural world is viewed at different 
scales. We examined the distribution and 
morphometry of our lakes from the grain of a 



Landsat TM image (30 m) to that of an A VHRR 
image (1 km). Information was lost at the coarser 
grain which is important to the interpretation and 
evaluation of a lake district. Many features are 
only observable at the finer scales (97 percent of 
the lakes disappear between the 30-m and the 
1~km scales) and significant bias develops in the 
parameterization of the objects of interest. 

In many ways we face the same dilemma as 
molecular biologists using their methodology to 
predict the behavior of communities of organisms 
or as population ecologists using their 
methodologies to predict the functioning of organ 
systems. For the present, it seems clear that (1) 
structural analyses must be conducted across scales 
at least until we obtain a better understanding of 
how our view of the natural world is affected by 
scale of observation; and (2) we must develop sets 
of appropriately scaled models to cover a range of 
spatial grains and extents. To address the second 

problem, we will develop a spatially explicit 
regional hydrologic model and a model predicting 
chlorophyll concentrations and water color of 
lakes from landscape features. 

" Ice duration over a 142-year period on Lake 
Mendota demonstrates a decrease in ice cover at 
the end of the little ice age and shorter durations 
in El Nifio years over the last 50 years. In 
addition, the last 10 years show a decrease in ice 
duration, which when simulated into the future for 
a doubling of greenhouse gases, results in 
occasional winters without ice cover. 
" Events in Crystal Lake leading to periodic 
(every five years) strong year classes of yellow 
perch which through food web dynamics produce a 
five-year oscillation in water clarity from a Secchi 
disc depth of 10 m to 6 m. 
c Sparkling Lake's water budget was estimated by 

stable isotopic techniques to be one-third of 
the total input and transports 19,000 kg/year 
of road salt into the lake from an adjacent 
state highway. 
• Sediment cores and sponge spicule sizes 
were used to estimate trends in lake silica 
concentrations over the last 10,000 years; 
dissolved silica concentrations have decreased 
four- to tenfold, indicating significant 
decreases in silica loading and perhaps the 
weathering rates of the tills. 
• Annual C14 primary production was 
remarkably similar in Crystal, Sparkling and 
Trout Lakes even though the three lakes differ 
significantly in position in the groundwater 
flow system and in nutrient and solute 
loadings. Small differences in dissolved organic 
carbon (dissolved color) appear to be 
sufficient to reduce light penetration in the 
lakes lower in the groundwater flow system to 
compensate for their higher fertility. 
• An invasion of rainbow smelt in Sparkling 
Lake has caused the virtual extirpation of the 
once abundant native zooplanktivore, cisco, in 
the eight-year period since the invasion, 
apparently owing to the predation of smelt on 
eggs and young of the cisco. 
.. The experimental acidification of Little 
Rock Lake has demonstrated that many 
biological effects on the ecosystem are 

Measuring the water temperature profile of Trout Bay, one of the primary indirect, occur at least a year after the 
lakes in the North Temperate Lakes LTER Program. TIMOTHY KRATZ 
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decrease in pH, and are mediated through 
interactions in the food web. 
., The position of a lake in the landscape can be 
used to predict the inherent variability of 
limnological parameters. Lakes higher in the 
landscape had higher inter~year variability than 
lakes lower in the landscape especially in edaphic 
properties. 
" Lakes with similar exposure to climate (similar 
area to mean depth ratios) were more temporally 
coherent among years than lakes that differed the 
most in exposure to climate. Also, variables most 
closely related to climate, such as water level, were 
most coherent among lakes, while biological 
factors such as perch year class, strength and 
chlorophyll biomass demonstrated no inter-lake 
coherence among years. Each lake had a unique 
behavior for these biological variables. 
o Spatial heterogeneity in littoral zone fish 
assemblages was essentially the same among lakes, 
among sites with a lake and among samples at a 
site. The community structure appears to be 
"fractal." The spatial heterogeneity in a lake was 
best explained by the spatial heterogeneity in the 
habitat rather than the species diversity in the 
lake. 

lntersite Results 
The ease with which comparisons and common 
analyses can be accomplished among L TER sites 
which differ greatly from each other is contributing 
to a new synthesis and level of generalization in 
the L TER Network. Example results of intersite 
analyses with which we have been associated 
follow: 
" Measures of temporal (among years) and spatial 
(among locations at an LTER site) variability in 
L TER sites may provide a metric for ecosystem 
comparisons that is not parameter or ecosystem 
specific. Analyses of LTER data at an intersite 
workshop indicated that ecosystems as diverse as 
deserts, forests, streams and lakes have common 
features in variability. For example, the biological 
features are more variable than are the edaphic 
and climatic features regardless of ecosystem type. 
Important differences are also apparent; deserts 
have greater temporal variability than lake districts 
but lower spatial variability. 
e Landscape position was a significant predictor 
of temporal variability at locations within four 
LTER sites studied (forest stream, desert, estuary, 
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and lake district). Specific mechanisms relating 
spatial position to variability differed at the four 
LTER sites, but at each site (1) locations differed 
in annual variability, (2) for at least a subset of 
parameters, this variability was related to position 
in the landscape, and (3) water movement across 
the landscape was the important underlying factor 
determining variability patterns. 

FUTURE DIRECTIONS 

esearch at the North Temperate Lakes 
LTER site is continuing on our set of 
primary questions, but is evolving to an 

increased focus on global climate change, an 
expanded evaluation of microbial in-lake processes, 
and a more detailed assessment of land-water 
interaction at a lake and regional scale. Specific 
questions related to these foci are listed below. 

Climate Change 
One of our long-range goals is to predict changes 
in limnological processes due to global climate 
change. This involves three steps in which we (1) 
develop models of the influence of climate on 
thermal conditions within lakes, (2) predict the 
impacts of warming scenarios on lake conditions, 
and (3) examine the effects of predicted thermal 
conditions on internal lake processes. This work 
will be regionalized through cooperative research 
with the USGS through simulations with a 
regional hydrologic model. Some of the questions 
we will be addressing are: 
• What is the relationship between climatic 
factors and thermal conditions in lakes? 
" How will thermal structure of lakes change 
following global climate warming? 
" How will intake processes respond to global 
climate warming? 
• How will climate-associated changes in water 
levels and thermal regimes influence patterns of 
colonization and extinction? 
" How will global change affect water table and 
lake levels, lake-connectedness, and the relative 
percentages of land, lakes and wetlands? 

Microbial lnlake PnJce,sst~s 
Our results to date indicate the influence of 
several factors in controlling the production of our 
study lakes. Evaluations of the interplay of these 



factors remain to be completed. 
• What is the role of nutrient loading to the 
photic zone in controlling primary production 
among lakes differing in groundwater inflow? 
• To what extent does the proportion of primary 
production processed by zooplankton and the 
microbial food web vary among lakes? 
• What is the role of phosphorus immobilization 
by iron in limiting production in the NTL region? 

Land-Water Interactions 
The NTL L1ER site is a mosaic of terrestrial and 
aquatic ecosystems where terrestrial systems have 
the potential to exert major influences on lake 
conditions. Such terrestrial influences operate 
directly through the input of allochthonous 
materials and indirectly through an influence on 
hydrologic inputs. Characteristics of terrestrial 
ecosystems surrounding lakes, and their potential 
influence on lakes, vary as a function of soil 
substrate and natural and/or human-mediated 
disturbance regimes. Therefore, landscape position 
and disturbance regimes of terrestrial ecosystems 
must be considered in evaluating the factors 
influencing long-term patterns in aquatic 
ecosystems. Expanded research here will focus on 
more detailed measures of the interaction between 
aquatic and terrestrial systems. 
" How does terrestrial vegetation affect the 
hydrologic regimes of lakes? 
" What are the relative effects of allochthonous 
inputs of coarse woody and fine litter material on 
dynamics of lakes? 
• How do long-term changes in terrestrial 
vegetation influence lakes? 
e Can a regional hydrologic model be developed 
as a synthetic tool for understanding terrestriaV 
aquatic interactions? 111 
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Figure 2. Monthly water budget values, Including precipitation and actual evapotranspiration. 
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Niwot Ridge/Green 
Lakes Valley ( T) 

RESEARCH SETTING 

iwot Ridge/Green Lakes Valley is the only 
LTER site that includes a cirque glacier and 
extensive alpine tundra. The area also 

features a variety of glacial landforms, glacial lakes 
and moraines, cirques and talus slopes, patterned 
ground and permafrost, and the entire study site 
lies above 3,000 m elevation. When compared to 
nearby low elevations, it is characterized by 
reduced temperatures throughout the year, 
increased solar radiation (and consequently higher 
levels of ultraviolet radiation), higher wind 
velocities, and an abbreviated growing season. 
Animal and plant species inhabiting the site are 
adapted to this environment. 

Precipitation is highly variable temporally-most 
occurs as snow during the winter and spring 
months and annual totals vary greatly from year to 
year. The interactions between wind, snow and 
high relief result in a mosaic of snow-free and 
snow accumulation areas with consequent wide 
variability in the amount and timing of meltwater 
release. Summer precipitation is also highly 
variable, both temporally and spatially, usually 
arriving in brief convective storms. Thus, the 
moisture available to the tundra plants is vary 
unevenly distributed. 

The headwaters of the the three major rivers of 
the southwestern United States (the Arkansas, 
Colorado and Rio Grande) are located in the 
Colorado Rockies. The mountain snowpacks 
provide most of the water used in human activities 
in the region, which could have serious 
ramifications if global climate change leads to 
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altered precipitation patterns in the mountains. 
However, general circulation models usually have 
lower confidence for precipitation than for 
temperature prediction, and the extrapolation from 
low elevations to the alpine tundra adds further 
uncertainty. Thus, continued analysis of the 
long-term climate data base at the Niwot Ridge 
site is critical. 

Site Characteristics 
The site is located approximately 35 km west of 
Boulder, Colorado and so has a mid-latitude 
continental climate modified by high elevation and 
mountainous relief. Annual mean temperature at 
3,743 m is -3.7°C. The January mean temperature 
is -13.2°C and the July mean is 8.2°C. Mean annual 
precipitation is about 930 mm, of which one-third 
is used in evapotranspiration, the remainder 
leaving the system as runoff. 

The alpine study area is reached by an 
unimproved road from the Mountain Research 
Station (2,895 m) which leads to within 2 km of 
the main tundra research site, the Saddle (3,525 
m). The D-1 research site, for which climate 
records are continuous from 1952, lies a further 3 
km from the road head. The Martinelli study area 
(3,380 m) is located 1 km southwest of the Saddle, 
in the forest-tundra ecotone. The Green Lakes 
Valley lies immediately south of the western half 
of Niwot Ridge. It includes the Arikaree Glacier at 
its head (3,798 m), and the Wetland, Green Lake 
4, and Albion research sites. The Green Lakes 
Valley and Martinelli sites are all within the City 



of Boulder watershed which is closed to public 
access. 

Niwot Ridge, including the main alpine study 
site, is part of the Roosevelt National Forest and 
has been designated a Biosphere Reserve (United 
Nations Educational, Scientific and Cultural 
Organization, UNESCO) and an Experimental 
Ecological Reserve (USDA Forest Service). 

continued into Phase II when a focus on materials 
budgeting and its significance in the mediation of 
ecosystem function was a central theme. Thus, 
there was development from the nature of system 
response (Phase I) to the reaction rates and 
buffering ability of the system (Phase II). Phase II 
(1986-1990) further emphasized two lines of 
research: initiation of studies at the landscape level 

View north across Niwot Ridge to Langs Peak, with the lower Green Lakes 
area on Niwot Ridge, is at the right edge of the photo. N. CAINE 

I 
n Phase I (l980-1985), our initial hypothesis 
was that the present system reflects past 
climatic conditions and that disturbance 

would accelerate its adjustment to the present 
climate. This hypothesis introduced the importance 
of a truly long-term (Pleistocene-Holocene) history 
of the system and the paleoenvironments in which 
it has existed in postglacial time. A concern with 
paleoecology and disturbance ecology was 
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with the introduction of Geographic Information 
Systems (GIS) and remote sensing capabilities, and 
the development of a hierarchical, conceptual 
framework of the alpine ecosystem focusing on the 
micro- to mesoscale levels as an anchor for 
modeling and synthesis. 

This evolution of concerns has continued into 
Phase III (1991-1996) during which the goal of the 
research is to understand the influence of 
snowpack and summer precipitation on ecosystem 
processes and landscape patterns and to use this 
understanding to predict responses to climate 



change. The central hypothesis is that alteration of 
snowpack or rainfall regimes will cause changes in 
alpine ecosystem processes and patterns at site and 
regional scales (Figure 1 ). There are three broad 
objectives for Phase III: (1) process studies 
intended to improve our understanding of 
relationships among rainfall and snowpack 
patterns, biological processes, and the landscape; 
(2) modeling to link studies of process and pattern 
with remotely sensed data and to predict the 
effects of changed precipitation regimes; and (3) 
integrated long-term research to document the 
interrelationships between precipitation patterns 
and ecosystem properties at a variety of spatial and 
temporal scales. 

Research Questions 
To achieve these objectives, we have identified five 
central questions: 
o How do changes in snowpack and summer 
precipitation patterns affect soil water regimes, 
runoff and stream geochemistry? 
o How do snowpack and summer precipitation 

Niwot researcher ear tags a pika for long-term population 
studies. J.C. HALFPENNY 
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affect tundra processes of nutrient cycling, 
production and decomposition? 
o How do snowpack, summer precipitation and 
nutrient availability affect patterns of production 
and populations of plants and animals in a 
hierarchy of temporal and spatial scales? 
• What have been the effects of past changes in 
snow regime on alpine ecosystems and are these 
appropriate analogs of predicted future changes? 
" Can we simulate, then predict, tundra response 
to altered snowpack regimes by adaptation of 
models developed in other biomes? 

Question #l. We are testing three hypotheses in 
order to answer Question #1: (1) At the onset of 
the alpine growing season, moisture conditions in 
the soil depend on snow distribution. Thus, 
changes in snow regime will produce changes in 
flow routing and in stream chemistry. (2) Alpine 
tundra systems are decoupled from the stream 
systems except during peak snowmelt or intense 
summer precipitation events. (3) Nutrient losses 
and leaching episodes from alpine tundra systems 
depend on water fluxes and antecedent moisture 
conditions. 

Question #2. In approaching Question #2, we 
start from present knowledge of the influence of 
snow regime on alpine ecosystem processes 
through its effects on soil nutrient and water 
budgets, soil temperature and growing season 
length. Six hypotheses will be tested in this work: 
(1) The winter snowpack is a source of nitrogen 
input to the alpine system. (2) The ability of plants 
and microbes to take up nutrients released during 
spring snowmelt is determined by soil temperature 
and moisture. (3) Competition for nutrients 
between plants and microorganisms is also 
influenced by soil temperature and degree of water 
saturation. (4) Through its influence on plant­
water relations and the mineralization of soil 
organics, soil water availability is a basic constraint 
on primary production in those alpine 
communities which receive little snowmelt. (5) 
Nitrogen availability limits photosynthesis and 
primary production in communities which are not 
subject to water stress. This limitation is 
influenced by atmospheric inputs of nitrogen from 
anthropogenic sources. (6) Plant allocation of 
nitrogen will be determined by its availability (as 
influenced by soil temperature, moisture and 
microbial competition), and will then influence 



photosynthesis, reproduction, allocation to 

secondary compounds and decomposition. 

Question #3. There are four hypotheses linked to 

Question #3: (1) Regional patterns of production 

in the alpine are a function of accumulated 

snowfall and summer rainfall distributions. (2) Soil 

water-holding capacity, nutrients and animal 

disturbance are constrained by snow distribution 

and reflect average snow distribution patterns, 

whereas interannual 
CLIMATE 

Question #4. The hypothesis used to approach 

Question #4 is that changes in Holocene 

precipitation regimes have substantially affected 

the modern alpine ecosystem and that past 

ecosystem responses to such changes provide 

analogs for future responses. 

Question #5, The objectives in answering 

Question #5 are: (1) to develop predictive 

hierarchical spatial models of the response of soil 

characteristics, plant 

variations in primary 

production are 
constrained by 
summer precip­
itation and 
temperature. (3) 
Reactions of species 

to changes in 
snowpack are 
individualistic and 
will shift in a 

_____/ ~ 

populations, plant 
communities, and 
animals to 
alterations of 

manner that is 
predictable from 
their present-day 
distribution patterns. 

(4) Altered 
snowpack regimes 
will result in changes 

in pocket gopher 
(Thomomys 
talpoides) activity 
and consequent 
alteration of the 
distribution of plant 

species and 
communities. 

Temperature Preclptte;tlon 

-------- Wind~ 
'\. 
Topography 

~ 
SNOWPACK REGIME 

PAITERN 

precipitation 
regimes; and (2) to 
test hypotheses 
concerning the 
response times of 
ecosystem 
components to 
climatic excursions 
of varying lengths by 

model simulation. 

Research Results 
General results 
pertaining to the 
alpine systems of the 
Southern Rockies 
derive from our 
previous LTER 
work and have been 

incorporated into 
ongoing work. 

figure 1. Interactions between climate and topography result In a pattern of snowpack distribution, which Is a 

major constraint (symbolized by ellipses) on ecosystem patterns processes In the alpine. Processes can be 

divided into three major types, based on their relatllve rates: (1) Biophysical processes, for example uptake of 

nutrients, occur very quickly. (2) Biotic processes, such as growth and reproduction, occur on a longer time scale, 

and represent the Integration of biophysical processes over that time period. (3) Edaphic processes, such as the 

conversion of litter Into various soil organic matter pools, take place on a longer time scale still. In all cases, the 

biological system is the mechanism for Integrating fast processes Into slower systems. The result of these 

process-based responses to climate-topographic Interactions are the patterns of species, communities, and 

standing crop biomass present on the landscape. The primary patterns being considered on Niwot Ridge are 

species distribution (microsite), vegetation composition and biomass (mesosite), and spectral reflectance 

(macrosite), which Is a function of biomass and canopy structure. Animals respond to pattern& of vegetation 

composition and biomass and subsequently change microslte patterns of species distribution. 
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First, there is the stability of many of these 
systems in the face of disturbances that have 
recurrence intervals of less than millenia. Events 
with a return period of decades have occurred 
during the years of L TER research but appear to 
have been absorbed with relatively few impacts by 
the alpine. Second, plant species and community 
structure seem to be controlled by keystone animal 
species such as the pocket gopher and alpine vole. 
These species have important influences on 
sediment movement, soil drainage and soil profile 
characteristics. 

Since the Southern Rockies are basically 
semi-arid, it is not surprising that water and snow 
distributions are critical to system processes and to 
landscape patterns in the alpine. These influences 
are evident at a variety of scales up to the regional 
level. Finally, the significance of atmospheric 
inputs to the alpine is an overriding one. The 
input of particulates from the atmosphere has 
been important to soil development and sediment 
yields from the alpine for the duration of the 
Holocene. In recent decades, nitrogen loading 
from the atmosphere as both wet and dry 
deposition may have increased by an order of 
magnitude, with important ecological implications. 

Comparisons between this site and other, 
especially grassland, sites within the L TER 
network in terms of ecosystem structure and 
function continues to be important to our work. 

FUTURE DIRECTIONS 

irections to be pursued in future work on 
Niwot Ridge are all set within the context 
of global change, since alpine systems are 

clearly defined by climatic conditions. A large part 
of future work is to evaluate the influence of snow 
regimes and rainfall patterns in Rocky Mountain 
alpine areas. This work will emphasize influences 
on system function and nutrient cycling. There is 
still little information about the influence on plant 
and animal populations of sub-nivean conditions 
during winter and spring (prior to melt-oft). The 

· recently constructed Tundra Laboratory on Niwot 
Ridge will facilitate proposed work on ecological 
conditions beneath snowpacks of varying depths. 

These research topics are capable of being 
influenced by projected global changes in climate. 
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They are, therefore, set into the context of broad 
environmental change, in which a high priority is 
to be placed on questions of spatial scale 
interpolation and extrapolation within and 
between alpine areas. m 
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* Data from on-site or nearest weather station. 
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RESEARCH SETTING 

esearch at the Antarctic marine LTER site, 
Palmer Station and surrounding waters, will 
focus on the pelagic marine ecosystem and 

the ecological processes which link the extent of 
annual pack ice to the biological dynamics of 
different trophic levels. In polar environments, the 
annual advance and retreat of the pack ice is an 
important physical feature covering vast areas of 
the marine environment. In the Southern Ocean 
this seasonal cycle of ice formation and melting 
affects about 50 percent of the open sea. 

Pack ice not only provides marine habitats 
distinct from open-water habitats, but also may be 
the major physical determinant of temporal/spatial 
changes in the structure and function of polar 
biota. Thus interannual cycles and/or trends in the 
annual extent of pack ice are likely to have 
significant effects on all levels of the food web, 
from total annual primary production to breeding 
success in seabirds. The amplitude and phase of 
interannual variability in the regional extent of 
pack ice is not the same in all sectors of the 
Southern Ocean. In the region around Palmer 
Station the maximum extent of pack ice varies 
widely, from near 1.ero to halfway across Drake 
Passage, and appears to be on a six- to eight-year 
cycle (Figure 1 ). 

Although the antarctic marine food web is as 
complex as any other marine food web, the links 
between primary producers, grazers and apex 
predators (seabirds, seals and whales) are often 
short and may involve fewer than three or four 
species. Predators tend to concentrate on a core 
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group of species, especially some extremely 
abundant euphausiids (krill) and fish close to the 
base of the food web. Our general approach 
capitalizes on this close coupling between trophic 
levels, the limited number of species involved, and 
the fact that the dominant predators are seabirds 
that nest on land and are efficient collectors of 
their prey items within the foraging area around 
the rookeries. 

Seabirds collect prey samples for us for various 
physiological and biochemical analyses, and aspects 
of seabird foraging and reproductive biology will 
be used as indices of prey abundance and 
availability. Because these seabirds are easily 
accessible during the spring and summer breeding 
season, these indices can be evaluated with greater 
precision than can the biomass and distribution of 
their prey by classical oceanographic methods. 
Although aspects of the biology of dominant 
consumers may be good indices of prey abundance 
and availability, we are also examining the 
mechanisms behind changes in prey levels within 
the foraging area--t~uch as changes in water mass 
distribution, variability in reproductive and 
recruitment success of the prey, and food 
availability during critical periods of the prey's life 
history. 

Pack Ice I Biological 
Community Interactions 
In the Southern Ocean, pack ice affects primary 
production in three communities: open water 
communities, ice-edge blooms, and ice algae. The 



Zodiacs (small inflatable boats) are used as platforms for SCUBA diving near and under the Ice edge in studies of the sea-ice 
microbial communities. LANGDON QUETIN 

stable layer created by melting pack ice and 
increasing incident radiation in the spring 
promotes ice-edge blooms that precede blooms in 
open water in the surrounding seas. Ice-edge 
blooms are a significant component of total 
productivity in the Southern Ocean, and variation 
in the timing and amount of ice-edge bloom 
production from variation in the extent of pack ice 
will affect both total primary production and the 
timing and extent of food availability to the 
grazers. Although low levels of primary production 
are detectable in winter, because primary 
production is limited by light, food availability for 
herbivores is intensely seasonal and spatially 
variable. Although macronutrients seldom limit 
primary production, there may be times during 
intense ice-edge blooms or within the sea ice when 
nutrients do limit production. 

Growth and reproduction of the dominant 
herbivore, the antarctic krill (Euphausia superba), 
appear to be food-limited in most areas of the 
Southern Ocean. The population distributions are 
suggestive of a close coupling between krill 
populations, ice dynamics and the associated ice­
edge blooms. In addition, unlike adult krill, larvae 
and juveniles cannot survive long periods of 
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starvation. This inability coupled with a six-month­
long winter suggests that food availability in the 
winter must be critical for survival of larvae and 
juveniles. Although questions remain about the 
quantitative importance of ice algae, larvae and 
juveniles do feed on ice algae both winter and 
spring; and in winters with heavy pack ice cover, 
larvae and juveniles are in better physiological 
condition than in winters with low ice cover. We 
would predict that better physiological condition 
should lead to better survival and recruitment of 
that year class. 

Although recruitment and reproductive success 
vary with environmental conditions, for animals 
with lifespans of more than several years like krill, 
total biomass in an undisturbed population can be 
assumed to be constant. Thus fluctuations in the 
mesoscale abundance of antarctic krill are usually 
attributed to their redistribution by physical forces, 
not to intrinsic features of krill biology. 
Abundance of adult krill west of the Antarctic 
Peninsula varies with year, and is greatest after 
winters of heavy ice cover (Figure 1). 

In addition to being the dominant herbivore, 
antarctic krill is the principal dietary component of 
both Adelie and chinstrap penguins (Pygoscelis 



adeliae and Pygoscelis antarctica). Adcmes are 
dependent on pack ice for winter survival (Figure 
1) and during critical stages in the reproductive 
cycle. Although Ad~lie and chinstrap penguins 
depend on krill for food during summer, in some 
years krill are scarce within the foraging area and 
they must switch to prey such as the antarctic 
silverfish (Pleuragramma antarcticum), with a 
concomitant decrease in reproductive success. 

Antarctic silverfish are one of the most 
abundant fish in high-antarctic marine 
environments, and serve as an important prey item 
for many consumers, including south polar skuas 
(Catharacta maccormicki). Spawning adults and 
the first two age classes of antarctic silverfish 
occur in cold shelf waters, but older juveniles and 
subadults move to the warmer East Wind Drift 
and are often found within krill swarms. Silverfish 
eat copepods, larval krill and other euphausiids, 
but rarely adult antarctic krill. Year class strength 
appears to be higher in years when the ice melts 
earlier, i.e., warmer years, and thus should be the 
inverse of that of antarctic kriii. Although the 
mechanisms behind this variation are not yet clear, 
we believe that the abundance of copepods during 
the early life history may be critical to survival. 
The abundance of these copepods may in turn be a 
function of the timing of the ice-edge blooms, as 
has been found for shelf-dwelling copepods in the 
Bering Sea. 

Reproductive success of south polar skuas is 
linked to the extent of pack ice through the 
abundance of subadult (Age Class 8+) antarctic 
silverfish in the foraging area. The lag period 
between high recruitment in antarctic silverfish 
and reproductive success in the south polar skuas 
is thus about eight years. Unlike the penguins that 
arrive at the rookery ready to lay eggs, south polar 
skuas depend on local food resources within the 
foraging range of the nesting sites to bring the 
female into breeding condition. If prey availability 
is low the female will not lay eggs, and the skuas 
will not attempt to breed. As a result, reproductive 
success (number of chicks per pair) is either zero 
or 1.0 to 1.5 in south polar skuas (Figure 1). In 
contrast, chicks are fledged per pair of Ad~lies, 
0.67 to 1.17, with no total year class failures. 

Predictions suggest that the effects of global 
change (climate warming, ozone depletion, and 
increased human pressure on resources) will be 
more pronounced in Antarctica than in mid­
latitudes. Thus detection of these changes above 
the ever-present background of high natural 
variability will be easier in Antarctica. Monitoring 
the ecological effects of changes in sea-ice extent 
and thickness, and studying the processes 
underlying these effects, as recommended by the 
International Geosphere-Biosphere Programme 
(IGBP), will enable us to predict the impacts of 
global warming and attendant changes in the 

The Polar Duke, an Ice-strengthened research vessel, is used during time-series and process cruises. LANGDON QUETIN 
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annual cycle of pack ice on 
antarctic biota. An additional 
concern is the seasonal thinning of 
the ozone layer over Antarctica 
which leads to increases in 
ultraviolet (UVB) radiation. 
Although research on the effects of 
changes in the ozone layer is not 
within the the core effort, we are 
closely connected to a separate 
project examining the effects of 
UVB on primary production. 

One of our principal objectives is 
to separate long-term (decadal) 
systematic trends from large 
interannual variability in 
populations. This ability is vital if 
we are to measure the effects of 
increased human pressure on living View of Palmer Station from a nearby rookery on Torgersen Island with the 

ROBIN ROSS resources. In fact, the Antarctic glacier and Mt. Williams In the background. 

treaty nations signing the 
Convention for the Conservation of Antarctic 
Marine Living Resources (CCAMLR) agreed not 
to fish any living resource (including krill) to such 
an extent that either the population itself or 
consumers depending on that food item were 
affected. Using the logic that consumers integrate 
changes over several seasons, CCAMLR is 
monitoring the consumers of krill rather than the 
krill themselves in an effort to separate 
interannual variability in local krill biomass from 
the effects of commercial fishing. With the 
Antarctic marine LTER we expect to understand 
the processes underlying interannual variability, 
and thus be in an excellent position to separate 
changes due to natural cycles from those due to 
commercial fishing pressure. 

Site Characteristics 
The L TER site region surrounds Palmer Station, 
located in a protected harbor on the southwest 
side of Anvers Island midway down the Antarctic 
Peninsula (64°40'S, 64°W). Within a 9-km radius 
of Palmer Station are two exposed, prominent 
points, and groups of islands that extend to the 
edge of the Bismarck Strait to the southeast. 
These islands have a diverse topography which 
extends into the intertidal and subtidal zones 
surrounding and linking the islands. Palmer Basin, 
22 km southwest of Palmer Station, is the only 
deep basin in the area. The maximum depth is 
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1,280 m, and the basin is connected to the open 
ocean on the west side of Anvers Island, and to 
the southern end of the strait between Anvers 
Island and the Antarctic Peninsula to the 
northeast. Both channels are about 450 m deep. 

The climate is typically maritime Antarctic, with 
snow and rain common any time of the year. The 
temperature at Palmer is relatively mild, averaging 
about -lOOC in July and 2°C in January, with 
temperature extremes recorded at -3l°C and ~C. 
Annual rainfall averages about 20 inches and 
snowfall about 14 inches. 

Mesoscale oceanic circulation patterns are 
reasonably well-known. A southwest setting flow 
(East Wind Drift, EWD) beginning around Anvers 
Island, feeds into a cyclonic eddy about 300 km 
south and seaward of the EWD. The Antarctic 
Circumpolar Current (ACC) flows northeast on 
the outside of this gyre. The extent of sea ice is 
highly variable in the area, with particularly severe 
ice conditions occurring roughly every seven to 10 
years and lasting two to three years. 

Palmer is especially well-situated for studies of 
birds, seals, and other components of the marine 
ecosystem, and it is equipped with a large, well­
outfitted laboratory and seawater aquaria. The 
station consists of two major and several smaller 
buildings. Peak population is 43, including support 
personnel. Many Palmer-based research projects 
are undertaken in conjunction with the research 



ship Polar Duke. Small boats support research near 
the station. 

Ad6lie penguins dominate the seabird 
assemblage, but the islands and points of land in 
the area also support chinstrap penguins and south 
polar skuas. About 12,000 pairs of Ad6lie penguins 
are distributed among five main island rookeries 
within two miles of the station. The Ad6lies from 
Palmer Station are believed to winter in the pack 
ice of the Bellingshausen Sea near Palmer. About 
600 pairs of south polar skuas reside on about a 
dozen islands in the vicinity. During the summer 
breeding season, the seabirds depend on resources 
in the adjacent deep-water foraging area: 50-km 

SCUBA divers preparing for an under-ice diva during 
the austral winter. LANGDON QUET/N 
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radius for the Ad6lies, 160 km for the south polar 
skuas. Both antarctic krill and silverfish are found 
within Palmer Basin, within the EWD and on the 
eastern edge of the ACC. 

RESEARCH PROGRAM STATUS 

ur central hypothesis states that many 
significant biological processes in the 
antarctic marine environment are strongly 

affected by physical factors, particularly the annual 
advance and retreat of pack ice and variations in 
ocean currents. The overall objectives of the 

Antarctic marine L TER are: 
.. to document interannual variability 
in the development and extent of 
annual pack ice, and in life-history 
parameters of primary producers and 
populations of key species from 
different trophic levels; 
• to quantify the processes that 
underlie natural variation in these 
representative populations; 
• to construct models that link 
ecosystem processes to physical 
environmental variables, and that 
simulate the spatial/temporal 
relationships between representative 
populations; and 
• to employ such models to predict 
and validate the impacts of altered 
periodicities in the annual extent of 
pack ice on ecosystem dynamics. 

Each component (seabirds, prey, 
phytoplankton) has a series of testable 
working hypotheses. Our general 
approach capitalizes on populations of 
seabirds that are easily accessible near 
Palmer Station during a prolonged 
breeding season, and that sample the 
marine environment. We are 
monitoring a suite of critical 
biological and environmental variables 
continuously on a small spatial scale 
(Palmer Station and environs) 
representing the seabird summer 
foraging area, but on a long and 
recurrent temporal scale (every year, 
the entire breeding season). We will 



use satellite imagery to continuously monitor 
certain environmental parameters such as sea ice 
extent and thickness, sea surface temperature, and 
potentially color (fluorescence) on larger spatial 
scales and throughout the year. In addition, 
automatic weather stations at several selected 
positions in the regions will continuously monitor 
atmospheric pressure, wind speed and direction, 
and air temperature. 

Research at Palmer Station and in the 
surrounding nearshore marine environment 
focuses on the seabirds, the prey of the seabirds, 
primary production and hydrographic 
characteristics of the water column throughout the 
austral spring/summer. Aspects of the foraging 
behavior of the penguins and south polar skuas 
serve as indices of the abundance of the two prey 
items (krill and silverfish). We are monitoring 
processes (reproduction, recruitment) and 
parameters (food availability) that are sensitive to 
environmental change and are important in the 
structure and function of the communities. 

To verify that this area is representative of the 
entire region we are extending the spatial scale of 
sampling of prey distribution, abundance, and 
physiological condition, water column propert~es, 
primary production estimates, and hydrographic 
measurements during two types of research cruise. 
(1) Time-series cruises (two weeks) are scheduled 
for the same timeframe every year (late spring) to 
survey the foraging area of the seabirds and 
determine how well the continuous measurements 
of the nearshore marine environment represent 
the basin as a whole. (2) Process-oriented cruises 
(six to eight weeks) at critical times in biological 
cycles will confirm that local monitoring of critical 
environmental parameters will allow modeling of 
regional processes, particularly of primary 
production and oceanic circulation. 

The first of these pairs of cruises is planned for 
the fall and spring of years representing the 
extremes of pack ice cover. The inherent 
interannual variability in the extent of pack ice 
allows us to "conduct" natural experiments of the 
effect of pack ice on the various trophic levels by 
monitoring parameters and processes during and 
after seasons of different pack ice cover. 
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FUTURE DIRECTIONS 

e anticipate that the core program will serve 
as a nucleus for satellite or collaborative 
proposals intended to address questions of 

interest not presently perceived as intrinsic to the 
testing of our hypotheses. For example, the initial 
research plan does not encompass either the 
antarctic terrestrial or the marine benthic 
ecosystems because exchanges of organic matter/ 
nutrients appear to flow one way-from the marine 
to the terrestrial, and from the pelagic to the 
benthic realm. However, research on terrestrial 
and benthic ecosystems could easily be conducted 
from Palmer Station. Thus, this LTER site may be 
useful for such studies in the future. 

We expect that cross-site comparisons of control 
mechanisms of different populations (biological 
versus physical) and patterns of interannual spatial 
and/or temporal variability in populations or 
parameters like nutrients or dissolved organic 
carbon (DOC) will prove enlightening. For 
example, primary production in the Southern 
Ocean is generally believed to be light-limited, 
although some nutrient limitation may occur in ice 
algae and at the end of ice-edge blooms. Cross-site 
comparisons of the pattern and control of primary 
production and the resulting community structure 
and function of nutrient-limited and light-limited 
ecosystems would be valuable. a 
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RESEARCH SETTING 

he Sevilleta LTER was initiated as the 
Sevilleta National Wildlife Refuge, a former 
Spanish land grant now administered by the 

U.S. Fish and Wildlife Service (USFWS). The 
L TER program recently has been expanded to a 
research area of approximately 3,600 km2 that 
ranges ~om Rio Grande riparian forests (bosque) 
and Chthuahuan Desert up to subalpine forests 
and meadows. Four dedicated research areas 
comprise the core sites; Sevilleta National Wildlife 
Refuge (100,000 ha), Bosque del Apache National 
Wildlife Refuge (25,300 ha ), Sierra Ladrones 
Wilderness Study Area (28,390 ha) and the 
Magdalena Mountains Research Area (15,000 ha ). 

Site Characteristics 
The research region spans the Rio Grande River 
basin with elevations ranging from 1,350 mat the 
Rio Grande to 2,195 min the Los Pinos 
Mountains in the east, to 2,797 m at Ladrone Peak 
in the northwest, and to 3,450 m in the Magdalena 
Mountains to the southwest. Climate is 
characterized by an intriguing combination of 
abundant sunshine, low humidity and high 
variability in most factors. 

The site exists in the boundary between several 
major air mass zones which contributes to the 
dynamics of the local climate. Annual precipitation 
ranges from less than 100 mm to 600 mm with an 
average of 280 mm (100-year record). Summer 
precipitation occurs as intense thunderstorms 
often accounting for over half of the annual 
moisture. El Nifio and La Nina events influence 
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winter precipitation and marked variations occur 
on an inter-annual basis. Mean monthly 
temperatures range from +2.SOC to 27°C. 

Topography, geology, soils and hydrology, 
interacting with major air mass dynamics, provide 
a spatial and temporal template that has resulted 
in the region being a transition zone for a number 
of biomes. The region contains communities 
representative of, and at the intersection of, Great 
Pla.ins grassland, Great Basin shrub-steppe, 
Chthuahuan Desert, interior chaparral, and 
montane coniferous forest biomes. The elevational 
gradient of the Magdalena Mountains provides 
further transitions for interior chaparral, pinyon­
juniper woodland, petran montane conifer forest, 
petran subalpine conifer forest, and subalpine 
grassland. The Sevilleta is the primary research 
area at this time and the research discussed below 
is focused on this area. 

The most significant features of the Sevilleta are 
its very large size, its location at the transition 
between a number of biomes, and the high 
biological and environmental diversity. The 
t~ansitional area that occurs between any pair of 
btomes occurs over a large area. The transition can 
express itself in a number of ways as soils, geology, 
topography, climate, etc., change in space and over 
time. The transitional area represented by the 
Sevilleta is superb for studying the ecological 
effects of climate change. The effects of climatic 
change will occur over a range of temporal and 
spatial scales and the Sevilleta represents an 
opportunity to examine many of them. Climate 



signals are comprised of a rich set of physical 
"behaviors." We anticipate that the Sevilleta will 
demonstrate a wide range of biological "behaviors" 
in response to the dynamics of climate. At one end 
of the spectrum, the entire 100,000 ha can be 
viewed as a single pixel and will show variations in 
spectral reflectance from seasonal to annual and 
longer. Analyzing different reflectance 
measurements will allow interpretations of plant 
biomass and productivity (greenness indices), 
moisture, soils, etc., at very broad scales across a 
range of temporal scales. At another point in the 
spectrum, species are subject to genetic change 
and demonstrate an evolutionary response to 
climate dynamics, at both fine and broad scales. 

In between these examples is a rich diversity of 
other biological and ecological features that can be 
utilized to evaluate climate change. It is 
hypothesized that many of them will demonstrate 
relatively unique "behaviors" and thus represent a 
rich set of "tools" for study. The Sevilleta LTER is 
attempting to employ a wide diversity of biological 
and ecological "tools" capable of quantifying the 

range of responses to climate change. We have 
planned a balanced research approach from genes 
to landscapes. 

RESEARCH PROGRAM STATUS 

his section identifies the multiple 
approaches that will take advantage of the 
Sevilleta site's large size and valuable 

characteristics as a biome transition zone for 
testing our hypotheses. The approaches are 
designed to emphasize scales and levels from 
landscape to phenotypic plasticity. 

Transects 
The principal, large-scale environmental gradients 
on the Sevilleta are related to the north-south and 
east-west characteristics of meteorologic dynamics 
and topography. We have established three box 
transects, 3 km wide, boundary to boundary. 

The Sev/1/eta National Wildlife Refuge lies In the transition zones of several biomes, including the desert-grassland· 
woodland transition shown above. JAMES GOSZ 
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Transect 1 traverses the large flat plain parallel 
to the Los Pinos Mountain range on the east side 
(26 km). This transect minimizes topographic and 
soil variation but maximizes seasonal temperature 
and precipitation variation due to north-south 
patterns of climatic variability or change. It spans 
the biotic gradient from shortgrass-shrub steppe to 
Chihuahuan Desert elements on fine-textured 
sedimentary soils. 

Transect 2 parallels the topographic features on 
the west side (19 km). This transect shows Great 
Basin influence, more heterogeneity, and more soil 
variation than the Plains transect. Soil texture 
contributes significantly to the steepness of soil 
moisture gradients in our system. The west side 
transect spans the biotic gradient from Great 
Basin shrub-steppe to Chihuahuan Desert 
elements. 

Transect 3 (east-west) will intersect the 
maximum topographic variability running from 
Ladrone Mountain across the Rio Grande Basin to 
the Los Pinos Mountain Range (50 km). 
Vegetation ranges from conifer woodland 
(Mogollon flora) at upper elevations on Ladrone 
Mountain to the Great Basin flora at its base, 
riparian-bosque vegetation along the Rio Grande, 
Great Plains shortgrass east of the river, and back 
to conifer woodland on the Los Pinos. This 
transect will incorporate climatic influences on 
orographic effects, precipitation-runoff 
relationships, and topographic modification of 
climatic change. 

A 3-km width was chosen to provide a 1-km core 
transect with a 1-km buffer on each side allowing 
remote sensing analyses from aircraft to satellite. 
Remote sensing is being performed on 100 percent 
of the transect areas with 30 m (TM) to 1 km 
(A VHRR) coverage. Remote sensing, aircraft 
photography, balloon photography and ground 
truthing identify gradients in spectral reflectance, 
species distributions, and substrates. Within the 
transect, 1 km2 plots were chosen to concentrate 
plant transect measurements. We concentrate 
biological research activities on the transects for 
short periods (two weeks) during winter (conifer 
greenness), spring (cool season greenness) and 
summer (warm season greenness). 

Watershed Studies 
The justifications for including a watershed 
approach within the proposed Sevilleta LTER are: 
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• Watercourses amplify variation in precipitation, 
especially in arid and semiarid regions where there 
is a nonlinear relationship between variation in 
precipitation and variation in runoff. Hence, 
biological responses (demographic, functional, etc.) 
to changes in mean climate will be magnified 
along ephemeral watercourses; 
o drainage networks have a natural, hierarchical 
organization and scale by both size and dynamical 
behavior, with the smallest watersheds flowing at 
high frequency and low magnitude and large 
watersheds at low frequency and high magnitude; 
• watershed studies have as a central focus, 
movement of water across the landscape, the focal 
constraint in our proposed study, and represent 
especially steep, spatially predictable, gradients 
(e.g., from drainage channel to hillslope) in water 
availability; and 
., watershed-based analyses will allow comparative 
studies with other L'IER sites (e.g., Andrews, 
Coweeta, Hubbard Brook) with Sevilleta 
representing the arid end of the continental-
scale gradient. 

The watershed studies are based upon a 
conceptual view of watershed processes developed 
in the Negev Desert. The focus is on biotic 
responses to the hydrologic redistribution of water 
as a consequence of interaction between scale, 
climate, local geology, and microtopography. These 
interactions result in spatially predictable patterns 
of average runoff intensity and frequency. A 
diverse pattern of high and low soil moisture 
gradients is formed in the landscape as a 
consequence of the non-uniformity in runoff 
generation and infiltration over the heterogeneous 
patches of rock and soil. In turn, this unevenness 
in soil moisture distribution affects soil salinity 
gradients, and nutrient distribution, which amplify 
landscape heterogeneity. In this model, 
interactions result in spatially predictable patterns 
of average runoff intensity and frequency which are 
translated, via biotic responses, into variation in 
ecosystem structure (e.g., biomass) and function 
(e.g. rates of decomposition) across a landscape. 
Recent studies of El Nifio/La Nifia effects on the 
Sevilleta also identify temporal predictability at 
certain scales. Thus, our observational and 
experimental watershed studies may (1) form a 
model for studies of other constraints which 
change across scales in other landscapes, and (2) 
form an empirical basis in attempts to link 



ecological studies to regional and global 
biogeospheric studies. 

We are studying eight ephemeral stream sites 
nested within the Rio Salado drainage with 
watershed areas spanning several orders of 
magnitude (four at 12 ha, two at 75 ha, one at 
1,000 ha, one at 350,000 ha). At these sites we 
monitor precipitation, surface flow, sediment 
dynamics, soil moisture, primary production and 
litter production by riparian plants, and surface 
and sub-surface decomposition. 

Common Garden Studies 
Common garden studies provide a means to 
identify the role of genetic variation and plasticity 
in species' response to environmental contraints 
and change. These studies are aimed at the level of 
the individual and will not account for 
competition, etc. This technique tests for the 
effects of climate change by bringing plants from 
other regions and evaluating their performance 
under a different climate (a form of space-for-time 
substitution). 

Predictions suitable for experimental testing in 
common gardens include: (1) Genetic 
differentiation in species has occurred among 
regional LTER sites and will continue to occur 
over time at any given site. Changing climatic 
conditions will be a rapid selection force. (2) 
Altering the moisture regime will change the 
competitive balance among ~ and C4 plant 
species. The partitioning of resources between ~ 
and C4 plants is in part caused by differences in 
root morphology selected for by growth in warm 
or cool seasons. (3) Climatic change can increase 
the vulnerability of species to herbivores due to 
changes in plant secondary chemistry. (4) Climatic­
caused changes in community level patterns result 
from differences in colonization ability of 
seedlings. This ability is expressed best in 
disturbed areas. 

Exclosure Experiments 
The Sevilleta represents a 100,000-ha exclosure 
experiment relative to other lands in New Mexico 
because of the exclusion of cattle grazing. Fence­
line contrasts are marked and a number of "inside­
outside" studies have quantified the effect. Within 
the Sevilleta a range of experiments are being 
performed to isolate the effects of certain taxa. 
These range from litter decomposition bags (that 
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exclude certain litter fauna) to rodent exclosures 
and antelope exclosures. Excluding certain fauna 
removes a process, often on a specific system 
component (e.g., forb removal by pronghorn), that 
can be used in conjunction with other manipu­
lations (e.g., fire, irrigation) to control community 
composition and evaluate its response to climatic 
variations such as El Nifio/La Nifia events. 

Exclosures or enclosures of other types of 
organisms such as kangaroo rats can influence soil 
disturbance rates and magnitudes and evaluate 
species response to climate dynamics on sites 
relatively free from competition by established 

Pressure-bomb measurements of midday plant-water status at 
the desert-grassland transition. R. PARMENTER 

communities. The utilization of natural agents 
(i.e., biological control) to design manipulative, 
broad-scale experiments for studying potential 
climate change response is an innovative and 
inexpensive approach. Fortunately, the Sevilleta is 
large enough to utilize this approach. 



Spatial & Temporal Population Studle$ 
!:!!!!!!..!:!l!l!!!!!!!l!!!!!~ Our ideas focus on the 
interaction between climatic change and 
evolutionary change. Climate change may both 
stretch the limits of response and change the 
process of evolution through climate-induced 
changes in population structure. For long-lived 
species it is crucial to understand the limits of 
phenotypic response. We are accomplishing this in 
two ways. For long-lived conifers, stable isotope 
analysis of existing tissues is used to explore the 
ability to respond to past changes in the 
environment and the limits of conditions that have 
been survivable. The limits of phenotypic response 
of grasses are explored by subjecting clonal 
material to a variety of conditions. For shorter­
lived species, genetic change is possible. We collect 
seeds of several species, store them, and investi­
gate genetic and phenotypic differences in plants 
grown from the seeds after they have been 
collected for at least five years. We also are 
exploring the effects of short-term climatic change 
on the evolutionary process by investigating the 
effects of La Nifia and El Nifio conditions on gene 
flow and reproduction in current populations. The 
measurement of vegetative density and cover (by 
species) provides a starting point for an interdisci­
plinary study of process-scale dependence and the 
role of population dynamics. Vegetation measure­
ments across long time and large spatial scales 
yield information on how changes at the landscape 
level influence succession, as well as how fine-scale 
processes regulate community change. 

In addition, changes in the interactions of plant 
and herbivore populations due to climatic change 
may occur in the L TER time scale. Climatic 
change may lead to changes in plant defensive 
chemistry that can increase or decrease plant 
vulnerability to herbivores. Existing spatial 
variation in habitats may be used to magnify these 
effects. There may be genetically distinct 
populations across habitats within the Sevilleta or 
across LTER sites. The effects described above are 
also likely to be magnified for species at the 
margins of their ranges. Such species, near the 
limits of physiological tolerance, are most likely to 
be affected by short time SCI!le changes in climate. 
Permanent transects document population changes 
through space and time. Our studies document 
spatial and temporal patterns in species 
distributions, genetic plasticity, growth forms, and 
habitat occupation. 
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Animal Populations: We are quantifying movement 
of individuals, dynamics of populations, abundance 
and distribution of species, and trophic and 
taxonomic composition of assemblages of rodents, 
large herbivorous mammals, birds, lizards, and 
surface-active arthropods. In addition, rates and 
patterns of genetic change (in isozymes and 
mitochondrial DNA clones) are monitored in 
rodents and reptiles. These measurements are 
made over a sufficient range of spatial and 
temporal scales to: (1) document the response to 
heterogeneity across the entire site, and (2) assess 
the detailed response of individuals and local 
populations to both natural environmental change 
and to our experimental manipulations. 

Animal populations and assemblages are 
monitored on two levels: extensively at selected 
sites along the permanent transects to document 
natural spatial and temporal variation, and more 
intensively in conjunction with several experiments 
to monitor responses to these perturbations. 
Along the transects, small mammal populations 
are sampled on replicated 3-ha plots. Birds are 
sampled using replicated variable circular plots. 
Lizards are sampled using shaded pitfall traps in 
combination with drift fences. Surface-active 
arthropods are collected in pitfall traps. 

Some of the small mammals and lizards 
captured in this sampling regime are sacrificed and 
preserved as museum specimens for 
morphological, reproductive, parasite, and genetic 
data using techniques developed at the Museum of 
Southwestern Biology (MSB). Specimens are 
stored and recorded using the MSB's existing 
computerized information retrieval system, which 
is interfaced with the project's data management 
system. Populations of antelope, mule deer and 
waterfowl species are monitored by the USFWS. 

Past Human Populations: The vital framework for 
interpreting patterns of human adaptations in the 
Sevilleta over broad stretches of time includes 
mapping of past human settlements in space and 
time, and charting of specific climatic events on 
the same time scale. Archeological surveys are 
locating, dating and estimating size and type of 
human residence and work sites across a specific 
segment of the landscape. We visualize production 
of a series of maps of human settlement over time 
within the Sevilleta, revealing the distribution of 
this population in sites of varying sizes and types. 

• 



From these will proceed an analysis of settlement 
patterns with respect to plant communities, 
geography, and changing climate. 

Patterns & Frequency of Disturbance 
We are aware of the scale-dependent nature of 
perturbations and their incorporation by system 
components and hierarchical levels. Disturbance is 
viewed across many scales ranging from antelope 
hoof-marks in the soil crust between plants to 
individual plant mortality (gap dynamics), to 
mammal mound activity, to frequency and intensity 
of flooding/scouring in ephemeral streams, to 
grassland fires that are increasing in frequency and 
to decadal patterns of climatic change. The 
acquisition of Global Positioning Systems (GPS) 
by the LTER Network will allow detailed mapping 
of the varied types of disturbances to build a 
history of the spatial dynamics associated with 
these disturbances. 

Retrospective Studies 
Packrat middens also provide a key to the past. 
Some date to 11,500 years ago and in general they 
show advances and retreats of plants and a 
relatively recent invasion by creosote (Larrea 
tridentata). The middens also are being analyzed 
for insect species changes and rodent species 
changes (taxonomy based on hair DNA). DNA 
amplification techniques may allow analyses of 
evolutionary change in given species. 

Aerial photos from the 1930s on allow analyses 
of large shrub and tree dynamics, especially the 
widespread mortality of Juniper during the 1950s 
drought. We are initiating a collection of historical 
photos from Socorro County, New Mexico and are 
starting repeat photography to document 
community changes. 

FUTURE 

Regional Transects 
e believe that the most successful approach 
to evaluating climate change is to analyze 
regional LTER and other sites as points 

along environmental gradients. No single site can 
verify that changes within it are solely due to 
climate change. Individual sites are fine-scale 
features relative to scales associated with climate 
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change and many local, site-specific factors can 
complicate (reduce or amplify) the responses to 
climate change. Networks of sites will be required 
to represent the large spatial scales needed to 
recognize and document changes that occur at 
those scales. Such networking allows sites to work 
on a common time scale and synchronize efforts at 
quantifying responses to large scale environmental 
phenomena. 

For example, an El Nifio or La Nifia ocean/ 
climate event may cause very different responses 
among different ecological parameters at one site 
and among different sites. Each site has many 
interacting, site-specific factors; however, the 
initiation of the responses may well be caused by 
the El Nifio/La Nifia phenomena, a triggering 
effect which could be common to all sites. Such 
networks could identify the spatial scale of the 
phenomena, the times of initiation and conclusion, 
and the types of ecological responses that were 
similar and dissimilar. For some sites it could 
separate the triggering response from the 
subsequent chain of events (succession of events) 
until a new triggering event occurred. Some 
portions of regions may respond while others may 
not. This networking could help identify the 
significance of various types of constraints on 
systems, the regional extent of those constraints, 
and the sequence of ecological phenomena that is 
typical following changes in these constraints. 

We believe transition zones can play a special 
role in studies of change detection and 
extrapolation across regions; however, changes in 
these zones must be compared with sites along 
gradients in several directions to fully evaluate 
their significance. We intend to develop 
cooperative agreements with the Central Plains 
and Jornada L TER sites, and the Los Alamos 
National Environmental Research Park (NERP). 
Each site would provide common garden space for 
reciprocal transplants of species which co-occur in 
both their area and Sevilleta. This cooperation will 
allow us to investigate the genetic and phenotypic 
basis for variation in vegetation along the 
north-south, east-west, and elevational gradients 
that cross the region. We also intend to extend the 
gradient analysis and comparison into central 
Mexico to the Mapimi Biosphere Reserve. The 
Mapimi represents a climate dominated by warm­
season moisture and the core of the Chihuahuan 
Desert. 



There is a continuum of studies and experiments 
that can be performed ranging from documenting 
natural change in the biome transition zone to 
various manipulations. Some of the studies 
discussed above (e.g., common garden studies) 
could be viewed as manipulation experiments as 
well as taking advantage of changes on natural 
gradients. Thus, the following experiments extend 
the research proposed above on climate change. 

Novel Communities 
Recent developments in the study of scale and its 
ecological effects have implications for topics of 
global change, resilience, and stability. First, we 
now know that a "system" such as a forest or a 
desert is only an »entity" with respect to the spatial 
and temporal extent and resolution used by the 
observer. An individual 1-m2 plot in a "boreal" 
forest has too few elements of the forest to 
actually be the forest. Rather, an arbitrarily large 
region with repeating elements (e.g., spruce trees, 
moose, and aspen trees) is required before the 
forest is recognized as such. Humans generate 
typological concepts of systems when sufficient 
spatial redundancy and temporal persistence is 
observed to warrant assigning a name to a system. 
Unfortunately this has led to our tendency to view 
systems as static, and to think that disturbances 
and perturbations are somehow unnatural 
interferences with the status quo. 

The paleoecological record shows that the 
boreal forest as we know it has been assembled 
relatively recently from species that behave 
individualistically. Indeed, the individualistic 
responses of North American tree species indicate 
that, in the face of climatic change of the 
magnitude currently predicted, we should expect 
little natural integrity in the systems we recognize 
currently. Therefore, according to existing models, 
we should expect that studies focusing on existing 
"systems" are likely to see the systems dissolve in 
15 to 20 years, as the component species go extinct 
or migrate to other locations, thereby forming 
novel systems. An important research theme 
should focus on how members of the biota, 
including humans, evolve or acclimate to 
accommodate new and almost certainly novel 
interactions among themselves and with abiotic 
elements. The nature of these new assemblages, 
their dynamics and the implications for the 
persistence of all species are the central issues. 
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These novel associations currently occur in many 
forms on different substrates over much of the 
Sevilleta: various combinations of Chihuahuan, 
Great Basin, Great Plains and Mogollon (conifer 
woodland) flora. In addition, various exotic species 
(primarily from the steppes of Eurasia) occupy 
these novel assemblages of North American flora. 

The order in which species are added to or 
removed from a community may alter the 
dynamics within the community as well as 
ecosystem processes. The timing and competitive 
abilities of the species may alter the future 
trajectory of the community. An added issue is the 
role of a constantly changing climate during the 
course of succession. Experiments can be designed 
to vary the order of addition and removal in a 
number of novel communities on the Sevilleta. A 
given experiment can be repeated annually to 
identify the role of interannual variability (El 
Nifio/La Nifia events) on the success or influence 
of the novel community. 

Buming/Exclosure Experiments 
Natural fires have become more common on the 
Sevilleta during recent years as a result of the 
large "standing dead" grass component (grazing 
was stopped in 1973) and the natural high 
frequency of lightning in July. Three natural fires 
occurred during the summer of 1989 and five 
occurred in 1990. The influence of fire is very 
species specific as perennial grasses with large 
belowground root systems (e.g., blue gramma of 
the Great Plains flora) survive while Chihuahuan 
species (e.g., black grama, desert shrubs) are 
eliminated. Thus, in this tension zone between 
Chihuahuan and other biomes, fire may be a 
primary agent in controlling species movement due 
to climate change. Fire can only occur and spread 
where there is sufficient standing fuel; thus, its 
effect may only be important in areas where 
Chihuahuan species are becoming established in 
grassland communities. 

In areas where the desert species have been 
established for a longer period of time, the grass 
component is greatly reduced and fires are rare or 
nonexistent. The natural fires allow studies of 
species changes and effects on subsequent 
ecosystem processes. Fire represents a useful tool 
to facilitate species removal experiments as called 
for in previous sections. 



The movements and feeding activities of 
pronghorn antelope in these same grasslands also 
create ecosystem disturbances at a number of 
scales, ranging from local, physical trampling 
effects to widespread selective herbivory on 
grassland plants. Pronghorn antelope and mule 
deer have replaced domestic cattle as the dominant 
ungulate herbivores in this ecosystem. However, 
the magnitude of influence of pronghorn on the 
Sevilleta grassland ecosystem remains unknown at 
this time. In addition, it is unlikely that this 
grassland system has stablized since the removal of 
cattle, and that future changes in such ecosystem 
attributes as soil organic matter and nutrient 
pools, plant community structure and productivity, 
and nutrient cycling and energy flows, will 
continue to be observed as the "restored" system 
evolves. Throughout this recovery period, 
pronghorn antelope activity may prove to have an 
important influence on the successional trajectory 
of the grasslands. 

Our planned research will use a replicated two­
by-two factorial experimental design, in which the 
factors are Burn/No Burn and Pronghorn Present/ 
Pronghorn Absent. The four distinct treatments 
are replicated four times, for a total of 16 study 
plots. Each study plot is 300 m x 300 m2 (9 ha), 
separated from other study plots by at least 300 m. 
Eight of the 16 plots are fenced to exclude 
pronghorn antelope; the other eight are left open. 
Eight plots (four open, four fenced) are subjected 
to controlled burns. 

Generally, natural fires in desert environments 
occur most frequently after wet years (when fuel 
loads are high following increases in plant growth), 
and are started by summer lightning-strikes. Our 
purpose in this experiment is to simulate the 
natural sequence of wildfire occurrences. As such, 
controlled burns will take place during the summer 
(during periods of natural lightning-ignition 
events, i.e., May through September) of certain 
"burn years," years preceded by a wet, El Nifio 
year. We anticipate that these criteria will call for 
burning the plots once every three to five years. 

As the proposed experiment continues for many 
years into the future, we will be able to correlate 
observed trends in biotic responses to the 
treatments with numerous wet and dry 
precipitation cycles. These analyses should provide 
significant insights into the role of climatic 
fluctuations and long-term global climate warming 
on ecological processes in the grassland ecosystem. 

Increased fire frequencies may be one of the 
results of climate change (e.g., more dry lightning 
storms in early July). Annual experimental burns 
can provide a spatial template on which natural 
variations in El Nifio or La Nifia events can be 
evaluated as well as the interaction between fire 
and moisture regimes. 
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W~Jtershed Mmllpulations 
In addition to monitoring natural watersheds at 
different scales, entire watershed manipulations are 
possible, aiding in the interpretation of climate 
change scenarios. The fortuituous position of some 
watersheds allow significant increases in stream 
flow without irrigating. In one situation, the 
stream of a large, upper watershed passes within 
several meters of the upper boundary of a lower 
watershed. A simple pipe diversion can add 
significant quantities of water to the stream bed of 
the lower watershed and simulate the effects of 
increased winter precipitation (spring discharge) 
on the riparian communities of the lower 
watershed stream. The predictions would be that 
species would migrate up in elevation dependent 
on their life-history strategies and dispersal 
mechanisms. We hypothesize that long-lived 
species are present in the lower reaches of a given 
basin streambed since those areas receive 
infrequent, but large flow events. The long-lived 
nature of the plants allows persistance between the 
infrequent events. These species are prevented 
from moving up the stream bed because although 
the frequency of discharge events increases at 
higher elevations in the watershed, the volume of 
water is too small to be effective. If the volume of 
water throughout the watershed stream system is 
increased, they should migrate up the stream bed 
providing seed sources for the adjacent watershed 
area. 

Concurrent with the stream diversion from the 
upper watershed, downstream areas on that 
watershed should demonstrate the inverse pattern; 
an increasing mortality that progresses from higher 
to lower reaches of the stream channel. The long­
lived nature of those species may cause a 
significant lag in their mortality response; however, 
short-lived organs (leaves, flowers, fruits) may 
demonstrate the response. This experiment would 
provide a valuable test of the hypothesis that 
stream systems and their riparian communities will 
magnify the effects of climate change. llil 
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RESEARCH 

he Virginia Coast Reserve of The Nature 
Conservancy is a complex assemblage of 14 
major barrier islands, associated inlets and 

beaches, extensive back barrier islands, shallow 
bays and deeper channels, mud flats, expansive salt 
marshes and contiguous mainland ecosystems. 
From a research perspective the site possesses 
exceptional qualities. The low-lying landscape 
(mean elevation of less than two meters) provides 
an unusually sensitive location for the study of the 
ecological effects of climatic variability on time 
scales ranging from daily tidal variations and 
individual storms through longer term changes in 
precipitation and, ultimately, eustatic sea-level rise. 

For example, variation in daily tidal range 
controls marsh zonation patterns. Individual 
storms can cause extensive changes in dune plant 
communities and also contaminate shallow 
aquifers with enough salt water so that effects on 
plants can be detected for years. Storm flooding 
causes extinction of some small mammal species 
from low-lying islands and may shift community 
composition for decades or centuries. Drought can 
lower barrier island water tables to the point that 
both shrubs and trees are affected or excluded. 

On longer time scales, even tiny fluctuations in 
sea level between years can have major effects on 
coastal marsh productivity. Sea-level change of a 
few centimeters over several years can alter tree 
species dominance in the estuarine/upland 
ecotone. Ultimately, long-term changes in eustatic 
sea-level control landscape dynamics as evidenced 
by rapid changes in island, inlet and marsh 
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morphology have been documented even in 
historical times. 

Often, the result of these geophysical 
perturbations is a major system state change in 
which an ecosystem undergoes a transformation to 
a new type of ecosystem. For example, rising sea 
level can cause a transition from low-lying forests 
to salt marsh in a few decades or salt marsh to 
sub-tidal mud flats in a few years; a major storm 
can convert vegetated dunes to unvegetated open 
beach in a single night. The VCR LTER is a 
special site in that major system changes are 
unusually common and can be monitored 
effectively. 

The dynamic nature of the Virginia Coast 
Reserve is further enhanced by its permanent 
ownership and protection by The Nature 
Conservancy and its existence as a Man and the 
Biosphere (MAB) site. This status guarantees 
protection, continuity, and research opportunities 
into the foreseable future and strongly supports 
the concept of a long-term research program. 

Site Description 
The Virginia Coast Reserve (VCR) extends 
approximately 100 km along the seaward margin of 
the Delmarva Peninsula from Assawoman Inlet 
southward to the mouth of the Chesapeake Bay. 
Included are over 14,000 ha of principal barrier 
islands and the associated ecosystems of 
intervening lagoons, back islands, and marshes. 
Fringing mainland areas are composed of forest, 
freshwater marshes, agricultural fields and fishing 



villages. Most 
L TER research 
projects are 
concentrated upon 
a belt transect 
stretching from 
Hog Island on the 
seaward edge of 
the VCR to the 
Brownsville 
plantation on the 
mainland. A few 
projects, 
particularly those 
dealing with 
processes at the 
landscape level of 
organization, 
include the entire 
VCR plus 
contiguous areas 
such as 
Assateague, 
Chincoteague and 

Accretionary portion of a barrier Island showing evolutionary phases of landscape from open water to salt 
marsh and vegetated dunes. TERRY COOK 

Wallops Islands and the eastern portion of 
Chesapeake Bay. 

The contemporary barrier island-lagoon­
mainland complex took its present form during the 
late Holocene rise in sea level, although the 
underlying framework can be traced back to earlier 
high stands of sea level during the Pleistocene. 
Rapid change has taken place during the last few 
thousand years with the island complex migrating 
westward across the continental slope at a rate as 
great as a kilometer per thousand years. As a 
result the modern islands typically exhibit dynamic 
shoreline change characterized by local deposition 
and erosion rates as high as 13 m per year and 
major changes in island morphology on a decadal 
scale. 

The climate of the VCR is dominated by 
extratropical storms (i.e., northeasters) and by 
tropical storms and hurricanes. Each year an 
average of 38 extratropical storms occurs with 
magnitude sufficient to rework beach sands and to 
elevate tides above astronomical norms. These 
storms are largely responsible for changes in the 
morphology of the islands, the associated 
vegetative cover and, ultimately, in combination 
with sea-level rise, for the landward migration of 
the islands across the lagoonal marshes. In effect, 

159 

this site is a perpetual experiment in ecosystem 
disturbance and plant succession. 

The vegetation of the islands, marshes and 
nearshore sections of the mainland is 
conspicuously patchy, with distinct zonation and 
sharp transition between patches. High and low 
salt marshes, unvegetated sand and mud flats, 
grasslands, shrub savannas and maritime forests 
occur in close proximity, with sharp ecotones. 
Vegetation heterogeneity is futher accentuated by 
interannual climatic variation. Precipitation 
records indicate a range of variation between 85 to 
140 em a year. This arises primarily from variation 
in summer rainfall, with thunderstorm frequency 
influencing local land/sea temperatures. In 
addition, 45 percent of late summer and autumn 
rainfall comes from tropical storms. 

While the barrier islands have been inhabited 
sporadically since the landing of Captain John 
Smith in 1608, they are currently isolated, 
uninhabited and relatively little changed from the 
natural state. The adjacent Delmarva Peninsula 
supports a rural population dependent primarily 
upon agriculture and fisheries for subsistence. 
Land use is 29 percent agriculture, 29 percent 
woodland, 32 percent tidal marsh, 2 percent beach 
and 8 percent miscellaneous. Currently, 



anthropogenic effects are largely restricted to 
sediments and agricultural chemicals washing into 
VCR watersheds. In the future, there will 
undoubtedly be a major shift in land-use patterns 
since this section of the coast is one of the least 
settled and developed coastal areas in the United 
States. 

RESEARCH STATUS 

he VCR LTER project focuses upon 
understanding changes of system states or, 
more simply phrased, transitions from one 

type of ecosystem to a totally new ecosystem at the 
same geographical location. These transitions may 
span short, intermediate or long time scales. 
Typically, they occur in response to geophysical 
processes (storms, long-term sea-level changes, 
climate change, etc.) although they may result 
from biological processes associated with 
ecological succession or human-induced alterations 
(Table 1.) 

Certain fundamental research questions can be 
addressed in all of these cases: 
• What is the basic cause of the state transition? 
Is it due to biological or geophysical processes? 
Did it occur in a stochastic or deterministic 
manner? Was it a short-term or long-term 
process? 
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• Are there differences in state transitions caused 
by geophysical versus biological processes? For 
example, is organic carbon lost during 
geophysically driven transitions in contrast to 
carbon/nitrogen accumulation in biologically 
driven transitions? 
" What is the frequency of state transitions in the 
past? What factors affect this periodicity? 
" What processes act to keep an ecosystem in the 
same state for extended periods of time? Under 
what conditions do "internal" ecological processes 
resist "external" geophysical forces of change? 
" How are ecological processes affected by state 
transition? For example, what are the patterns of 
primary production, decomposition, nutrient 
cycling, population dynamics, etc., during and after 
a transition event? 
" Are state transitions linear or are there multiple 
alternate system states in the future? Under what 
circumstances do transitions occur in reverse to an 
earlier state? 
" How does a state transition event affect nearby, 
contiguous ecosystems? Since there are usually 
extensive connections between adjacent 
ecosystems, alterations to one can have cascading 
effects across the landscape. Introduction of 
agriculture during the 17th century on the eastern 
shore of Virginia profoundly affected the sediment 
and nutrient movements into adjacent marshlands 
and shallow lagoons which, in turn, altered the 
mean elevation relative to sea level. 

s How can research on 
ecosystems state transitions be 
utilized for management 
purposes? This is particularly 
critical for The Nature 
Conservancy in its effort to 
manage the populations and 
ecosystems of the Reserve. AI; an 
example, the management of 
endangered populations such as 
certain shore birds, requires a 
thorough understanding of habitat 
nesting requirements; in many 
cases, a key limiting factor 
is the shortage of recently 
altered beach overwash areas, a 
relatively uncommon and short­
lived system state. 



Research Plan 
Our research plan, as outlined in the following 
sections, is designed to understand state transitions 
at the Virginia Coast Reserve by combining 
information from the paleontological record with 
contemporary studies of the interplay between 
ecological and geophysical processes. The research 
effort is built on a combination of stratigraphic 
studies, long-term field monitoring, field 
experimentation, remote sensing and the 
hybridization of Geographic Information Systems 
(GIS) techniques with simulation modeling. 

Terrestrial. Because the VCR is a large and 
complex region and because system state transition 
events are frequent and widespread, we have 
chosen to focus most of our field monitoring and 
experimentation 

Aquatic. The water team focuses upon several 
transects· on the island. and mainland which cut 
across the "dynamic edge" spanning the land-sea 
ecotone from subtidal mud flats and marshes. to 
adjacent salt-stressed wetland and low-lying 
terrestrial ecosystems. This group is investigating 
the changes in surface elevation, porewater 
chemistry, nutrient cycling, vascular plant 
composition, decomposition and other parameters 
which accompany both short and long-term 
changes in sea level. Sediment porewater, its 
movement, chemistry and connectivity to the 
shallow terrestrial aquifer, has emerged as 
a key focus. 

Large-Scale Monitoring & System State Changes. 
The final group, the GIS and modeling team, is 

upon several state 
transition sites. 
To accomplish 
this effectively 
and maximize 
inter-action 
between 

GEOPHYSICAL FORCING FUNCTIONS 

responsible for 
monitoring and 
studying system 
state changes on 
a much larger 
scale, including 

researchers, the 

(daily tides, storms, sea level change, drought, etc.) 

/ 
LANDSCAPE DYNAMICS 

(dune-building, shoreline change, 

marsh-building, water table 
change, etc.) 

L TER effort is 
divided into three 
fundamental 

all of the VCR 
and, even in some 
cases, selected 
island-lagoon 
systems along the 

""' "' U.S. Atlantic 
work-ing groups. ~ Coast. Emphasis 

The first is the ECOLOGICAL PROCESSES is placed upon 
terres-trial team the temporal and 

(primary production, nutrient 

who are cycling, population, etc.) spatial character-
concerned with istics of system 

sites which lie T11bla 1. Interactions leading to ecosystem state changes. state changes 

above mean high tide. They have chosen to study which can be identified from remotely sensed data, 

transects which cross a major barrier island, Hog and analyzed with GIS techniques and simulation 

Island, along with several locations on the models. Examples include changes in distribution 

mainland. Included in these transects are and size of terrestrial vegetation patches, marshes, 

ecosystems which have recently passed through or beaches, dune fields, overwash fans, inlets, 

are poised to pass through a major transition. mudflats, etc., from the mid-19th century (maps) 

Particular emphasis has been placed on recently to the present (aerial color/InfraRed photography, 

overwashed and flattened dunes and on vegetated multiple-band imagery, etc.). 

dunes which have not been flooded for decades. Long-term monitoring activities form the core of 

The role of the island's subsurface water table the VCR L TER research effort and, at the same 

aquifer has emerged as a key research question time, generate a number of exciting research 

both because it influences the composition, questions. The terrestrial team monitors changes 

distribution and productivity of the patchy in vegetation including species composition, 

terrestrial vegetation and because it provides an productivity, patch dynamics, root dynamics, and 

important link to subtidal processes studied by the decomposition rates above- and belowground. 

second group. 
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Tlilble 2. System state changes at Virginia Coast ReaeNe L TEA site. 

lagoonal saagrass beds to muddy bottomG 
Ma-sido agricultural fields to salt marGh 
upland forest to salt marsh 

seagrass wasting dioeaae 
sea-laval rise 
Goa-level rise 

freGhwater marsh to Galt marsh sea-level rise 
salt marsh to sub-tidal mudflat sea-level rise 
maritime forest to grass-covered duneG 
grass-covered dunes to Ghrub-covared dunes 
grass-covered dunes to open beach 

island eroaion pattern change 
ecological oucceooion 
major storm 

foresta to agricultural fields human alteration 
ahrub forest to grass-covered dunes tmltwater contamination of 

acquifer, salt apray 

Small mammal and shore bird populations are 
followed annually. Geophysical data includes 
changes in meterology, topography and water t.able 
height and geochemistry. The water team momtors 
changes in mudflat and marsh surface t~pography, 
porewater chemistry, marshgrass dynamics, 
belowground decompostition and carbo~ 
accumulation rates, and marsh surface fish and 
invertebrate populations. Paleontological data is 
monitored from analyses of cores including 
sediment type, CS-137 and Pb-210 dating, forat~s 
and other characteristics. Finally, the GIS data ts 
obtained from maps, historical and current 
National Aeronautic and Space Administration 
flights and other imagery. 

The Reserve's research plan should lead to a 
better understanding of the details of major state 
changes caused by climate change, sea-level ~i~e: 
storms, ecological succession and human actlvttles. 
As an example, how does the frequency and 
duration of salt water innundation affect wetland 
and terrestrial processes such as primary 
production, nutrient cycling, gas exchange to the 
atmosphere, carbon accumulation in soils, and 
animal population fluctuations? Given certain 
state changes in the future, how can we manage a 
barrier island system such as the VCR for optimal 
conservation goals? These are among the 
objectives for the project and our host, The 
Nature Conservancy. 
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FUTURE DIRECTIONS 

I t appears that modern landforms within the 
coastal barrier system are strongly 
influenced by earlier Pleistocene landforms. 

For example, the present location of inlets 
between barrier islands probably reflects small 
river valleys during lower stands of sea level. This 
helps to explain the apparent ~mpartmental- . 
ization of the coast into repeatmg landscape umts 
which cut across the entire system from mainland 
to inner continental shelf waters. The concept of 
repeating landscape units, possibly on several 
spatial scales, has significant implications for 
understanding ecological processes and state 
changes at the landscape level of organization. 

About 1870 a major shift occurred in the 
dynamics of the islands of the VCR. As a result, 
islands such as Hog Island, in the middle of the 
LTER intensive box transect, experienced dramatic 
changes in patterns of erosion and deposition. This 
led to widespread system changes including 
inundation of grasslands, forests and human 
settlements over the next century as the shoreline 
receded in some areas over one kilometer. Future 
research will explore the long-term ecological 
effects related to this key event. 

The unconfined water table aquifer apparently 
plays a major role in influ~nci~g plant ~istrib~tion 
on barrier islands. Contammatton of thts aqutfer 
by overwashing seawater or a drop in the 



piezometric head due to drought can influence 
germination, growth and even presence or absence 
of shrub and tree species. In future research, the 
connection between water table morphology and 
the patchy distribution of VCR plant communities 
will be investigated. 

Seasonal changes in sea level, due to shifts in 
prevailing winds, can alter the tidal marsh water 
budget sufficiently to raise porewater salinities in 
the higher sections of the intertidal wne and 
suppress net primary production dramatically and 
even create totally unvegetated zones near mean 
high tide. Longer-term sea-level change 
permanently influences the marsh/upland ecotone. 
Future research is aimed at monitoring and 
predicting the effects of sea-level change on 
upland plant communities. 

In biogographical studies of small mammal 
species, mitochondrial DNA analysis has been 
proven to be an effective index of species mobility. 
For example, this technique allows investigation of 
population phenomenon over short periods of 
time (e.g., differences in genetic composition of 
populations on the mainland and islands at varying 
distances and of different size, elevation and 
flooding frequency). Ultimately, this should allow 
the successful integration of genetics, population 
and community ecology in answering questions 
related to island biogeography. 

Cooperative Projects 
In terms of LTER intersite research, scientists 
from the VCR are involved primarily in three 
areas: comparative decomposition studies, data 
management, and simulation modeling. The data 
management program has emphasized intersite 
projects within the LTER Network. Simulation 
modeling has been designed to facilitate 
interaction with both L TER and MAB sites. 
Comparison of decompositon progress is also 
coordinated with other sites. 

An important cooperative program at the VCR 
LTER is with the National Park Service (NPS). 
The southeast region of the NPS has contracted 
with the University of Virginia to be responsible 
for both remote sensing and GIS activities 
associated with southeastern National Seashores. 
This involves considerable overlap with VCR 
LTER projects. For example, both groups utilize 
the imagery produced by NASA's high altitude 
photography program. Both utilize ERDAS and 
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ARC/INFO software to create and aMlyzeOlS 
files. Finally, both partners are interested in the 
landscape dynamics of barrier island systems. ,I\ 
proposed NPS program would establish a barrier 
island simulation modeling group at the University 
of Virginia with modeling objectives very similar 
to present L TER programs. This is a good 
example of how two organizations, the National 
Science Foundation and NPS, with compatible 
research needs, have combined their funding and 
scientific abilities to tackle research problems of 
common interest. 1111 
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Figure 1. Monthly water budget values, including precipitation and actual evapotranspiration. 
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Flguro 2. Average annual precipitation totals. 
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Figure 3. Average annual temperature values. 
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Site Abbrev/Name/Locatlon 

AND H.J. Andrews Experimental 
Forest, Blue River, Oregon 

ARC Arctic Tundra, Toollk 
Lake, Brooks Range, Alaska 

BNZ Bonanza Creek Experimental 
Forest, Fairbanks, Alaska 

CDR Cedar Creek Natural History 
Area, Minneapolis, Minnesota 

CPR Central Plains Experimental 
Range, Nunn, Colorado 

CWT Coweeta Hydrologic 
Laboratory, Otto, North 
Carolina 

HBR Hubbard Brook 
Experimental Forest, West 
Thornton, Hampshire 

HFR Harvard Forest, Petersham, 
Massachusetts 

JRN Jornada, Las Cruces, New 
Mexico 

Table 1. Characteristics of the 

Institutional Affiliations 

Oregon State University; USDA 
Forest Service, Pacific 
Northwest Research Station 

The Ecosystem Center, Marine 
Biological Laboratory; Universities 
of Alaska, Massachusetts, Minnesota, 
Cincinnati, and Kansas; Clarkson 
University 

University of Alaska; Institute 
of Northern Foresry, USDA Forest 
Service, Pacific Northwest 
Research Station 

University of Minnesota 

Colorado State University; 
USDA, Agricultural Research 
Service 

University of Georgia; USDA 
Forest Service, Southeastern 
Forest Experiment Station 

Yale, Cornell, and Syracuse 
Universities; Institute of Ecosystem 
Studies; U.S. Forest Service, 
Northeastern Forest Experiment 
Station 

Harvard University; Universities 
of New Hampshire and Massachu­
setts; The Ecosystem Center, Marine 
Biological Laboratory 

Principal Blome/Maln Communities 

Temperate coniferous forests. Douglas-fir­
western hemlock-western red cedar; true fir 
and mountain hemlock; streams 

Arctic tundra, lakes, streams. Tussock tundra; 
heath tundra; riverine willows; oligotrophic 
lakes; headwater streams 

Taiga. Areas of boreal forest Including 
permafrost-free uplands and permafrost­
dominated north slopes and lowlands; flood­
plain seres 

Eastern deciduous forest and tallgrass prairie. 
Old fields; oak savanna and forest, conifer bog; 
lakes; pine forest; wetland marsh and carr 

Shortgrass prairie. Shortgrass steppe; flood· 
plain; shrubland; saltmeadow 

Eastern deciduous forest Hardwood forests 
and white pine plantations 

Eastern deciduous forest Northern hardwood 
forests In various developmental stages, 
spruce-fir forests; streams and lakes 

Eastern deciduous forest Hardwood-white 
pine-hemlock forest; spruce swamp forest; 
conifer plantations 

New Mexico and San Diego, California Hot desert Playa, piedmont, and swale; 
State Universities; USDA, Agricultural bajada, basin, mountain and swale shrubland; 
Research Service; Duke University; mesquite dunes 
Oregon Graduate Institute 
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Research Topics 

Successional changes In ecosystems; 
forest-stream Interactions; population 
dynamics of forest stands; patterns and 
rates of log decomposition; disturbance 
regimes In forest landscapss 

Movement of nutrients from land to stream 
to lake; changes due to anthropogenic 
Influences; controls of ecological 
processes by nutrients and by predation 

Successional processes associated with 
wildfire and floodplains; facilitative 
and compstltlve Interactions among plant 
species throughout succession; plant­
mediated changes In resource and energy 
availability for decomposers; herbivorous 
control of plant species composition 

Successional dynamics; primary productivity 
and disturbance patterns; nutrient budgets 
and cycles; climatic variation and the 
wetland/upland boundary; plant-herbivore 
dynamics 

Hydrologic cycle and primary production; 
community and population dynamics; organic 
matter aggregation or degradation; Influence of 
erosion on redistribution of matter, nutrients, 
and pedogenic process; Influence of atmospheric 
gases, aerosols, and particulates on primary 
production and nutrient cycles 

Long-term dynamics of..forest ecosystems 
Including response to perturbation; 
Input-output elemental dynamics In forested 
ecosystems; land-stream Interactions; 
consumer regulation of ecosystem processes; 
atmospheric deposition 

Vegetation structure and production; 
dynamics of detritus In terrestrial and 
ecosystems; atmosphere-terrestrial-aquatic 
ecosystem linkages; heterotroph population 
dynamics; effects of human activities on 
ecosystems 

Long-term climate change, disturbance 
history and vegetation dynamics; compari-
son of community, population, and plant 
architectural responses to human and natural 
disturbance; forest-atmosphere trace gas fluxes; 
organic matter accumulation, decomposition and 
mineralization; element cycling, fine root 
dynamics and forest microbiology 

Desertification; factors affecting 
primary production; nitrogen cycling; 
animal-Induced soli disturbances; direct 
and Indirect consumer effects; organic 
matter transport and processing; vertebrate 
and Invertebrate population dynamics 



Site Abbrev/Name/Locatlon 

KBS Kellogg Biological Station, 
Hickory Corners, Michigan 

KNZ Konza Prairie, Manhattan, 

Kansas 

LUQ Luquilio Experimental 
Fore~~t, near San Juan, 

Puerto Rico 

NIN North Inlet Marsh-Estuarine 
System, Georgetown, South 
Carolina 

NTL North Temperate Lakes, near 

Boulder Junction, Wisconsin 

NWT Niwot Ridge/Green Lake~~ 
Valley, near Boulder, 
Colorado 

PAL Palmer Station, Antarctic 
marine ecosystem near 
Palmer Station, Antarctica 

SEV Sevilieta National Wildlife 
Refuge, near Albuquerque, 
New Mexico 

VCR Virginia Coast Reserve, near 
Oyster, Virginia 

Institutional Affiliations 

Michigan State University 

Kansas State University 

Center for Energy and Environ­
ment Research, University of 
Puerto Rico; Institute of Tropical 
Fore~~try, USDA Forest Service, 
Southern Experiment Station 

Belle W. Baruch Institute for 
Marine Biology and Coastal 
Research, University of South 
Carolina 

Center for Limnology, University 

of Wisconsin, Madison 

Institute of Arctic and Alpine 
Research, University of Colorado 

University of California, Santa 
Barbara; Old Dominion 
University 

University of New Mexico; USDI 
Fish and Wildlife Service 

University of Virginia 

Principal Blome/Maln Communltle~~ 

Row-crop agriculture. Conventional corn/ 
soybean cultivation; low-Input corn/legume 
cultivation; perennial biomass cultivation; 
native successional communltie~~ 

Tallgrass prairie. Tallgrass prairie; gallery 
fore~~t; prairie stream 

Tropical ralnfore~~t Tabonuco fore~~t; palo 
Colorado fore~~t; palm brake; dwarf forest and 
montane streams 

Coastal estuary. Salt marsh; estuarine benthic; 
Intertidal; barrier Island; open beach; Inshore 
oceanic 

Northern temperate lakes; eastern deciduous 
forests. Oligotrophic, dystrophic and eutrophic 
lake~~; temporary forest ponds; warm and cold 
streams; sphagnum-leatherleaf bog; conifer 
swamp; mixed deciduous and coniferous forests 

Alpine tundra. Fellfield; meadow; herbaceous 
and shrub tundras; cliffs and talus; glacial 
lake~~; streams and wetlands 

Polar marine. Coastal and open ocean pelagic 

communities; seabird ne~~tlng areas 

Multiple-Intersection of subalpine mixed­
conifer fore~~t/meadow, riparian cottonwood 
fore~~t, dry mountalnland, grassland, cold 

desert, hot desert Conifer woodland/ 
savanna; creosote bush; desert grassland; 
mesquite and sand dunes; Great Basin shrub 
and shortgrass steppes; tallgrass swales; 
riparian communities 

Coastal barrier Islands. Sandy Intertidal; open 
beach; shrubthlcket; mature pine forest; salt 

marsh; estuary 

167 

Research Toplc11 

Agricultural productivity; nutrient 
availability and organic matter dynamics; 
herbivory and microbial pathogens; plant 
competition and C, N allocation; gene 
transfer 

Role of fire, grazing and climate Influencing 

ecosystem prOCMS In a tallgrass prairie system 

Patterns of disturbance In space and time; 
ecosystem response to different patterns 

of disturbance; land-stream Interactions; 
effect of management on ecosystem properties; 
Integration of ecosystem models and geographic 
Information systems (GIS) 

Patterns and control of primary production; 
dynamics of selected populations; organic 
accumulation; patterns of Inorganic contribu­
tions; patterns of site disturbances, Including 
hurricane effects 

Physical, chemical and biological limnology; 

hydrology and geochemistry; climate forcing; 
producer and consumer ecology; ecology of 
Invasions; ecosystem variability; lakescape 
and landscape ecology 

Geomorphology, paleoecology; plant 
communltle~~, disturbance and recovery; 
root and soil Interactions, vertebrate 
populations, aquatic Invertebrates; 
decomposition and nutrient cycling 

Oceanic-Ice circulation and models; sea-
Ice dynamics; biological/physical Inter­
actions; effect of sea Ice on primary 
production, consumer populations and apex 
predators; blo-optlcal models of primary 

production; spatial distribution and 
recruitment In consumer populations; 
seabird population dynamics and 
reproductive ecology 

Landscape and organism population dynamics In 
a blome tension zone; semiarid watershed ecology; 
climate change detection In a sensitive landscape; 

blospherlc/atrnoapherlc lnteratlons; paleobotany/ 
archaeology; microbial role In gas flux; and control 
of landscape heterogeneity; scale effects on spatial 
and temporal variability 

Holocene barrier Island geology; salt marsh 
ecology, geology, and hydrology; ecology/ 

evolution of Insular vertebrate~~; primary/ 
secondary succession; life-form modeling 
of succession 



Table II. L TER SITES: 

Note: Most investigators below may be contacted via the L TERnet Electronic Mail Forwarding System. For a 
guide, send any massage to: ForQuick@LTERnet.washington.edu (Internet); ForQuick@LTERnat (Bitnet); or 
LTERNET:X400 (US Forest Service). For other systems, contact Rudolf Nottrott, LTER Network Office, below. 

H.J. ANDREWS EXPERIMENTAL FOREST 

Principal Investigator 
Frederick J. Swanson 
Oregon State University 
Forestry Sciences Laboratory 
3200 Jefferson Way 
Corvallis, OR 97331 
503-750-7355/F AX: 750-7329 

Investigators 
Kermit Cromack 
Jerry Franklin 
Gordon Grant 
Stan Gregory 
Bob Griffiths 
James Hall 
Mark Harmon 
Dave Hibbs 
Elaine Ingham 
Gary Lamberti 
Jack Lattin 
George Lienkaemper 
Arthur McKee 
Andrew Moldenke 
Dave Perry 
William Ripple 
Tim Schowalter 
Jim Sedell 
Phil Sollins 
Tom Spies 
Susan Stafford 
Fred Swanson 
Richard Waring 

(ARC) ARCTIC TUNDRA 

Pri1ncioal Investigators 
John Hobbie & Gaius Shaver 
The Ecosystems Center 
Marine Biological Laboratory 
Woods Hole, MA 02543 
508-548-3705/F AX: 457-1548 

lnv&stigators 
Linda Deegan 
Brian Fry 
Anne Giblin 
Anne Hershey 
John Hobbie 
George Kipphut 
Arthur Linkins 
Michael McDonald 
Michael Miller 

Site Director 
Arthur McKee 
Oregon State University 
Department of Forest Science 
Corvallis, OR 97331 
503-750-7350 

Research Interests 
Decomposition 
Succession, decomposition patterns 
Fluvial geomorphology 
Forest-stream interactions, decomposition 
Decomposition 
Fish population biology 
Decomposition, tree mortality 
Plant competition, succession 
Decomposition 
Forest-stream interactions 
Succession, entomology 
GIS, geomorphology 
Succession, forest-stream interactions 
Succession of soil invertebrates 
Population dynamics of stands, site productivity 
GIS, remote sensing 
Succession, entomology 
Forest-stream interactions 
Dynamics of soil carbon and nitrogen 
Forest gap dynamics, succession, remote sensing 
Information management and analysis 
Geomorphology, forest-stream interactions, disturbance 
Succession, physiology 

Site Director 
David Witt 
Institute of Arctic Biology-Logistics 
University of Alaska-Fairbanks 
Fairbanks, AK 99775-0180 
907-474-7641/FAX: 474-6967 

Research Interests 
Fish production 
Stable isotopes 
Biogeochemical processing 
Biotic interactions 
Microbial processing 
Biogeochemistry 
Soil enzymes, microbial processing 
Lake trout, fisheries 
Nutrients, primary production 
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Table II. ARC, continued 

Bernie Moller 
Knute Nadelhoffer 
John O'Brien 
Bruce Peterson 
Ed Rastetter 
Donald Schell 
Gaius Shaver 

Research coordinator, algae, water chemistry 
Nitrogen cycling, decomposition, plant chemistry 
Zooplankton communities, predator foraging models 

Ecosystem analysis 
Ecosystem modeling 
Ecosystem analysis 
Plant nutrition 

BONANZA CREEK EXPERIMENTAL FOREST 

Prl1ncloal Investigator 
Keith Van Cleve 
University of Alaska 
Forest Soils Laboratory 
305 O'Neill Building 
Fairbanks, AK 99775--0082 
907-474-6927/FAX: 474-7439 

Investigators 
John Bryant 
Rex Cates 
Glenn Juday 
Mark Oswood 
Bill Reeburgh 
Paul Reichardt 
Roger Ruess 
Josh Schimel 
Keith Van Cleve 
Les Viereck 
John Yarie 

Leslie A. Viereck 
USDA Forest Service 
Institute of Northern Forestry 
308 Tan ana Drive 
Fairbanks, AK 99n5-5500 
907-4 7 4-3324/F AX: 47 4-3350 

Research Interests 
Plant-animal interactions, influence on succession 
Successional relations, plant secondary chemistry 
Long-term forest structure and stand dynamics 
Soil invertebrate animal ecology 
Trace gas dynamics 
Secondary plant chemistry 
Plant physiological ecology, root dynamics 

Microbial ecology, nutrient cycling 
Soil-plant relations, nutrient cycling, succession 
Plant ecology, succession 
Soil-plant relations, plant resource availability 

(CDR) CEDAR CREEK NATURAL HISTORY AREA 

Prrl1nteiDAI Investigator 
G. David Tilman 
Ecology & Behavioral Biology 
University of Minnesota 
318 Church Street SE 
Minneapolis, MN 55455 
612--625-9922 
FAX: 625-4490 

Investigators 
Mark Davis 
Don F aber-Langendoen 
Eville Gorham 
David Grigal 
Nancy Huntly 
Richard Inouye 
Mark McGinley 
John Pastor 
Mark Ritchie 
John Tester 
David Tilman 
David Wedin 
Scott Wilson 
Don Zak 

Site Manager 
Connie Osbeck 
612--625-7930 
FAX: 625-4490 

Research Interests 
Plant spatial dynamics 
Community ecology, oak savannah succession, fire management 

Ecosystem ecology of wetlands 
Soil science, ecosystem ecology 
Plant-herbivore interaction, small-mammal dynamics 
Evolution, plant ecology, grasshopper ecology 

Plant colonization dynamics 
Soil nitrogen dynamics 
Mechanisms of plant-herbivore interactions 
Ecology, behavior 
Experimental ecology, theory 
Nitrogen dynamics in grasslands 
Disturbance, productivity, and ecosystem structure 
Soil science, microbial ecology 
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(CPR) CENTRAl PlAINS EXPERIMENTAl RANGE 

Pli'in,..llnAI Investigator 
William K lauenroth 
Range Science & Natural Resource 
Ecology laboratory 
Colorado State University 
Fort Collins, CO 80523 
303-491-7581 or 4996/FAX: 491-0279 

Investigators 
Ingrid Burke 
Debra Coffin 
Donn Decoursey 
James Detling 
Donald Doehring 
Jim Forwood 
Jon Hanson 
Roger Hoffer 
Donald Hazlett 
E.F. Kelly 
Thomas Kirchner 
Timothy Kittel 
William Lauenroth 
Daniel Milchunas 
William Parton 
Osvaldo Sala 
David Schimel 
Marvin Shoop 
B. VanHorne 
John Wiens 
Robert Woodmansee 
C.M. Yonker 

Research Interests 
Biogeochemistry, ecosystem ecology, plant ecology 
Plant ecology, modeling 
Hydrology, modeling 
Primary production, plant-animal interactions 
Geomorphic processes 
Consumer dynamics 
Plant physiology, modeling 
GIS 
Plant ecology, taxonomy 
Plant ecology, geomorphology/hydrology 
Systems ecology, modeling, data management 
Climatology, remote sensing, modeling 
Plant ecology, modeling, root productivity 
Grazing ecology 
Meteorology, nutrient cycles, modeling 
Plant ecology, climatology 
Soil organic matter, element cycling 
Range management 
Consumer dynamics 
Animal movements in landscapes, landscape ecology, scaling 
Landscape ecology, biogeochemistry 
Geomorphology/hydrology 

(CWT) COWEETA HYDROLOGIC lABORATORY 

Principal Investigator 
Judy L. Meyer 
Department of Zoology 
& Institute of Ecology 
University of Georgia 
Athens, GA 30602 
404-542-3363/F AX: 542-4271 

Investigators 
Ernest Benfield 
Lindsay Boring 
Gil Calabria 
Jim Clark 
David Coleman 
D.A. Crossley, Jr. 
Katherine Elliott 
John Fitzgerald 
Gary Grossman 
Bruce Haines 
Michael Huston 
Jennifer Knoepp 
Steve McNulty 
Judy Meyer 

Site Director 
Wayne T. Swank 
Coweeta Hydrologic Laboratory 
999 Coweeta Lab Road 
Otto, NC 28763 
704-524-2128 
FAX: 369-6768 

Research Interests 
Stream processes 
Forest succession and nutrient dynamics 
Data management, Athens lab 
Forest succession 
Microbial ecology 
Consumers, decomposition 
Forest succession 
Sulfur dynamics 
Trophic structure 
Nutrient cycling in plants 
Modeling 
Soil processes 
Nutrient dynamics 
Stream processes 
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Table 11. CWT, continued 

Curt Saari 
Wayne Swank 
Lloyd Swift 
James Vose 
Bruce Wallace 
Jackson Webster 

HARVARD FOREST 

Principal Investigator 
David R. Foster 
Harvard Forest 
Petersham, MA 01366 
50&-724-3302/F AX: 724-3595 

lnveatlgators 
John Aber 
Robert Antibus 
Fakhri Bazzaz 
Emery Boose 
Richard Forman 
David Foster 
Arthur linkins 
Charles McClaugherty 
Michael McElroy 
Jerry Melillo 
Knute Nadelhoffer 
William Patterson 
Paul Steudler 
C. Dana Tomlin 
P. Barry Tomlinson 
John Torrey 
Steven Wofsy 

Data management, Coweeta lab 
Hydrology, input-output dynamics 
Climatology, hydrology, forest practices 
Forest processes 
Stream proces.ses 
Stream processes 

Modeling, primary production, remote sensing 
Organic matter processes 
Disturbance, inorganic fluxes, plant ecophysiology 
Data management, GIS 
Landscape ecology 
Forest and wetland response to hurricanes, paleoecology 
Soil enzymes, microbial processing 
Decomposition, fine root turnover 
Atmosphere/biosphere interactions 
Element cycling 
Decomposition, nutrient cycling, trace gases 
Fire ecology, paleoecology 
Sulfur cycling, inorganic fluxes 
GIS 
Plant architecture 
Microbes and soils, Inorganic fluxes, microbial biology 
Atmospheric chemistry, gas fluxes 

HUBBARD BROOK EXPERIMENTAL FOREST 

Prlrncloal Investigators 
Timothy J. Fahey 
Dept. of Natural Resources 
Cornell University 
Ithaca, NY 14853 
607-255-5470/FAX: 255--5470 

Herbert Bormann 
Breck Bowden 
Jon Cole 
Steve DeGioria 
Charles Driscoll 
Timothy Fahey 
Tony Federer 
Stewart Findlay 
Richard Holmes 
Jeffrey Hughes 
Arthur Johnson 
Gene Likens 

Charles T. Driscoll 
Dept. of Civil Engineering 
Syracuse University 
Syracuse, NY 13244 
315443-3434/FAX: 443-1243 

Reaearch lntereati'l 
Ecosystem ecology and biogeochemistry 
Forest hydrology and microbiology 
Aquatic ecology 
Remote sensing, GIS, modeling 
Environmental chemistry and modeling 
Forest succession and detritus 
Forest hydrology and modeling 
Stream ecology 
Animal ecology 
Population ecology 
Soil chemistry 
Aquatic ecology and biogeochemistry 

171 

Leader 
Robert S. Pierce 
USDA, Forest Service 
Northeastern Forest 
Experiment Station 
Durham, NH 03824 
603-868-5692 



Table 11. HBR, continued 

Gary Lovett 
Wayne Martin 
David Peart 
Robert Pierce 
William Rieners 
Thomas Sherry 
Thomas Siccama 
William Smith 
Louise Tritton 

(JRN) JORNADA 

Principal Investigator 
William Schlesinger 
Botany Department 
Duke University 
Durham, NC 27706 
919-684-2453/FAX: 684-5412 

Investigators 
Allen Hope 
Laura Hueneke 
Wesley Jarrell 
James Reynolds 
William Schlesinger 
Douglas Stow 
Ross Virginia 
Tim Ward 
Walter Whitlord 

Dry deposition 
Forest ecology 
Plant ecology 
Forest hydrology and soils 
Terrestrial ecology 
Animal ecology 
Terrestrial ecology 
Forest pathology 
Coarse woody debris 

Walt Whitford 
New Mexico State University 
Biology Department 
Las Cruces, NM 88003 
505-646-3921 /FAX: 646-1517 

Research Interests 
Remote sensing, GIS 
Plant community ecology, primary production 
Soil physics/chemistry, plant-soil relationships, large-scale field experiments 
Simulation modeling, GIS-modeling interface 
Biogeochemistry, soil processes, transport studies 
Remote sensing, GIS 
Nutrient cycling, plant physiological ecology, large-scale field experiments 
Hydrology 
Consumer studies, decomposition and organic matter cycling 

(KBS) KELLOGG BIOLOGICAL STATION 

Principal Investigator 
G. Philip Robertson 
Kellogg Biological Station 
Michigan State University 
Hickory Corners, Ml 49060 
616-671-2267/FAX: 671-2351 

Investigators 
James Crum 
Boyd Ellis 
Stuart Gage 
John Gorenta 
Katherine Gross 
Patrick Hart 
Richard Harwood 
Lars Hedin 
Michael Klug 
Bernard Knezek 
Daniel Lawson 
Eldor Paul 
Keith Paustian 
Kurt Pregitzer 
Karen Renner 
Philip Robertson 
Mark Scriber 

Research Interests 
Soil geomorphology 
Soil chemistry 
Insect ecology 
Data management 
Plant ecology 
Plant pathology 
Low-input agronomy 
Biogeochemistry 
Microbial ecology 
Soil chemistry 
Soil invertebrates 
Soil microbiology 
Ecosystem modeling 
For est ecology 
Weed ecology 
Nutrient cycling 
Insect ecology 
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Table II. KBS, continued 

Alvin Smucker 
James Tiedje 
Patrick Webber 

(KNZ) KONZA PRAIRIE 

Principal Investigators 
Alan K Knapp 
Division of Biology 
Kansas State University 
Ackert Hall 
Manhattan, KS 66506-4901 
913-532-7094/FAX: 532-6653 

Investigators 
John Briggs 
Scott Collins 
Walter Dodds 
Edward Evans 
David Gibson 
Larry Gray 
Dave Hartnett 
Geoff Henebry 
Barb Hetrick 
Don Kaufman 
Alan Knapp 
Jim Koelliker 
Wendy Macpherson 
Duane Nellis 
Jack Oviatt 
Charles Rice 
Paul Schwab 
Tim Seastedt 
Haiping Su 
Tim Todd 
John Zimmerman 

Soil/plant biophysics 
Microbial ecology 
Plant ecology 

John M. Briggs 
913-532-6629 
FAX: 532-6653 

Research Interests 

David C. Hartnett 
913-532-5925 
FAX: 532-6653 

Data management, remote sensing 
Plant community ecology 
Aquatic ecology 
Invertebrate ecology 
Plant community ecology 
Stream ecology 
Plant population ecology 
Modeling 
Mycorrhizal fungi 
Mammalian ecology 
Plant physiological ecology 
Hydrology 
Inorganic chemistry 
Remote sensing 
Geomorphology 
Microbial ecology 
Soil chemistry 
Nutrient dynamics, soil invertebrates 
Remote Sensing 
Soil nematodes 
Avian ecology 

(LUQ) LUQUILLO EXPERIMENTAL FOREST 

Principal Investigators 
Robert B. Waide 
Center for Energy 
GPO Box 3682 
San Juan, PR 00936 

Ariel E. Lugo 
Institute of Tropical Forestry 
Call Box 2500 

809-767..0334 or 0338/FAX: 758-0815 
Rio Piedras, PR 00928-2500 
809-766-5335, ext. 26/FAX: ext. 58 

Investigators 
Nicholas Brokaw 
Alan Covich 
Thomas Doyle 
Ned Fetcher 
David Foster 
Bruce Haines 
Charles Hall 
William Lawrence 
Deborah Jean Lodge 
Ariel Lugo 

Research Interests 
Plant ecology 
Stream ecology 
Forest modeling 
Plant physiology 
Ecosystem disturbance 
Nutrient cycling 
Ecosystem modeling 
Plant physiology 
Microbial ecology 
Primary production, nutrient cycling 

173 

Site Director 
Don Kaufman 
913-532-6622 
FAX: 532-6653 



Table 11. LUQ, continued 

J. Frank McCormick 
Eda Melendez 
Randall Myster 
William Parton, Jr. 
Douglas Reagan 
Robert Sanford 
Frederick Scatena 
Frederick Swanson 
Kristiina Vogt 
Robert Waide 
Lawrence Walker 
Michael Willig 
Lawrence Woolbright 
Jess Zimmerman 

Plant ecology 
Data management 
Community ecology 
Nutrient cycling, modeling 
Lizard ecology 
Nutrient cycling, modeling 
Forest hydrology, nutrient cycling 
Geomorphology 
Belowground processes 
Avian ecology 
Plant ecology 
Insect ecology 
Amphibian ecology 
Plant reproductive biology 

L TEA NETWORK OFFICE 

Pli"inr.lnAI Investigator 
Jerry F. Franklin 
University of Washington 

Network Manager 
John Vande Castle 

College of Forest Resources, AR-10 
Seattle, WA 98195 

GIS/Remote Sensing Laboratory 
206-543-6249 

206-543-2138 

Research Coordinator 
Caroline Bledsoe 
University of California, Davis 
Land, Air & Water Resources 
Davis, CA 95616 
916-752.0388 

Prtun.am Coordinator 
Adrienne Whitener 
L TER Network Office 
206-543-4853 

Data Manager 
Rudolf Nottrott 
GIS/Remote Sensing Laboratory 
206-543-8492 

Publications Coordinator 
Stephanie Martin 
L TER Network Office 
206-543-6764 

Office Assistant 
Lynne Hendrix 
LTER Network Office 
206-543-0954 

(NWT) NIWOT RIDGE/GREEN LAKES VALLEY 

Prlncloal Investigator 
Nelson Caine 
INSTAAR, University of Colorado 
Boulder, CO 80309 
303-492-5053/F AX: 492-6388 

Project Coordinator 
James C. Halfpenny 
303-492-6241 
FAX: 492-6388 

Investigators 
Bill Bowman 
Nelson Caine 
Tom Davis 
Scott Elias 
David Greenland 
James Halfpenny 
Elizabeth Holland 
M. lggy Litaor 
Russell Monson 
Timothy Seastedt 
Susan Short 

Research Interests 
Biological processes 
Hydrology, geocohemistry, time/space variability, material flows 
Lacustrine sedimentology, palynology, Quaternary stratigraphy, climate change 
Paleoecology, paleoclimatology, Quaternary insect fossils, zoogeography 
Energy budget climatology, climate-plant relationships, air quality 
Landscape dynamics, mammals, GIS, data management, phenology 
Simulation of biological sources/sinks of trace gases, plant-microbial processes 
Environmental geochemistry, acid deposition, soil weathering, stable isotopes 
Plant physiological ecology/C & N allocation patterns, photosynthesis 
Nutrient dynamics, soil invertebrates 
Paleoecology, paleoclimatology, atmospheric/pollen deposition 
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Table 11. NWT, continued 

Herman Slavering 

Dale Toetz 
Donald Walker 
Marilyn Walker 
Carol Wessman 
Kerstin Williams 

Aerosol physics, dry deposition of atmospheric chemical constituents to 
land/water surfaces 

Limnology, nutrient balances, aquatic productivity 
GIS, landscape mapping, vegetation analysis 
Plant communities, floristics, computer·aided analyses 
Global ecology, remote sensing, GIS, biogeochemical cycling 
Diatom population dynamics/ecology: past and present 

(NIN) NORTH INLET MARSH 

Prl,nclnal Investigator 
F. John Vernberg 
Baruch Institute 
University of South Carolina 
Columbia, SC 29208 
8Q3..7n-5288 
FAX: 777-3935 

Dennis Allen 
Keith Bildstein 
Elizabeth Blood 
Bruce Coull 
John Dean 
Donald Edwards 
Robert Feller 
Leonard Gardner 
Bjorn Kjerfve 
Henry McKeller 
William Michener 
James Morris 
Fred Sklar 
Stephen Stancyk 
F. John Vernberg 
Tom Williams 
Richard Zingmark 

Site Director 
Dennis M. Allen 
Baruch Marine Field Laboratory 
P.O. Box 1630 
Georgetown, SC 29442 
8()3..546-3623 
FAX: 546-1632 

Research Interests 
!vertebrates, migration, recruitment, predation 
Avian dynamics 
Site coordinator, nutrient dynamics 
Meiofauna, population dynamics 
Physiological ecology 
Statistics, experimental design 
Population dynamics, secondary production 
Geomorphology, geochemistry 
Physical oceanography 
Nutrients, modeling, organic matter 
Data management, population dynamics, GIS 
Primary production, photosynthesis, respiration 
Landscape ecology, modeling 
Zooplankton 
Physiological ecology 
Groundwater hydrology, nutrient cycling 
Primary production, photosynthesis, respiration 

(NTL) NORTH TEMPERATE LAKES 

John J. Magnuson 
Center for Limnology 
University of Wisconsin 
Madison, WI 53706 
608-262-3014/FAX: 262-0454 

Michael Adams 
Timothy Allen 
Mary Anderson 
David Armstrong 
Tim Asplund 
Barbara Benson 
Carl Bowser 
Xiangxue Cheng 
John Elder 
Thomas Frost 

Site Director 
Timothy Kratz 
Trout Lake Station 
1 0810 County Highway North 
Boulder Junction, WI 54512 
715-356--9494/FAX: 356-6866 

Research Interests 
Primary production, macrophyte ecology 
Ecological theory 
Groundwater modeling 
Chemical limnology 
Aquatic ecology, climate change 
Data management, landscape ecology 
Groundwater geology, geochemistry 
Groundwater modeling 
Hydrology, geochemical cycling 
Zooplankton ecology 
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Joel Gat 
Tom Gower 
David Hill 
Timothy Kratz 
Thomas Lillesand 
Mark MacKenzie 
John Magnuson 
Ann Mclain 
Marketta Sagova 
Ral)dy Wynne 

Isotopic geochemistry 
Forest ecology 
Physical limnology and meteorology 
Wetland ecology 
Remote sensing 
GIS 
Terrestrial ecology, consumer ecology 
Invasion ecology 
Macrophyte/benthos interaction 
Remote sensing/ice cover, water quality 

(PAl) PALMER STATION, ANTARCTICA 

Principal Investigators 
Robin Ross & Langdon Quetin 
Marine Science Institute 
University of California 
Santa Barbara, CA 93106 
805-893-2096/FAX: 893-8002 

Investigators 
William Fraser 
Eileen Hofmann 
John Klinck 
Simon Levin 
Akira Okubo 
Tom Powell 
Barbara Prezelin 
Langdon Quetin 
Robin Ross 
Ray Smith 
Wayne Trivelpiece 

R®search lnter®sts 
Seabird ecology 
Modeling, biological-physical processes 
Modeling, oceanic-ice circulation 
Modeling, swarm behavior 
Modeling, swarm behavior 
Biological-physical processes 
Plant physiology, bio-optical models of primary production 
Ecological physiology of animals (zooplankton and nekton) 
Ecological physiology of animals (zooplankton and nekton) 
Remota sensing, environmental optics, hydrography, bio-optical models 
Seabird ecology 

(SEV) SEVILLETA NATIONAL WILDLIFE REFUGE 

Principal Investigator 
James R. Gosz 
Department of Biology 
University of New Mexico 
Albuquerque, NM 87131 
505a277 -2265/F AX: 277-0304 

Investigators 
James Brown 
James Brunt 
Clifford Crawford 
Clifford Dahm 
Donald Duszynski 
James Findlay 
James Gosz 
Herb Grover 
Gordon Johnson 
Tom Kieft 
Diane Marshall 
Bruce Milne 
Manuel Molles 

COOJ'dlltlla~Oif 

Robart Parment®r 
505-277-7619 
FAX: 277-0304 

Research Interests 
Community ecology, biogeography 
Research information management, computer networking 
Invertebrate ecology, decomposition 
Ecology of surfaces 
Parasitology 
Mammalian community ecology, Peromyscus 
Nutrient dynamics, trace gas flux 
Remota ssnsing, ecosystem ecology 
PIS~nt physiology, nitrogen fixation 
Soil microbe respiration 
Plant population biology 
Landscape ecology, fractals, scale 
Stream and riparian ecology, climatology 
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Brad Musick 
Robert O'Neill 
Robert Parmenter 
Paul Risser 
Howard Snell 
Molly Toll 
Carl White 
Charles Wisdom 
Terry Yates 

Remote sensing, plant ecology 
Ecot~ystem modeling and theory 
Project coordinator, plant-animal interactions 
Landscape ecology 
Reptil® physiologicllll ecology, evolution!llry ecology 
Paleobotany, archaeology 
Nutrient cycling, ecosystem biology, fir!!) ecology 
Plant physiological ecology 
Evolutionary genetics, systematics, mammalogy 

VIRGiNIA COAST RESERVE 

Linda K Blum & Hank H. Shugart 
Department of Environm~;;mtal Sciences 
University of Virginia 
Charlottesville, VA 22903 
804-924-0560/7642 
FAX: 982-2137 

lliilvest~ga~olfs 

Ruth Back 
. Linda Blum 

Mark Brinson 
Robert Christian 
Frank Day 
Tanya Furman 
Bruce Hayden 
Craig Kochel 
Aaron Mills 
George Oertel 
John Porter 
Hank Shugart 
Richard Wetzel 
Patricia Wiberg 
Donald Young 
Jay Zieman 

Resear~h lnte~resta 

Ornithology 
Microbial ecology, plant-microbe interactions 
Wetlands ecology, hydrology 
Microbitd ecology, nutrient transformations 
Belowground ecology, nutrient cycling 
Mineralogy, petrology 
Environmontal climatology 
Coastal geomorphology 
Microbial ecology, biogeochemistry 
Coastal geology 
Data management, GIS 
Landscape ecology, ecosystsms modeling 
Nutrient cycling 
Sediment transport 
Physiological plant ecology 
Aqu&J~l:ic ecology 
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No. 9: Long-Term Ecological Research and the Invisible Present, BioScience, July/August 1990; Long-Term 
Ecological Research and the Invisible Place. BioScience, July/August 1990 (three articles, including 
L TER Publication No. 8) 

No. 10: Proceedings of the 1990 LTER Data Management Workshop, Snowbird, Utah; Network Office, 1990 

No. 11: Long-Term Ecological Research in the United States: A Network of Research Sites 1991 (6th edition, 
revised), LTER Network Office, 1991 

No. U: Status Report on Technology Development in the Long-Term Ecological Research Network: Current 
Status of Geographic Information Systems, Remote Sensing, Internet Connectivity, Archival Storage 
and Global Positioning Systems. Network Office, available January 1991 

Planned Publications: 

Other Publications: 

L TER Atmospheric Chemistry Workshop Proceedings 
L TER Stream Research Catalog 

LTER Network News (biannual newsletter; back issues available) 

In most cases, the above publications are available in limited quantities at no cost. For information on their current 
availability and/or status, please contact: 

Stephanie Martin 
L TER Network Office 

University of Washington 
College of Forest Resources, AR-10 

Seattle, Washington 98195 
PH: 206-543..6764; FAX: 206-685-0790 

Internet: sMartin@lternet.washington.edu/Bitnet: sMartin@lternet 
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