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Predicting and understanding
ecosystem responses to climate change
at continental scales
John D Marshall1*, John M Blair2, Debra PC Peters3, Greg Okin4, Alber t Rango3, and Mark Williams5
Climate is changing across a range of scales, from local to global, but ecological consequences remain difficult to
understand and predict. Such projections are complicated by change in the connectivity of resources, particularly water, nutrients, and propagules, that influences the way ecological responses scale from local to regional
and from regional to continental. This paper describes ecological responses to expected changes in four key
meso-scale drivers that influence the ecosystems of the North American continental interior: drought, warming,
snowpack disappearance, and altered fire regimes. Changes in these drivers will affect, for example, atmospheric
smoke, dust, and reactive nitrogen concentrations; stream discharge; nitrate concentrations; sediment loads; and
the vector-borne spread of invasive species and infectious diseases. A continental network of sensors and simulation models is required to detect changes in the transport vectors – atmospheric, hydrologic, and mechanized –
that connect spatial scales. Knowledge of these downwind, downstream, and down-corridor effects will be critical if we are to understand and forecast responses to climate change at regional to continental scales.
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C

limate influences ecological phenomena by limiting
the distribution and activity of organisms (Pearson
and Dawson 2003), the development of soils (Dahlgren et
al. 1997), the availability of surface and sub-surface water
(Vörösmarty et al. 2000), and the spatial and temporal
dynamics of virtually all ecosystem processes (Bachelet et

In a nutshell:
• Continued increases in mean temperature and drought severity
will influence species interactions, phenology, snowmelt
dynamics, and dust emissions
• Earlier melting of snowpacks will alter hydrologic fluxes, community composition, and the timing and rates of biogeochemical
processes in snow-dominated areas and in streams and lakes that
depend on them
• Fire regimes will be altered by climate change through effects
on fuel accumulation, combustibility, and rates of ignition and
spread; these changes will influence downwind ecosystems as
smoke is redistributed according to local, pyrogenic, and synoptic patterns of air flow
• The transport vectors (air, water, migration, and human transportation) will themselves be influenced by climate change and
variability in ways that are currently difficult to predict; this difficulty complicates forecasting of large-scale ecological effects
• Scaling from meso-scale to continental effects will require a
continental-scale network of linked research sites, providing
data to test our understanding of the connectivity of ecological
processes
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al. 2001). Climate also acts on connections among ecosystems, by altering rates and patterns of transport of materials through the movement of air masses, surface waters
(Vörösmarty et al. 2000), migratory animals, and vegetative and microbial propagules (Brown and Hovmøller
2002). In addition, climate drives the spread of disturbances such as fire (Miller and Urban 2000). These effects
on transport vectors are increasingly recognized as critical
to our understanding of the way that local processes cascade to influence regional- and continental-scale patterns
(Peters et al. 2007). These broad-scale climate effects on
ecosystems also feed back to modify future weather patterns (Rosenfeld et al. 2001). Only by understanding the
effects of climate change on transport processes and climate feedbacks can we predict future system dynamics as
climate continues to change (IPCC 2007).
Climate also influences human population distribution
and human land-use practices (Peters et al. 2006). For
example, changes in land use, driven by government
policies and technological change, interacted with longterm, extreme drought to result in one of the most serious
regional- to continental-scale catastrophes in US history:
the Dust Bowl of the 1930s (Peters et al. 2004, 2007).
The Dust Bowl had major impacts on ecosystems of the
Central Plains through high plant mortality and local
loss of soil and nutrients; the resulting dust was redistributed across the continent. The Dust Bowl also had clear
effects on human migration patterns, and caused substantial economic disruption and human health problems.
The goals of this paper are: (1) to identify sensitive ecological phenomena that are likely to be altered by changes
in climate at local to continental scales, (2) to discuss how
www.frontiersinecology.or g
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(eg dust, soil, water, nutrients, propagules,
diseases, nutrients, chemical constituents)
and energy (especially heat), within and
among linked terrestrial and aquatic systems,
across a range of spatial and temporal scales
(Peters et al. [2008] in this issue). Changes in
the drivers, the exchange processes within
cells, and the transport processes among cells
can alter climate and resulting ecosystem
dynamics in unpredictable ways.
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There are three major scales of climate
drivers:
(1) Global circulation patterns influence
long-term climate means, with effects on
broad-scale patterns in vegetation.
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Figure 1. The Palmer drought severity index (PDSI) for the period July 8–14,
Three major patterns are now recognized
2007, shows extreme drought (purple) and severe drought (red) for large
(Kerr 2004): the Northern Annular
portions of the West and parts of the Midwest and Southeast (www.ncdc.
Mode (NAM), which includes the
noaa.gov/oa/climate/research/drought/palmer-maps/index.php).
North Atlantic Oscillation (NAO); the
Pacific–North American (PNA), which
these phenomena will influence and be influenced by cliincludes the Pacific Decadal Oscillation
mate-driven changes in connectivity across the continent,
(PDO); and the El Niño–Southern
and (3) to highlight the need for an integrated network of
Oscillation (ENSO).
research sites, located across the continent, to understand (3) Local topography and sub-continental-scale climate
and predict the consequences of these changes.
influence site-level variation (eg in precipitation).
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 Multi-scale patterns in climate drivers
The Earth’s climate system can be understood as the result
of external influences (forcings) and the mutual interactions between the atmosphere, hydrosphere, lithosphere,
and biosphere. The mutual interactions include physical,
chemical, and biological processes that transport and
transform energy and matter. These processes are often
described in computer simulation models over cells representing a portion of the Earth’s surface (eg Fournier et al.
2002). The cells are then linked by mathematical descriptions of transport to and from adjacent cells. This view of
the climate system includes multiple processes at fine spatial scales and builds to predictions of climate – and the
transport of atmospheric contaminants – at continental
and global scales (Eder and Yu 2006). The approach
moves beyond traditional notions of cause and effect, as
the climate system both drives and responds to key
processes in adjacent cells. Connectivity across the globe,
therefore, is increasingly recognized as an important component of climate and ecosystem dynamics. These crossscale interactions of drivers and processes influence connectivity among resources in interesting and important
ways, with consequences for ecosystem dynamics and
feedbacks to the climate system.
Connectivity results from vectors of transport (eg wind,
water, animals, people, disturbances), moving materials
www.fr ontiersinecology.or g
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An exhaustive review of the interactions among drivers,
processes, and transport vectors is beyond the scope of
this paper. Instead, we identify four major broad-scale drivers that we believe will be profoundly affected by climate change and will have their own downstream or
downwind effects on other ecosystem variables.

 Change in frequency and intensity of drought
Climate is a major control on the structure and function
of terrestrial ecosystems worldwide. Climatic means are
expected to change, but climatologists also predict an
increase in climatic variability and the occurrence of
extreme weather events, resulting in increased frequency
of both droughts and heavy rainfall events (Woodhouse
and Overpeck 1998). We focus first on droughts.
In 2007, severe droughts occurred across much of the
western US, the upper Great Lakes, and parts of the
Southeast (Figure 1). Predicting the ecological impacts of
future droughts has been identified as a national research
priority. Droughts restrict biological activity and therefore
change ecosystem processes (Woodhouse and Overpeck
1998). Drought has obvious impacts on dryland agriculture and productivity in natural ecosystems (Schlesinger
et al. 1989), timing of growth (Reynolds et al. 1999), plant
mortality (Breshears et al. 2005), and organic matter
dynamics (Connin et al. 1997). Although change in rates
© The Ecological Society of America
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of ecosystem processes may be the
initial response, longer-term responses may include transformations
in species composition or vegetation
structure (Albertson and Weaver
1942). Examples of vegetation
changes include threshold responses
to drought conditions (eg directional
shifts in species distributions;
Gonzalez 2001; Peters et al. 2006)
and synchronous tree mortality
across the southwestern US following extended drought (Breshears et
al. 2005). Of course, the magnitude
of these responses varies with the
frequency, intensity, and duration of
drought, as well as the resilience of
the community or ecosystem and Figure 2. Mean annual temperature anomaly, 2000–2006 versus 1951–1980. The
other local conditions, but in orange regions, which are mostly at high northern latitudes, have increased by 1–2˚C
instances of severe drought, the abil- compared to the base period (1951–1980). Data from http://data.giss.nasa.gov/gistemp.
ity of ecosystems to provide goods
terns with fewer but larger rain events can substantially
and services may be hindered.
As vegetation structure is altered, we expect that sus- alter ecosystem processes (Knapp et al. 2002), and if storm
ceptible sites will display a threshold increase in dust pro- events become more common, they will erode disturbed
duction and redistribution (Gillette and Hanson 1989). soils, increase flooding, reduce water quality, deposit sediThese effects will be especially severe when drought is ment in floodplains, and deliver sediment and nutrients
combined with marked human disturbance (eg tillage), downstream (Wainwright et al. 2002).
low vegetation density, erodible soils, and high wind
speeds (Gillette 1999). Such conditions contributed to  Increased mean annual temperatures
the Dust Bowl in the early 1930s, which produced several
dust storms of such intensity that airborne soil from Texas Perhaps the clearest manifestation of climate change thus
and Oklahoma was carried all the way to the eastern far is the rise in mean temperatures since the early 20th
seaboard. Dust emitted from drought-stricken areas can century. Historical temperature records show this change
have substantial impacts on downwind ecosystems; for most clearly in daily minima, with the steepest increase
instance, dust that falls on alpine snow as a result of beginning in the early 1990s, particularly in northern latupwind soil disturbance darkens the surface of the snow- itudes (Figure 2). Climate models predict that the trend
pack, leading to earlier melting and more rapid delivery of will continue.
Such warming will almost certainly influence ecosyswater to streams (Painter et al. 2007). These changes will
have important impacts on downstream water consumers tem processes and community composition across North
and on water-use planning. The input of dust has impor- America. In particular, we expect warming to increase
tant effects on terrestrial ecosystems over short to long the drying power of the atmosphere (ie the vapor pressure
time scales (Chadwick et al. 1999; Okin et al. 2004), and deficit), which will, in turn, increase the frequency and
often has immediate effects on ocean biogeochemistry severity of both drought and wildfire. Either drought or
and CO2 uptake (Duce and Tindale 1991). In addition, wildfire could lead to threshold changes in vegetation
dust poses a health hazard to humans (Griffin et al. 2001). type, consumers, and ecosystem function.
Finally, severe drought and attendant changes in ecoTemperature also plays a key role in controlling phenollogical responses will influence the movement of people ogy, the seasonal timing of events such as leaf-out date, the
to other regions, as evidenced by the mass migrations commencement of photosynthesis, and flowering date
during the time of the Dust Bowl. These responses may (Bradley et al. 1999). Such changes will favor some species
be especially acute if they are associated with reduced over others, leading to changes in species composition.
availability of groundwater due to declining aquifers. The They will also induce changes in the seasonality of ecosysconsequences of such changes, especially those affecting tem processes controlling the transport of carbon, water,
the human population, will be difficult to predict.
and nutrients within ecosystems and export of these beyond
Although this section has emphasized drought, it seems ecosystem borders. The National Phenology Network has
likely that increased climate variability will also manifest been organized to observe changes in phenology within the
as increased frequency and intensity of high rainfall US (www.uwm.edu/Dept/Geography/npn).
events in some areas (Easterling et al. 2000). Rainfall patIncreased temperatures will also influence the behav© The Ecological Society of America
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tinental scales. The importance of snow and related
cryosphere processes as an ecological factor has been
recognized at least since the beginning of the 20th
century (Chernov 1985), but much of the work
remains anecdotal, making it difficult to predict the
ecological responses to changes in snowpack, permafrost, and glaciers. Nonetheless, we speculate on its
likely effects below.
The earlier disappearance of the snowpack will
result in earlier commencement of biological
activity in the spring, which is often delayed until
the disappearance of snow, when temperatures
can rise above 0˚C to become more suitable for
rapid metabolism. This phenological effect will
Variable infiltration capacity macroscale hydrologic model
result in an earlier commencement, for example,
Figure 3. (a) Measured and (b) modeled changes in the amount of water of photosynthesis and transpiration by plants
stored in the April 1 snowpack (snow water equivalent) in western North (Monson et al. 2006), which will, in turn, dry
America. (a) Red circles show declines and blue circles show increases; soils down earlier in the summer, and possibly
size of the circle denotes the magnitude of the change during the period lower water contents. This will probably worsen
1950–1997. (b) Trends in snow water equivalent over the same period, the drought effects described above. However,
estimated by a physically based hydrologic model (Mote et al. 2005).
snowpack disappearance will also eliminate the
insulation that prevents soils from freezing during
ior of undesirable species. For example, warmer temper- winter cold snaps, which might modify plant and
atures will increase insect activity and shorten genera- microbial metabolism and perhaps distributions
tion times, which may lead to more frequent outbreaks (Lipson et al. 2002).
of harmful species, such as bark beetles (Hicke et al.
At low elevations and latitudes, warming will lead to a
2006), and increased pathogenic fungal activity change from a snow- to a rain-dominated winter precipita(Kiesecker et al. 2001). Finally, warmer temperatures tion regime. For example, in central Chile, air temperamay remove geographic barriers to the spread of ture data from 1975 to 2001 show an increase in elevation
pathogens, including those affecting human health of the 0˚C isotherm (the line on a map linking points at
(Epstein 1999).
which the mean temperature is 0˚C) by 122 m in winter
and by 200 m in summer (Carrasco et al. 2005). The snowline of the European Alps is predicted to rise by about 150
Altered
snowpack
depth,
duration,
and
distribution

m for each 1.0˚C increase in winter temperature. A switch
Warming will almost certainly reduce the depth, duration, from snow- to rain-dominated watersheds would increase
and distribution of the continental snowpack, as well as winter runoff and cause seasonal hydrograph peaks to
perennial cryosphere features such as glaciers (Vergara et al. occur earlier (Rango and Martinec 2000). Large changes
2007) and permafrost. There is good evidence that warm- in biogeochemical processes, such as the patterns of storing has already modified snowpack (Figure 3), especially at age and release of reactive nitrogen, would be expected as
elevations where the snowpack is maintained at a rela- well. Such changes will be particularly important downtively high temperature (Mote et al. 2005; Nolin and Daly wind of cities, agricultural areas, and polluted regions,
2006). In fact, snow cover decreased during the interval where atmospheric deposition rates are highest.
from 1966 to 2005 across the entire northern hemisphere,
Warming would also change stream flow and lake
except in November and December (IPCC 2007).
dynamics. Magnuson et al. (2000) found that the freezeLikewise, the temperature at the top of the Arctic up date for lakes and rivers in the northern hemisphere
permafrost layer has warmed by up to 3˚C since the has been occurring later in the year, at a rate of 5.8 ± 1.6
1980s. In Alaska, the permafrost base has been thawing days per century; meanwhile, ice breakup has occurred
by up to 4 cm per year since 1992 (Osterkamp 2003). an average of 6.5 ± 1.2 days per century earlier. These
Simulations with the snowmelt runoff model (SRM; changes will probably result in downstream changes in
Martinec et al. 1998) of warming in glacial basins predict lake and stream biota, flooding, and the provision of
more rain, less snow, and increasing glacial meltwater water to satisfy human demands.
until the glaciers disappear altogether (Rango et al. 2007).
We highlight these snowpack effects because they are, in  Altered fire regimes
one sense, a climate response and, in another sense, an ecological driver. The disappearance of the snowpack is a Wildfires are dominant forces shaping terrestrial ecosysthreshold phenomenon that will have clear effects on tems, including embedded and adjacent urban areas and
species composition and biogeochemistry from local to con- aquatic systems, throughout the US (Pyne 1997).
(b)
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Figure 4. Heat signatures and smoke plumes from fires burning in the western US in 1999. From NOAA-15 POES AVHRR HRPT.

Wildfires, like other disturbances, interact with external
drivers of climate, land use, and invasive species to influence patterns and dynamics of biodiversity, biogeochemical and hydrological cycles, and infectious diseases
(D’Antonio and Vitousek 1992). The costs of wildfires are
substantial: annual suppression costs now routinely exceed
$1 billion per year in the US alone. In addition, the
impacts of wildfires occur across a range of scales; for example, wildfires affect atmospheric carbon monoxide and fine
particulates, with consequences for human health, over
extensive downwind areas (Figure 4). Multiple fires burning at the same time can coalesce to influence broad-scale
atmospheric circulation patterns.
Although research has been conducted on the ecological
and economic impacts of individual wildfires, very little is
known about: (1) how to forecast the rate and direction of
fire spread across spatial and temporal scales for individual
and multiple, coalescing fires; (2) how to forecast the
regional, continental, and global impacts of wildfires; and
(3) how to minimize the ecological impacts and maximize
restoration potential under the full range of climatic and
ecological variability inherent across the country.
Wildfires often start with a single ignition point, yet
can increase rapidly to affect large spatial extents. Fire
behavior across scales (rate, direction, intensity) is difficult to predict because of positive feedbacks among local
and regional weather (eg wind speed and direction, relative humidity), vegetation (eg fuel quality, quantity, spatial distribution), and landscape features (eg topography,
soil moisture, roads, other natural fire breaks; Figure 5).
These constantly changing conditions can result in catastrophic events, such as the fires that raged across southern California in October 2007. Thus, there is a clear
need for forecasting fire spread in real-time, using data
streams on each variable. The forecasts make predictions
at multiple scales simultaneously and should be combined
with simulation models that dynamically update the forecast spatially. A coordinated network of sites with sensors
© The Ecological Society of America

and cyberinfrastructure spanning a range of spatial and
temporal scales is needed to enable these forecasts.
Fire regimes are correlated with recent weather in complex ways. We describe these correlations using the Palmer
drought severity index (PDSI), which takes on negative values under drought conditions. The correlation is as
expected; current drought conditions are correlated with an
increase in the number of acres burned (Westerling et al.
2003; Figure 6). Perhaps less expected is that burned acreage
is correlated with wetter conditions in May and August of
the previous year. These correlations reflect the accumulation of vegetative fuels during unusually wet periods. As climate change continues, we can expect increased precipitation variability (ie more frequent wet-and-then-dry periods).
In addition, fuels are already being dried by earlier snowpack

Figur e 5. Clusters of fires along the west coast of California on
October 25, 2003, affect broad-scale air circulation patterns.
From http://earthobservatory.nasa.gov/NaturalHazards.
www.frontiersinecology.or g
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Figure 6. Correlations of Palmer drought severity index (PDSI)
with acres burned at varying time lags. White dots show
correlations significant at 95% confidence level. Because the
PDSI becomes more negative under dry conditions, negative
correlations denote positive relationships with fire severity. Dry
Augusts are associated with ready combustion, especially in the
Rockies and Sierras. Dry conditions in either spring or summer
of the preceding year reduce fire severity, presumably due to
reductions in fuel accumulation (Westerling et al. 2003).

disappearance, earlier commencement of transpiration, and
higher temperatures (Westerling et al. 2006). Such changes
in fire frequency or intensity are almost certain to influence
ecosystem structure and function. Fire suppression can result
in invasions by exotic (D’Antonio and Vitousek 1992) and
native fire-intolerant species (Briggs et al. 2005). These
invasions may include expansion of woody species in the
central US (juniper and oak species) and the arid west (sagebrush, mesquite, salt-cedar, and juniper). Conversely, where
fire frequency and intensity are allowed to increase, they
may lead to reductions in woody vegetation.

 Approach to predicting multi-scale responses to
changing climate

A network of sites spatially distributed across the continental US is necessary to adequately capture the effects of
climate change and their connectivity from local to
regional and continental scales. In designing such a network, the connections between nodes in the network are
as important as the nodes themselves. The internodal
connections will provide information on sources of input
(eg dust and smoke) and transport vectors that move the
www.fr ontiersinecology.or g
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materials and energy among nodes (eg wind, water, animal
migrations, human transport). The dataset from a connected network of sites will provide unique and critical
information for the parameterization and testing of models describing the transport vectors. These models will, in
turn, improve our ability to integrate local-scale data to
the regional and continental scales, to test whether continental-scale behavior can be modeled as averaged behavior integrated over a vast area, or whether it displays
“emergent” properties (ie whether the behavior of the
whole differs from the summed behaviors of its parts).
This network of sites should be linked to biogeochemical
and population models parameterized to run at a variety of
scales. The completeness and quality of the driver and
response datasets will provide an excellent model testbed.
The provision of soil moisture, snowpack, atmospheric
microclimate, stable isotope, and biotic data would be particularly valuable in this respect, but there will also be value
in standardizing methods for measuring ecological responses. For example, models of mountain hydrology (such
as the snowmelt runoff model [SRM]) can be run with combinations of real-time ground observations and daily remote
sensing of snowpack areas from the moderate-resolution
imaging spectroradiometer (MODIS) and other satellite
sensors. SRM and similar models are accurate in both shortterm and seasonal forecasts, provided that modelers have
access to high-quality input data. By building a long-term
dataset, including extreme years, the models will be capable
of forecasting into the future, when climate change will
progress to a point at which minimal or no snow cover will
be found in current source areas. Similarly, biogeochemical
models can be run with combinations of real-time climate
data, ground data, and remotely sensed data. Such models
will be useful for predicting the timing and location of
thresholds in ecological responses.
The network should also be linked to simulation models of the transport vectors that control connectivity. The
influence of climate change on transport vectors could be
assessed by extending existing models of atmospheric
transport, river flows, human population trends, and patterns of human movement (eg vehicular traffic). The
atmospheric models begin with surface fluxes, and disperse the transported materials into the churning layer of
air at the bottom of the troposphere. They describe, for
example, the transport, dispersion, and deposition of
ammonia (Fournier et al. 2002). Other models begin with
atmospheric data and infer upwind sources and sinks, of
CO2 for example (Gurney et al. 2002). Some account for
processes that consume materials, such as chemical reactions, biological processes, and gravitational settling.
Applications of such models include the BlueSky framework for predicting smoke transport from forest fires
(www.airfire.org/bluesky) and community multiscale air
quality (CMAQ), which describes the continental distributions of ozone, nitrogen and sulfur species, and elemental and organic carbon (Eder and Yu 2006). Although the
parameterization of such models continues to be refined,
© The Ecological Society of America
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it seems reasonable to expect that, in the near future,
they could be coupled to networked environmental sensors to backcast source information and forecast downwind consequences. We have already discussed the likely
effects of climate change on hydrologic vectors relating to
snowmelt using the SRM model (Martinec et al. 1998).
Such models could likewise be used to backcast climatechange effects in upstream source areas and to forecast
their downstream consequences, including oceanic
effects (Dodds 2006). The monitoring and modeling of
the spread of invasive species facilitated by human transport is also under development (Schneider et al. 1998;
Johnson et al. 2001). Linkage to regional-scale predictions of human transportation systems (eg Helbing and
Nagel 2004) will increase the feasibility of studying the
transport and dissemination of propagules under climatechange scenarios. Coupling these models to estimates of
connectivity will provide important insights into continental-scale ecological responses to climate change.
Regionally intensive gradients of sites may be necessary, in some cases, to provide connectivity from fine to
continental scales. For example, mountain ranges modify surface climate as a result of elevation, orographic
precipitation, and cold-air drainage. These effects are
superimposed on regional climate trends. Similarly,
major river basins could be instrumented to examine
the ecological impacts of snowmelt and other hydrologic processes from the mountains to the sea. Finally,
in areas with high water tables, small changes in watertable depth or water throughflow may induce large
changes in ecological variables. Because cities tend to
occur at low elevations and near watercourses, many
urban areas could also serve as sites for land-use, pollution, and climate gradients. These elevation and
drainage transects would therefore fill in gaps in
datasets from the broader network.

 Conclusions
We have focused here on four key broad-scale drivers
that will be profoundly affected by climate change, and
that will have their own downstream, downwind, or
down-corridor effects. Changes in drought, temperature,
snowpack, and fire regime have already been detected in
recent decades, and are predicted to continue. Each of
these four drivers has clear downwind or downstream
impacts (eg dust, reduced runoff, smoke, reactive nitrogen compounds in air and water). A connected network
of research sites will allow us to sample the range of conditions at nodes distributed across North America. As
importantly, the network will improve our understanding of the transport processes that connect the nodes. A
critical need for the future will be knowledge of the
effects of climate on these transport vectors: downwind,
downstream, and down migration corridors. These transport processes provide the linkages from points to
regions to continents.
© The Ecological Society of America
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Long-term ecological research:
re-inventing network science
F

ew of those involved in the birth of the National
Science Foundation’s (NSF) Long Term Ecological
Research (LTER) network almost 30 years ago could have
envisioned its leading role in defining continental-scale ecological science, as outlined in this issue of Frontiers. In these
pages, 26 authors share their views on continental-scale ecological connectivity; 24 are LTER-affiliated. In his editorial
(p 228), Steve Carpenter notes the importance of self-organizing networks of environmental scientists for identifying
and addressing the non-linear and cross-scale phenomena
that underlie and, in some cases, define global environmental change today. The LTER network is one of the best
examples of such groupings: from early comparisons of populations and processes among two or three sites in the same
biome have come groundbreaking, cross-network analyses
of ecological change across multiple biomes exposed to varying degrees of human influence. And now, with the emergence of new, complementary networks, such as the
National Ecological Observatory Network (NEON), the
Global Lake Ecological Observatory Network (GLEON),
the Water and Environmental Systems Network
(WATERS), and the Oceans Observatory Initiative (OOI),
comes the potential for research synergies hardly imaginable
even 15 years ago.
Equal in importance to collaborations across physical networks are collaborations across disciplinary networks. If
there is one overarching lesson to be learned from the evolution of LTER, it is the crucial importance of engaging with
other disciplines – and especially with the social and behavioral sciences – to address today’s big ecological questions.
The greenlash discussed by Carpenter is often created, and
usually abetted, by social interactions and institutions; we
ignore this at our peril. LTER came of age alongside the
Ecological Society of America’s Sustainable Biosphere
Initiative (SBI), and SBI’s imprint is unmistakable in LTER
science. LTER research increasingly embraces questions
with human dimensions, as the ecological research community in general, and the LTER community in particular,
have come to recognize the heavy, sometimes hidden hand
of human influence in even the most remote locations. That
recognition is abundantly clear in the articles in this issue of
Frontiers: connectivity occurs within and across landscapes
experiencing varying levels of human influence, sometimes
direct and intentional, sometimes indirect and inadvertent
– but rarely, if ever, absent.
The LTER network has embraced this challenge with a
new, forward-looking initiative that is highly relevant to
an emerging era of networked networks: Integrated
Science for Society and the Environment (ISSE; www.lternet.edu/isse) recognizes and seeks to understand socioecological connections among organisms, processes, and
© The Ecological Society of America

ecosystems across varying geographic scales. Society
receives services from ecosystems; in some cases, services
are actively extracted, while in others they are underappreciated or even unrecognized. How these services are perceived, how perceptions affect behavior, and how behavioral change, in turn, affects ecosystem form and function
are central to understanding the sustainability of the
ecosystems on which we all depend. It is impossible to
understand these linkages in the absence of interconnected, coordinated research sites, at which environmental
scientists of all stripes – ecological, geophysical, social, and
others – collaborate to address interdependent questions.
One major challenge facing connectivity science is nodal:
how many sites are needed to test theories about the types,
strengths, and interdependencies of connections among network nodes? For this reason, LTER is actively seeking partner networks with which to interact and, where possible, to
share cyberinfrastructure and other resources common to
environmental data collection and access. Continentalscale connectivity science requires continental-scale coverage by sites that are well-grounded in place-based science;
how, otherwise, can socioecological hypo-theses related to
connectivity be rigorously tested?
Early examples of socioecological research abound – many
are described in this issue – and as new networks join the
emerging constellation of environmental observatories, connectivity science will grow to more fully illustrate and define
key linkages among globally dispersed ecosystems. Most
LTER authors in this issue have also been heavily involved
in the creation and development of more recent networks –
NEON, GLEON, and WATERS among them – because the
expertise and historical perspective afforded by LTER reinforce the value of new information from emerging networks, and provide a context for understanding and predicting future dynamics. All these networks recognize the
importance of the coordinated sampling that allows information from multiple sites in disparate environments to
address what is arguably the most pressing ecological question of our time: how to meet the needs of a sustainable
future in an increasingly connected world.
This Special Issue of Frontiers is one of the strongest
statements yet for the need to forge new networks, new
collaborations, and new science to meet this increasingly
global challenge. The LTER network
stands ready to fully participate.

G Philip Robertson
Chair, US LTER Network Science
Council, Michigan State University,
East Lansing, MI
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A continental strategy for the National
Ecological Observatory Network
O

ne of the great realizations of the past half-century
in both biological and Earth sciences is that,
throughout geologic time, life has been shaping the
Earth’s surface and regulating the chemistry of its oceans
and atmosphere (eg Berkner and Marshall 1964). In the
present Anthropocene Era (Crutzen and Steffen 2003;
Ruddiman 2003), humanity is directly shaping the biosphere and physical environment, triggering potentially
devastating and currently unpredictable consequences
(Doney and Schimel 2007). While subtle interactions
between the Earth’s orbit, ocean circulation, and the
biosphere have dominated climate feedbacks for eons,
now human perturbations to the cycles of CO2, other
trace gases, and aerosols regulate the pace of climate
change. Accompanying the biogeochemical perturbations are the vast changes resulting from biodiversity loss
and a profound rearrangement of the biosphere due to
species movements and invasions. Scientists and managers of biological resources require a stronger basis for
forecasting the consequences of such changes.
In this Special Issue of Frontiers, the scientific community confronts the challenge of research and environmental management in a human-dominated, increasingly connected world (Peters et al. p 229). Carbon dioxide, a key
driver of climate change produced by a host of local and
small-scale processes (eg clearing of forests, extraction and
use of fossil fuels), affects the global energy balance
(Marshall et al. p 273). Invasive species, though small
from a large-scale perspective, nonetheless modify the
continental biosphere (Crowl et al. p 238). Aquatic systems are tightly coupled to both terrestrial systems and
the marine environment (Hopkinson et al. p 255). Flowing water not only intrinsically creates a highly connected
system, but acts a transducer of climate, land-use, and
invasive species effects, spreading their impacts from terrestrial and upstream centers of action downstream and
into distant systems (Williamson et al. p 247). Human
activities such as urbanization create new connections;
materials, organisms, and energy flow into cities from
globally distributed sources and waste products are
exported back into the environment (Grimm et al. p 264).
All of the papers in this issue of Frontiers conclude that a
new approach to studying the biosphere is required in the
present era. In response to this challenge, with the support
of the National Science Foundation (NSF), ecologists in
the US are planning a National Ecological Observatory
Network (NEON). The conceptual design of this network
(Field et al. 2006) gives rise to several general questions:
(1) How will the ecosystems (of the US) and their components respond to changes in natural- and humanwww.fr ontiersinecology.or g

induced forcings, such as climate, land use, and invasive species, across a range of spatial and temporal
scales? What is the pace and pattern of the responses?
(2) How do the internal responses and feedbacks of biogeochemistry, biodiversity, hydroecology, and biotic
structure and function interact with changes in climate, land use, and invasive species? How do these
feedbacks vary with ecological context and spatial
and temporal scales?
NEON will enable us to answer these questions by providing data and other facilities to support the development of ecological forecasting at continental scales.
Required data range spatially from the genome to the continental scale, and temporally from seconds to decades.
Control of transport in, and the chemistry of, the atmosphere, modulation of the physics of land surfaces, and
influence over water supply and quality emerge from the
aggregated behavior of almost innumerable organisms
(Hopkinson et al. p 255). The disparity between the scale
of organisms and the scales of their effects on the global
environment represents an important problem for largescale ecological research (Hargrove and Pickering 1992).
While the consequences of life for the environment occur
on the largest spatial and longest temporal scales, biological processes must be understood by documenting the
responses of organisms, communities, populations, and
other small-scale phenomena.
To bridge this diversity of scales, NEON will approach
such questions through an analysis of processes, interactions, and responses, including those mediated by transport and connectivity (Figure 1). Most environmental
monitoring networks focus either on processes or
responses and do not link these with key interactions and
feedbacks. NEON addresses the multi-scaled nature of
the biosphere. The fundamental NEON observations
(the Fundamental Sentinel Unit, focused on sentinel
organisms, and the Fundamental Instrument Unit,

Forcing

Drivers of
ecological and
biological
change

Interactions
Feedbacks
Processes mediating
the response of
ecological systems,
feedbacks influencing
the drivers

Responses

Ecological and
organismal
responses

F i g u r e 1 . NEON differs from other environmental monitoring
networks because, by design, it integrates processes, interactions,
and responses.
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focused on airsheds and watersheds) start at the scales of
organisms, populations, and communities of organisms
and directly observe biological processes (Figure 2).
A finite budget limits the number and the spatial
extent of the fundamental observations; therefore,
NEON uses a parsimonious continental strategy for
placement of the observational units. The observations
must systematically sample the US in a system design that
objectively represents environmental variability. Existing
maps spatially divide the US into ecological regions
(Bailey 1983; Omernik 1987). In contrast to these earlier
maps, NEON domains are based on a new, statistically
rigorous analysis using national datasets for ecoclimatic
variables. The statistical design is based upon algorithms
for multivariate geographic clustering (MGC; Hargrove
and Hoffman 1999, 2004; WebPanel 1). The optimized
outcome of the geographical analysis results in 20
domains (Figure 3).
Relocatable sites will be moved on a 3- to 5-year rotation. Candidate core wildland sites have been specifically
selected to be as representative as possible of the ecoclimatic variability in each domain (Table 1; WebTable 1).
Nonetheless, one may question whether 20 sites can adequately address the ecoclimatic variability in a large,
diverse continental area. The shading in Figure 3 represents the degree to which the ecoclimatic characteristics of
the candidate core wildland sites represents environments
in the conterminous US. Inspection of the figure shows
that the Eastern portion of the country is generally wellrepresented, although southern Florida and the Gulf Coast
are somewhat less well covered than the majority of the
East. Representation in these areas would probably
increase if the NEON Core site for the Atlantic
Neotropical domain had been included in the analysis. In
the West, representation is more heterogeneous, particularly in the desert Southwest and in the Rocky mountains.
This is because of the high degree of linked climatic and
biological variation related to complex mountainous terrain.
The observatory design, including both permanent core
sites and relocatable sites, allows for planned contrasts
within domains (eg mature versus young forest, urban
versus wildland) and comparisons across domains (eg
urban–rural in the Northeast and Southwest, nitrogen
deposition effects in forests from the Southeast to the
Northeast), using a core-and-constellation strategy.
Mobile systems for short deployments (weeks to months)
supplement the core and relocatable sites to explore
details within these sites and to study discrete events and
variability in the domains. Currently, there is approximately one planned mobile system per domain. These
systems may be assigned to network tasks or to calls from
individuals or groups of investigators. The design is based
on rigorous scientific priorities and scaled to maintain
budget discipline. Present scientific questions guide the
first cycle of deployment; additional questions will be
implemented as the network matures.
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F i g u r e 2 . A Stommel diagram of temporal and spatial scales for
the components of the observational design of NEON.

While the set of candidate core sites provides a reasonable, static representation of the ecoclimatic variability
for the continental region, scaling from point observations to the continent remains challenging. Each NEON
domain observatory physically occupies a relatively small
area and trades breadth of coverage for depth of insight.
Modern, high-resolution, airborne remote sensing allows
us to add a second strategy; the combination of imaging
spectrometry (which can retrieve the chemical composition and, often, species composition of vegetation) with
imaging lidar (light detection and ranging, which
retrieves three-dimensional structural properties of vegetation) will provide regional coverage of key ecosystem
properties. Imaging each NEON site regularly with 1.5-m
resolution coverage, but expanding the scale to hundreds
of square kilometers, provides a context for each site that
allows the local observations of processes and responses to
climate to be extended in space and generalized.
NEON data products will integrate the local and

F i g u re 3 . NEON domain boundaries for the conterminous US
(in red) determined using the procedure described in WebPanel 1.
Locations of candidate core sites (Table 2) are represented by red
symbols. The shading from white (well-represented) to black
indicates the quality of representation for a given area, based on
the set of candidate core sites.
www.frontiersinecology.or g
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Table 1. Criteria for NEON candidate core sites
1

(1) A wildland site representative of the domain (vegetation,
soils/landforms, climate, ecosystem performance)
(2) Provides access to relocatable sites that respond to regionaland continental-scale science questions2,3, including connectivity4 within the domain
(3) Year-round access, permitting available land tenure secure for
30 years, air space unimpeded for regular air survey, potential
for an experimental set-aside
Notes: 1Wildland is defined as “a predominantly unmanaged ecosystem that has
vegetation characteristics representative of its domain” (Field et al. 2006). 2Science
questions posed at the continental and domain scale:
• Land-use theme: what are the within-domain contrasts that can be studied with
this site?
• Biodiversity–invasives–disease theme: what are the within-domain contrasts?
• Climate change–ecohydrology–biogeochemistry theme: what are the withindomain contrasts?
• Climate change–ecohydrology–biogeochemistry theme: what are the acrossdomain contrasts?
3
Relocatable sites should generally be located within three hours’ travel time of the
core site. 4Connectivity is defined by NEON as “the linkage of ecological processes
across space” (see www.neoninc.org/documents/NEONDESIGN-0001vA.pdf).

regional measurements to quantify how processes are
responding to climate, land use, and species changes
across each NEON domain. The combined site data and
airborne remote sensing data extend NEON observations
of ecological processes and responses to scales large
enough to correspond to space-borne remote sensing and
other geographic data collected operationally (Figure 2).
The NEON information system is structured with
time–space coordinates that allow a natural merger
between NEON’s local and regional observations and
national-scale satellite observations, to systematically link
detailed ecological observations with global surveillance.
The NEON observing strategy provides strategic, critical biological and physical observations, distributed over
the landscape via a statistical observing design, so that,
together, the observatories constitute a single, virtual
instrument sampling the entire US. This virtual instrument can not only determine average changes over the
whole country (through its sampling, scaling, and observing design) but, like a telescope, can observe the critical
texture within the country and distinguish among regions
with different drivers of change, or different responses to
change, as well as sampling vectors for transport of materials, organisms, and energy. NEON strategically
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addresses gaps in the scales of our current observing systems by recognizing that biology is both a global and a
highly local phenomenon, and reconciling the scaleobserving requirements of these two aspects of life. While
the NEON design cannot address all of the questions
raised in this Special Issue (Peters et al. p 229), as a
research platform, it will be the backbone of evolving
efforts to observe, understand, and forecast environmental change in the Anthropocene Era.
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