SPECIAL FEATURE: NEON DESIGN

The plant diversity sampling design for The National Ecological
Observatory Network
DAVID T. BARNETT,1, PETER B. ADLER ,2 BENJAMIN R. CHEMEL,3 PAUL A. DUFFY,4 BRIAN J. ENQUIST,5
JAMES B. GRACE ,6 SUSAN HARRISON,7 ROBERT K. PEET,8 DAVID S. SCHIMEL,9 THOMAS J. STOHLGREN,10
11
AND MARK VELLEND
1
Battelle Memorial Institute, 1685 38th Street Suite 100, Boulder, Colorado 80301 USA
Department of Wildland Resources and the Ecology Center, Utah State University, 5230 Old Main, Logan, Utah 84322 USA
3
Northern Rockies Conservation Cooperative, 185 Center Street, Jackson, Wyoming 83001 USA
4
Neptune and Company Inc., 1435 Garrison Street Suite 100, Lakewood, Colorado 80215 USA
5
Department of Ecology and Evolutionary Biology, University of Arizona, PO Box 210088, 1041 E Lowell Street, Tucson, Arizona 85721
USA
6
U.S. Geological Survey, Wetland and Aquatic Research Center, 700 Cajundome Boulevard, Lafayette, Louisiana 70506 USA
7
Department of Environmental Science and Policy, University of California, Davis, California 95616 USA
8
Department of Biology, University of North Carolina, Chapel Hill, North Carolina 27599-3280 USA
9
NASA Jet Propulsion Lab, 4800 Grove Drive, Pasadena, California 91109 USA
10
Natural Resource Ecology Laboratory, Colorado State University, Fort Collins, Colorado 80523-1499 USA
11
Departement de biologie, Universite de Sherbrooke, 2500, boulevard de l’Universite, Sherbrooke, Quebec J1K 2R1 Canada
2

Citation: Barnett, D. T., P. B. Adler, B. R. Chemel, P. A. Duffy, B. J. Enquist, J. B. Grace, S. Harrison, R. K. Peet, D. S. Schimel,
T. J. Stohlgren, and M. Vellend. 2019. The plant diversity sampling design for The National Ecological Observatory
Network. Ecosphere 10(2):e02603. 10.1002/ecs2.2603

Abstract. The National Ecological Observatory Network (NEON) is designed to facilitate an understanding of the impact of environmental change on ecological systems. Observations of plant diversity—responsive to changes in climate, disturbance, and land use, and ecologically linked to soil, biogeochemistry, and
organisms—result in NEON data products that cross a range of organizational levels. Collections include
samples of plant tissue to enable investigations of genetics, plot-based observations of incidence and cover
of native and non-native species, observations of plant functional traits, archived vouchers of plants, and
remote sensing airborne observations. Spatially integrating many ecological observations allows a description of the relationship of plant diversity to climate, land use, organisms, and substrates. Repeating the
observations over decades and across the United States will iteratively improve our understanding of those
relationships and allow for the testing of system-level hypotheses as well as the development of predictions of future conditions.
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INTRODUCTION

organizational levels in a deﬁned space and time
(Heywood 1995, Hubbell 2001, Stohlgren 2007),
contributed to the origins of the theory and practice of ecology (Darwin 1859, Magurran and

Observations of plant diversity, a multifaceted
concept that considers variation at multiple
❖ www.esajournals.org
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diversity data; and (3) the data must be informative and made freely available to the ecological
community (Keller et al. 2008).
The National Ecological Observatory Network
(NEON) will collect consistent and comparable
ecological data across the continent for three decades. The Observatory is designed to enable
understanding and forecasting of the impacts of
climate change, land-use change, and invasive
species on continental-scale ecology by providing infrastructure and consistent methodologies
to support research and education (Keller et al.
2008). Greater insights into ecological cause and
effect relationships will be facilitated by integrating ongoing systematic observations of the drivers of change and ecological response at 47 sites
throughout the continental United States, including Alaska, Hawaii, and Puerto Rico (Vitousek
1994, Keller et al. 2008, Luo et al. 2011a, b). The
sites encompass wild spaces and cross a variety
of gradients (e.g., land use, species invasion,
nitrogen deposition) to address regional and continental-scale ecological questions. The NEON
design (Keller et al. 2008, Schimel et al. 2011)
and sampling of terrestrial organisms and soil
(Kao et al. 2012, Thorpe et al. 2016) are described
in greater detail elsewhere.
The NEON objectives provide context for the
observations of plant diversity. The goal of
NEON is to (Schimel et al. 2011):

McGill 2010). Study at multiple resolutions—genetic (Hinchliff et al. 2015), trait (Adler et al.
2014, Enquist et al. 2015), population (Clark
et al. 2004, 2011), community (Vellend 2010,
Clark et al. 2012), region (Zobel 1997, Huston
1999), and globe (Kreft and Jetz 2007)—has
proved critical to understanding dynamic interactions of pattern and process such as species
interactions (Suttle et al. 2007, Adler et al. 2013),
species–environment relationships (ter Braak
1987, Stohlgren et al. 1999), and the relationship
of plant diversity to the structure and function of
ecosystems (Diaz et al. 2004). These interactions
are sensitive to change. Disturbance, land use,
trade and transportation, and changing climate
result in the redistribution of species in novel
environments (Lonsdale 1999), altered abundances (Knapp et al. 2002), and local extirpation
(Sax and Gaines 2003). The examples are numerous and from all parts of the world, yet considerable uncertainty regarding the impact of
accelerating changes such as climate change
(Walther et al. 2002, Moritz and Agudo 2013,
Ash et al. 2016), species invasions (Jeschke et al.
2014), and ecological heterogeneity (Stein et al.
2014) on the status and trending patterns of plant
diversity persists.
Disentangling uncertainty to further the understanding of changing patterns of plant diversity
will beneﬁt from new approaches to consistent
and comparable ecological information (Keller
et al. 2008, Collins 2016). Traditional funding
cycles do not support long-term observations of
ecological forcing factors and responses across
large spatial extents (Magurran et al. 2010). Coupling the observations of plant diversity with the
measurement of climate, atmosphere, and biogeochemistry across the United States would generate robust understanding of the drivers of plant
diversity (Stohlgren et al. 1999, Peters et al. 2004).
Observation over decades could illuminate patterns of change and facilitate the iterative forecasting of future conditions (Clark and Gelfand
2006, Luo et al. 2011a, b). A network with this
capacity faces challenges: (1) The methods must
produce consistent and comparable data, yet be
appropriate to the plant richness and structure
observed in each unique ecological system; (2)
the plant diversity data must be capable of integration with other data streams produced by the
network as well as other sources of plant
❖ www.esajournals.org

1. Enable understanding and forecasting of the
impacts of climate change, land-use change,
and invasive species on aspects of continental-scale ecology such as biodiversity, biogeochemistry, infectious diseases, and
ecohydrology.
2. Enable society and the scientiﬁc community
to use ecological information and forecasts
to understand and effectively address critical ecological questions and issues.
3. Provide physical and information infrastructure to support research, education, and
land management.
Traceable links between these high-level goals
and the data the Observatory network produces
provide a top-down framework for the development of this NEON plant diversity science design.
The scope of the NEON mission is deﬁned by the
Grand Challenges in environmental science
2
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identiﬁed by the National Research Council
(2001, 2003). High-level requirements synthesize
the mission, Grand Challenges, and theoretical
basis for measurements into formalized statements that describe the fundamental aspects and
guiding architecture of the NEON strategy (Schimel et al. 2011). The plant diversity design is part
of this requirements-driven hierarchical structure
that provides both guidance and constraints for
the plant diversity-speciﬁc criteria, requirements,
design, and resulting data products.

coordinated approaches to measuring plant diversity; and (4) the observations across space and time
must be relevant for the life of the Observatory network. These criteria provide context for plant
diversity-speciﬁc requirements that are also specifically linked to the high-level NEON requirements
to ensure traceability and consistency across the
continent for 30 yr (Table 1).

Objectives of the plant diversity sampling
A clear articulation of the objectives and scope
of the plant diversity design will ensure an ongoing contribution of requirement-constrained and
informative data to NEON (Cochran 1977,
Lindenmayer and Likens 2009, Gitzen and
Millspaugh 2012):

DESIGN CRITERIA
Design criteria that guide the NEON design for
sampling plant diversity include the following: (1)
The observations must enable an understanding of
changing patterns in plant diversity; (2) observations must be collocated with other NEON data;
(3) the methods must be comparable through time,
across NEON sites, and to other network or

1. Plant diversity objective: Observations are
designed to clarify the causes and consequences of changes in spatial and temporal
patterns of plant diversity.

Table 1. Traceability between a subset of the high-level National Ecological Observatory Network (NEON)
requirements that guide the cohesive design of the NEON across all science, engineering, education, and cyberinfrastructure and the plant diversity requirements that further deﬁne the context and parameters of the plant
diversity design and resulting data products.
Plant diversity design requirements
NEON measurements of plant diversity will include
observations of plant genomics, native and invasive plant
species, and functional traits collocated with other NEON
observations of bird, small mammal and ﬁsh species, soil,
and atmosphere
Observations of plant diversity will be collocated with local
measures of ecosystem properties and within the same and
other dominant landscape characteristics at the scale of the
site
Observations of plant diversity will facilitate spatial
extrapolation that can be linked to remote sensing and
integrated with other sources of plant diversity data across
the continent
NEON will sample plant diversity with sufﬁcient intensity to
allow detection of changes over the life of the Observatory
Minimally, plant diversity will be observed each year to
enable detection of annual rates of change
NEON shall observe plant diversity with repeatable and
standardized methods that will allow comparison within
and across sites and through time

❖ www.esajournals.org

Select high-level NEON requirements
NEON’s measurement strategy will include coordinated and
co-located measurements of drivers of environmental change
(physical and chemical climate, land use, and biological
invaders) and biological responses (matter and energy ﬂuxes,
biomass and plant productivity, diversity and genomics of
key organismal groups, infectious diseases and community,
phenological and population indicators)
NEON’s spatial observing design will systematically sample
national variability in ecological characteristics, using an a
priori division of the nation to allow extrapolation from
limited intensive sampling of core wildland sites back to the
continental scale
NEON will allow extrapolation from the Observatory’s local
sites to the nation. NEON will integrate continental-scale data
with site-based observations to facilitate extrapolation from
the local measurements to the national Observatory
NEON infrastructure and observing system signal-to-noise
characteristics will characteristics will be designed to observe
decadal-scale changes against a background of seasonal-tointerannual variability over a minimum 30-yr lifetime
NEON observing strategies will be designed to support new
and ongoing ecological forecasting programs, including
requirements for state and parameter data, and a timely and
regular data delivery schedule
NEON measurements will be standardized and calibrated to
allow comparison across sites and over time to enable
understanding of ecological change in time and space.
Calibration and standardization will also allow new sensors/
measurements to be calibrated against the old
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2. Quantiﬁed sampling objectives: Nominally,
sampling must determine annual rates associated with the change of plant species composition, abundance, and richness at the
spatial scale of a NEON site. Measurements
are required to meet an overall uncertainty
of 10–20% of the mean in the annual timescale to allow detection and quantiﬁcation
of most trends over the 30-yr time span of
NEON (Schimel et al. 2011).
3. Data to be collected: Plant tissue from a subset of species found at each site will be collected and made available for genetic
analyses, plant species presence and abundance will be recorded in multi-scale vegetation plots, and functional traits will be
assessed using a variety of protocols.
4. Population to be sampled: The target will be
the species in all but the most rare cover
types (>5% of the site) within the extent of
NEON sites. A statistically rigorous sample
design provides a framework for sampling
(Barnett et al., in press).
5. Sampling frame: The spatial extent of
NEON sites bounds the area available to
sample plant species (Bonar et al. 2012).
Most sites were deﬁned by the location of
the tower-based sensor measurements and
the associated management or ownership
boundary. NEON sites range in size from
agriculture sites (e.g., Sterling, CO 3.2 km2)
to wildland sites (e.g., Central Plains Experimental Range, 65 km2). In a few cases, the
area available for sampling was too large to
be reasonably sampled, given budget and
travel constraints. In these cases, primarily
large national parks, a subset of the area
was deﬁned as a sampling frame to address
large-scale NEON science questions (Schimel et al. 2011) and other NEON measurements or atmosphere and soil.
6. Intended Analyses: Analyses will largely be
carried out by the members of the ecological
research community according to the speciﬁc
questions they choose to ask of Observatoryproduced data. Plot-based sampling according to a probability-based design allows the
use of variance estimators that allow inference to the unsampled population (Cochran
1977, Thompson 2012), allows for a variety of
model-based approaches to inference, and
❖ www.esajournals.org

avoids optimization for a particular organism
or analysis (Bonar et al. 2012).
The plant diversity design is informed by these
requirements and objectives. The resulting data
products, tissues, and vouchers result from speciﬁc design components that reﬂect the multifaceted approach to observing plant diversity:
gene expression and phylogenetic differences,
species-level taxonomic classiﬁcations, functional
characteristics, and remote sensing.

Collection of material for assessments of plant
species genetic diversity
National Ecological Observatory Network will
collect and curate foliar material for analysis of
genetic diversity. Plant tissue collections are integral to next-generation phylogenetic and systematics studies (Soltis et al. 2013) including
building morphological–genetic relationships
(Hamrick and Godt 1996), identifying species
(Kress et al. 2005), and providing a foundation
for population genetics and phylogenetic studies
(Drew et al. 2013). NEON will make available
plant tissue from select plant species for analysis
by the ecological community.
Material from a subset of species at each site
will be collected; it is beyond the scope of the
NEON effort to collect material on every species
documented in plant diversity observations. To
integrate NEON measures of vegetation, plant
tissue will be collected from species speciﬁcally
targeted for phenological observation (see
Elmendorf et al. 2016 for a description of NEON
plant phenology sampling). Initially, the phenology effort will focus on three dominant species
of different growth forms that are found near the
NEON ﬂux tower. After several years, twenty
species representing a diversity of functional
groups and relative abundances in the same area
will be observed. Many of these species will also
be targeted for foliar biogeochemistry (Hinckley
et al. 2016) measurements and subjected to biomass and productivity observations (C. L. Meier
et al., in preparation) across NEON sites. In some
cases, the individual from which plant material
is retrieved for the genetic archive will be the
subject of the phenology, foliar biogeochemistry,
and other vegetation protocols.
The plant tissue collection will balance tradeoffs between intra- and interspeciﬁc diversity
4
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1-m2 subplots (Fig. 1). NEON ﬁeld staff stationed
at regional ofﬁces will be trained and calibrated
annually at both local and Observatory-wide
trainings and by exchange across the Observatory.
These botanists and plant technicians will make
the following observations:

(Gemeinholzer et al. 2010, Neves and Forrest
2011). Tissue from ten individuals of each the
species selected for phenology sampling will be
collected—from the phenology plot near the
tower, Distributed Base Plots (see Thorpe et al.
2016), and, when necessary, opportunistically
across each site—every ﬁve years. Tissue will be
ﬂash-dried on silica in the ﬁeld and archived at
an external facility at 20°C (Neubig et al. 2014).
A minimum of one voucher for each population,
from which tissue will also be collected and
appropriately labeled, will be collected and
archived. Under the assumption that rates of
change will not be sufﬁcient to justify the cost of
annual collections, tissue will be collected every
ﬁve years and be made available through an
archive facility for principle investigator-driven
research.

1. The identity of each species according to
naming conventions maintained by the U.S.
Department
of
Agriculture,
Natural
Resources Conservation Service PLANTS
Database (USDA, NRCS 2016) will be
recorded in each subplot—eight 1 m2, eight
10 m2, and four 100 m2. Because the NRCS
database is dynamic, the date data were
accessed will be included on the NEON data
portal.
2. Estimates of taxon-speciﬁc abundance will
be made with estimates of cover within the
1-m2 subplots.
3. A detailed description of the collection,
including all variables measured, the coverabundance estimates, and treatment of
growth forms, is available in the NEON protocol for sampling plant diversity (Barnett
2018).

Plot-based sampling of plant species diversity and
abundance
Observations of plant species will be made
within multi-scale plots at NEON sites. Documenting the composition and abundance of native
and non-native plant species satisﬁes the requirements that “NEON’s measurement strategy will
include. . .biological invaders. . .and diversity of
key organismal groups” and “NEON measurements of plant diversity will include. . .native and
invasive plant species.” Critical components of
the design include the following:

Little exists in the way of a standardized protocol for sampling plant species diversity that is
suitable for a continental-scale Observatory. Biodiversity Observatories in Africa developed a
multi-scale plot that is very similar to the Whittaker plot (Shmida 1984) for sampling and scal€ rgens et al.
ing across diverse land cover (Ju
2012). However, GEO BON (Scholes et al. 2017),
for example, stresses the importance of documenting key variables, but does not go beyond
discussion of a diversity of methods for in situ
collection due to site-speciﬁc requirements
(Pereira et al. 2017). A protocol typically reﬂects
speciﬁc questions or objectives, and the various
options have trade-offs (Stohlgren 2007). However, NEON plant diversity sampling must suit
the countless questions directly related to NEON
high-level questions that consumers of the data
will ask. The requirements framework provides
direction (Table 1). NEON requirements specify
“. . .the co-location of data, detection of trends,
and comparability through time and space,” and
resulting plant diversity-speciﬁc requirements
state that sampling be “. . .implemented in a

1. the multi-scale plot that facilitates repeatable observations at a variety of scales,
2. the spatial and temporal sample design to
facilitate detection of trends within and
across NEON sites, and
3. the data products and possible analyses.
Plot design.—NEON will sample plant species
with a multi-scale plot design that borrows from
techniques pioneered by Whittaker (Shmida
1984), adopts modiﬁcations of his initial approach
(Stohlgren et al. 1995), and shares scales of measurement as well as subplot and plot shapes with
a standard proposed by Dengler (2009), but most
closely emulates the approach developed by the
Carolina Vegetation Survey (Peet et al. 1998).
Plant taxonomic composition will be recorded in
20 9 20 m square plots comprised of four
10 9 10 m subplots containing nested 10- and

❖ www.esajournals.org
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Fig. 1. A schematic of the multi-scale plot for sampling plant species diversity and abundance (Peet et al.
1998). The plot is nested within a larger plot designed to accommodate other NEON protocols such as soils, beetles, and plant biomass and productivity; the corner points and associated subplot identiﬁers are numbered to
correspond to this larger plot (Thorpe et al. 2016).

species abundance and richness. With many
plots—a modiﬁed version of Whittaker’s plot—
across multiple U.S. states, Stohlgren et al. (1998,
1999, 2003) contributed to a general understanding of environmental plant species controls of
invasion.
The method must be precise, accurate, and
efﬁcient to contribute to an understanding of
changes in plant species composition through
time (Stohlgren 2007). These attributes can be
antithetical. Consideration of the advantages
and disadvantages of available designs in the
context of NEON requirements resulted in the
selection of the square, 400-m2 plot design.
Considerations and design trade-offs included
the following:

design that facilitates the intersection of plant
diversity data and other ecological responses
with factors that drive ecological pattern. . .” A
plot-based method is repeatable, allows collocation of protocols, and is capable of describing
species–environment relationships (Stohlgren
2007).
Plot-based efforts have demonstrated the
capacity to compare dynamic species–environment relationships across time and space. In an
effort to elucidate species–environment relationships, the large, multi-scale plot design borrows
from a method Whittaker developed for gradient
analysis and ordination techniques (Whittaker
1960). Revisiting some of Whittaker’s plots,
Damschen et al. (2010) documented changes in
❖ www.esajournals.org
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1. Plot size.—Larger plots detect a greater number of species at local, plot scales. Highly linear transects (Parker 1951) and pointintercept methods (Barbour et al. 1999) tend
to miss locally rare and highly aggregated
species because they are vulnerable to spatial autocorrelation, are biased toward
broad-leaved species, and are only suitable
for sampling understory or grass/herbaceous species (Stohlgren 2007). Small plots
(Daubenmire 1959, Whittaker 1960) increase
detection rates but tend to capture fewer
species than large plots due to the small
total area sampled (Gilliam 2007). However,
accurate and repeatable estimates of cover
can be difﬁcult in large plots and recording
all species across hundreds of square meters
takes considerably more time than smaller
plots (Stohlgren 2007). At 400 m2, the
NEON plot is large relative to transect and
small-plot methods (Parker 1951, Daubenmire 1959), but smaller than both the 1000m2 plots commonly used to intensively document local species composition (Whittaker
1960, Stohlgren et al. 1995, Peet et al. 1998)
and plots designed for mapping and tracking the location and identity of tree species
(Condit 1996). The NEON plot represents a
compromise designed to capture species
across a diversity of systems with replication within each site.
2. Multi-scale sampling.—A multi-scale plot
provides a data-rich product, but each plot
is time-consuming. Observing and recording plant diversity at numerous subplots
across multiple scales within a single plot
requires more time than single-scale observations. The resources associated with this
sampling time could be spent on a larger
sample size or other components of NEON.
However, the capacity of the design to meet
NEON requirements justiﬁes the expense.
The multi-scale approach allows for a consistent, baseline plot size within and across
sites that is well suited for describing the
composition and cover-abundance (direct
estimates of cover, e.g., Walter et al. 2015) of
herbaceous species at small 1-m2 scales and
capturing diversity of large-stature, wellspaced tree species at 100- and 400-m2 scales
(Peet et al. 1998, Gilliam 2007), satisfying
❖ www.esajournals.org

the NEON requirement that measurements
be “standardized and calibrated to allow
comparison across sites and over time to
enable understanding of ecological change
in time and space.” The multi-scale plot will
enable detection of these spatio-temporal
changes, addressing the requirement that
NEON “. . .establish the link between environmental cause and effect” by allowing
description of patterns of within-plot heterogeneity, species overlap, and the detection of
trends at a variety of spatial scales where
different forcing factors might operate.
Finally, collecting data at a variety of scales
facilitates comparison to other networks
recording plant diversity data. Scales of
observation coincide in some cases; the 1-m2
plots observed by the Nutrient Network
(Adler et al. 2011, Dengler et al. 2011) are
directly comparable to the NEON 1-m2 subplots. In cases where scales of observation
do not coincide, the multi-scale NEON data
enable the development of plot-speciﬁc
species–area curves—a description of the
relationship between area and number of
species (Rosenzweig 1995)—that allow comparison to other methods (Stohlgren 2007).
When other observations efforts also include
multi-scale observations such as the U.S.
Forest Service Inventory and Analysis Program (Stolte 1997, Gray et al. 2012) and the
National Park Service Inventory and Monitoring Program (Fancy and Bennetts 2012),
plot-scale species-accumulation curves offer
an additional metric for the comparison of
plant diversity (Fridley et al. 2005, Stohlgren
2007). Comparability of data is essential to
continental-scale ecology and addresses the
requirement that “NEON will allow extrapolation from the Observatory’s local sites to
the nation. . .”
3. Plot shape.—Linear or rectangular methods
for observing plant diversity tend to observe
more species than circular or square plots of
similar size. The larger perimeter-to-area
ratio of rectangles is likely to cross a larger
environmental gradient and encounter different species that exploit that habitat diversity. Whittaker’s 20 9 50 m multi-scale plot
(Shmida 1984) contained nested subplots
that changed shape with scale, confounding
7
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Stohlgren 2007), and integrates with other
NEON protocols and data streams. For
example, the square plot and nested subplots will be more comparable to the square
pixels of NEON’s high-resolution remote
sensing data. Pixels and plots may not align,
but the multi-scale diversity, vegetation
structure, and foliar chemistry data collected
will be better integrated when plots and pixels are the same shape (Carlson et al. 2007),
satisfying the requirement that “NEON’s
measurement strategy will include coordinated and co-located measurements of drivers of environmental change and biological
responses. . .”

the perimeter-to-area ratio across scales and
resulting species–area curves (Fig. 2). The
Carolina Vegetation Project plot (Peet et al.
1998) partially resolved this issue by nesting
square plots within square 100-m2 modules,
maintaining a square until the ten modules
(2 9 5) result in the 1000-m2 rectangular
plot. The NEON plot, composed of four Carolina Vegetation Project modules (2 9 2), is
square. It takes less time to sample than larger rectangles (Barnett and Stohlgren 2003,

Spatial sampling design.—The sample design—
the mechanism for distributing plots across sites
—addresses multiple design requirements and
constraints. It must be sufﬁciently general to
direct a diversity of organism and soil observations within sites from Puerto Rico to Alaska.
The resulting data must support a diversity of
questions and analytical approaches and must
facilitate integration of data across other NEON
collections of biogeochemistry, atmosphere, and
ecohydrology (Schimel et al. 2011) to address the
high-level requirement of enabling the link
between ecological cause and effect.
The unbiased sample associated with randomization (Cochran 1977, Thompson 2012) is the
foundation of the NEON sample design (Barnett
et al., in press). It eliminates the potential for bias
and allows design-based inference of population
parameters from points to the unsampled landscape with design-based estimators (Sarndal
1978, Stehman 2000). Model-based or gradient
designs might better optimize for other
approaches to inference, but data collected
according to a random design can be assimilated
into numerous model-based approaches (Cressie
et al. 2009).
Plant diversity observations will be made at
three of the 20–30 plots randomly placed near
(250–1400 m radius) the NEON tower (Tower
Base Plots; Thorpe et al. 2016). These measures
allow within-plot collocation with observations
of vegetation biomass, productivity, structure,
and soil (Hinckley et al. 2016) and nearby observations of plant phenology (Elmendorf et al.
2016). The three plots also quantify the

Fig. 2. Plot-speciﬁc species–area curves in log–log
space (Rosenzweig 1995) provide a means to compare
plot-speciﬁc species richness and heterogeneity.

❖ www.esajournals.org
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within site strata as described by these cover
classes promotes the description of local
landscape characteristics essential to the continental-scale Observatory. NEON domains—a
stratiﬁcation of the continent—were derived
from eco-climatic factors (Hargrove and Hoffman 2004) that contribute to large-scale patterns
of vegetation. Within each domain, NEON sites
are selected to represent the dominant vegetation
type in the domain (Schimel et al. 2011). At each
NEON site, the tower-based sensors were positioned to measure these dominant vegetation
types. Placing plant diversity plots in the airshed
of tower-based sensors will quantify relationships between state factors—variables that control characteristics of soil and ecosystems
(Chapin et al. 2012, Clark et al. 2012, Sala et al.
2012)—and ecological responses. Sampling these
same dominant cover classes across the scale of
the site will help quantify the variation in plant
diversity across larger areas and facilitate extrapolation to larger scales (Urquhart et al. 1998), satisfying the requirement that “NEON shall
address ecological processes at the continental
scale and the integration of local behavior to the
continent. . .” Initial sampling will exclude the
rarest NLCD cover types (<5%) within each
NEON site. Focusing available effort extends the
guiding principle that the data must be meaningful in the context of NEON objectives. However,
by excluding rare cover types, species and trends
associated with a component of native and nonnative ﬂora will go undetected (Stohlgren et al.
1999). A continental-scale observatory targeting
complete censuses of rare species would require
many more plots and sites.
Comparability across strata and sites is crucial
to enabling the function of the continental Observatory: describing how variability in forcing factors at sites across the United States drives
different patterns in plant diversity or distributions of speciﬁc species within each site. However, comparison of diversity data is challenged
by site size and environmental heterogeneity
(Rosenzweig 1995, Gotelli et al. 2009), level of
expertise, and effort (Gotelli and Colwell 2001,
Chao et al. 2009). The design controls for these
sources of variability with a diversity-based
approach to sample intensity, attempting to
sample to the inﬂection point of sample speciesaccumulation curves in each stratum targeted for

variability of plant diversity in the landscape
reﬂected in sensor-based measures of soil and
atmosphere to allow direct and rigorous quantiﬁcation of how plant diversity might impact—or
be impacted by—those physical and chemical
dynamics (Kao et al. 2012, Thorpe et al. 2016).
These plots satisfy the requirement that “NEON’s
measurement strategy will include coordinated
and co-located measurements of drivers of environmental change. . .”
The majority of the plant species diversity
sampling effort will focus on describing variation
across the larger areas (Distributed Base Plots
across sites ranging 5–214 km2; Thorpe et al.
2016). The capacity of observations to describe
trends depends on space–time variation in the
response as well as logistical and ﬁnancial constraints that govern sample sizes. Previous studies (Stohlgren 2007) and early input from the
ecological community resulted in initial baseline
funding for a sample size of 30–40 plots that will
be distributed across each site. Additional power
analysis (Thompson 2012) described sample sizes
necessary for differentiating magnitude of trends
between two sites as an initial case study. The
test prescribed a sample size (about 20 plots/site
depending on variability in space and time)
robust to a variety of questions that might be
asked of the data (see Barnett et al., in press). The
obligation to insure the data provide tangible
contributions to elucidating the drivers of space–
time trends (Legg and Nagy 2006, Keller et al.
2008, Schimel et al. 2011) and to address the
requirement that “NEON infrastructure and
observing system signal-to-noise characteristics
will be designed to observe decadal-scale
changes against a background of seasonal-tointerannual variability over a minimum 30-yr
lifetime” resulted in several additional components of the sample design.
Stratiﬁcation—the division of the landscape
into non-overlapping subareas from which sample locations are identiﬁed (Cochran 1977)—increases sampling efﬁciency (Cochran 1977) and
provides a framework for describing the variability of landscape characteristics targeted by the
NEON design. The National Land Cover Database (Fry et al. 2011) provides a continuous land
cover classiﬁcation across the United States
including Puerto Rico, Alaska, and Hawaii that
can be consistently applied across sites. Sampling
❖ www.esajournals.org
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a means to that end and avoids, for example, a
distribution of ﬁfteen plots in 10 km2 of deciduous forest and the same number of plots in
100 km2 of evergreen forest. The design recognizes that disproportionate levels of plant diversity can be found in relatively rare vegetation
types (Myers 1990, Debinski et al. 1999, Stohlgren et al. 1999) by allocating samples proportionate to the square root of the area of each stratum
targeted for sampling. This results in a greater
absolute number of plots in large cover types,
but a larger number of plots in smaller cover
types than would have resulted from an allocation directly proportional to the area of cover
types. While this design will not be valid for all
sites and vegetation cover types, the approach
increases the likelihood of sampling beyond the
steepest part of the species-accumulation curve
while protecting against reaching the plateau
(i.e., oversampling). The diversity-based standard satisﬁes the requirements that “NEON measurements will be standardized and calibrated to
allow comparison across sites and over time,” to
ultimately ensure that NEON “. . .observe the
causes and consequences of environmental
change in order to establish the link between
ecological cause and effect.”
Temporal sampling design.—The design must
ensure that observations detect patterns of plant
species diversity through time. The frequency
and timing of sampling will be guided by the
requirement to enable the documentation of
annual rates of change that coincide with summaries of climate data and the requirement of
documenting the dynamics of dominant cover
types in the vicinity of the tower and across the
site. Implementing the protocol at each plot at
least one time each year will enable the quantiﬁcation of annual rates of change. These sampling
bouts will occur during a one- to two-month
period when the majority of species ﬂower or
possess other parts conducive to identiﬁcation.
This period will generally be targeted by annual
peaks in greenness as measured by MODIS,
input from local ecologists, and by the ﬂowering
of those species observed as part of the NEON
phenology observations. Ephemeral and cryptic
species that do not ﬂower or are not present during this sampling might be missed (Magurran
et al. 2010). The multiple bouts required to detect
these species are prohibitively expensive and not

sampling (Fig. 3). Because the number of plots
required to reach this inﬂection point is not
known a priori, it is initially assumed that area
can serve as a proxy for the heterogeneity
(Kotliar and Wiens 1990, O’Neill et al. 1991, Pickett and Cadenasso 1995) that typically promotes
diversity (Collins 1992, Harrison et al. 2003).
Within each site, placing more plots in vegetation
types with a greater footprint on the landscape is

Fig. 3. A biodiversity-based approach to standardizing effort may facilitate comparability of trends and
patterns across sites (A) and across National Land
Cover Database cover types within a site (B), as shown
with data from NEON sampling efforts at the Talladega National Forest in Alabama. Species richness at
sites and within cover types might be best compared
at the inﬂection point on species-accumulation curves
that may have been reached at the Jornada Experimental Range and the Central Plains Experimental Range
with extant sample sizes, but remains elusive at the
Talladega National Forest.
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warranted given the requirement to track dominant cover types and species. Some NEON sites
experience multiple distinct phenological peaks
populated by different species. For example, the
Sonoran Desert (represented by the NEON site at
the Santa Rita Experimental Range) experiences
a bimodal precipitation regime with rain in late
winter and a monsoonal moisture pulse late in
the summer. Plant species particularly adapted
to the intersection of temperature and timing and
amount of precipitation ﬂower and can be identiﬁed during each event (Ogle and Reynolds 2004).
Such sites may require more than one sampling
event per year to adequately characterize annual
plant species composition and abundance.
Data and opportunities for analysis.—The data
from the plot-based sampling will result in lowlevel NEON data products that will be available
for download from the NEON data portal:

plant traits may describe ecosystem function better than plant species identity and abundance
(Loreau 2010). Functional traits—speciﬁc characteristics such as leaf size, seed size, and canopy
height—drive processes such as net ecosystem
exchange (Diaz and Cabido 1997, McGill et al.
2006). Further abstraction is obtained by grouping species with similar effects on ecosystem
function—functional types or functional groups
—such as evergreen shrubs and C3 and C4
grasses (Diaz and Cabido 1997, 2001, Hooper
et al. 2005). The functional concept provides a
framework for understanding the causes and
consequences of changes in plant diversity by
focusing on the mechanistic links between plants
and ecosystem processes and environmental
change (Diaz and Cabido 1997, Ustin and
Gamon 2010, Chapin et al. 2012, Hooper et al.
2012).
This component of plant diversity is not a
primary focus of NEON’s collection efforts,
but several protocols result in data products
or subproducts that can be found in plant
functional trait libraries (Appendix S1, Cornelissen et al. 2003, Kattge et al. 2011). NEON
will select a mix of dominant and rare species
for phenology observations (Elmendorf et al.
2016) and foliar biogeochemistry (Hinckley
et al. 2016), which will also be a subset of
those species documented in the plant biomass, structure, and diversity protocols. The
diversity of protocols collocated at sites,
focused on speciﬁc species, and often measured from the same individuals provides a
cohesive set of observations that could better
describe how and why vegetation and functional diversity are changing in response to a
variety of forcing factors.
The frequency of sampling will vary by trait,
but the complete suite of traits targeted for observation will be collected within the ﬁrst ﬁve years
of sampling at each site (Appendix S1). Phenology will be measured many times throughout
the growing season. Traits associated plant biomass and structure will be measured annually,
and foliar biogeochemistry will be sampled
every ﬁve years. Future efforts could collate these
data and supplemental data into a functional
trait library capable of furthering the NEON contribution to understanding the cause and consequences of ecological change.

1. Quality-controlled data on the presence and
cover of species at 1-m2 subplots.
2. The presence of species at 10- and 100-m2
subplots.
3. The complete species list in each 400-m2 plot
for each plot.
4. The nativity of species to the United States
according to the U.S. Department of Agriculture PLANTS Database.
5. Additional cover of other features (e.g.,
rock, litter, wood, water) in each 1-m2
subplot.
Analysis will largely be carried out by the ecological community. A goal is to collect data
according to a design robust to a variety of estimation and modeling techniques (Sarndal 1978,
Cressie et al. 2009). Design-based inference
requires data collected according to a probabilistic design (Bonar et al. 2012). Various modeling
approaches might beneﬁt from the collection of
data according to an alternative stratiﬁcation or
gradient or a random sample, but most can also
ingest data based on principles of randomization. The design-based estimators associated
with the NEON design were developed but are
discussed elsewhere (Barnett et al., in press).

Diversity of plant functional traits
Because the contribution to ecological processes can be redundant across plant species,
❖ www.esajournals.org
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Sample design for airborne observations of plant
species diversity and abundance

hyperspectral imagery to calibrate estimates
of diversity that can be extrapolated to the
airborne footprint (Rocchini et al. 2011, Schimel et al. 2013).

The estimation of patterns of plant diversity
from remote sensing information across large
spatial extents is an active area of research (Asner
and Youngsteadt 2012, Asner et al. 2012, Schimel
et al. 2013). Approaches involve the direct detection of species by isolating unique hyperspectral
signatures (Asner and Martin 2009, Kokaly et al.
2009), calibrating sensor returns and algorithmderived estimates of ecosystem properties (foliar
nitrogen, leaf area index, lignin content) with
plot-based measures of diversity (Carlson et al.
2007), and relying on the principal components
of the hyperspectral imagery (Rocchini et al.
2011, Schimel et al. 2013) as a proxy for plant
species diversity. While NEON will generally
rely on the ecological community to derive plant
diversity estimates from remote sensing data,
several airborne and ground-based NEON data
products will facilitate these efforts:

Linking ground and airborne data facilitates
the scaling of plant diversity data. In the absence
of the airborne data, site-scale plant diversity
metrics must be based on diversity indices (Hill
1973), model-based approaches (Kreft and Jetz
2007), or design-based estimators (Thompson
2012). Calibrating and then directly mapping
patterns of species distributions and diversity
with airborne imagery leverage what is otherwise a ground-based sample from multiple plots
to produce a census of diversity at NEON sites.
Developed across time, these spatial representations have the potential to describe otherwise
undetected and divergent patterns, rates of species turnover, and invasive plants species. The
airborne data can also facilitate scaling the spatial extent of patterns of plant diversity as well.
The plot data and airborne imagery might be
linked with other ﬁxed-wing and satellite remote
sensing platforms to scale diversity data to even
larger areas, furthering the NEON effort to
understand and forecast ecological change at
large scales.

1. The NEON remote sensing platform will ﬂy
at each NEON site annually, producing
LiDAR and hyperspectral products at resolutions <3 m (Kampe et al. 2010). These
data, particularly when combined with
ground-based observations, are useful for
mapping and extrapolating patterns of functional traits, functional groups, and multiple
metrics of plant diversity.
2. Dominant species will be mapped in plots
near the tower and across NEON sites to
track changes in biomass and calibrate the
airborne observations. Species-speciﬁc endmembers of the hyperspectral data can also
be identiﬁed by intersecting the spatially
explicit, plot-based stem maps with highresolution imagery (Asner and Youngsteadt
2012, Asner et al. 2012). In the instance that
the ratio of individual plant size to pixel
grain does not result in a pure pixel, unmixing techniques based on species-speciﬁc endmember bundles can be used to estimate
species cover fractions on a per-pixel basis
(Feret et al. 2008, Asner and Martin 2009).
3. Species richness, derived from either the
mapped distributions of dominant species
and/or the plot-based plant diversity observations, can be spatially linked to the diversity of principal components of the
❖ www.esajournals.org

Voucher specimens
NEON will create a physical record of species
recorded in plots and individuals sampled for
the genetic archive. Herbarium specimens will be
stored at NEON ofﬁces for training and validation purposes and sent to museums or other
facilities as part of the NEON Bioarchive program (Kao et al. 2012, Thorpe et al. 2016). The
archive provides a physical record of NEON taxonomic deﬁnitions and will support a variety of
alternative research questions over the life of the
Observatory (Vellend et al. 2011, Kao et al.
2012).

Logistics and adaptability
There is little precedent for an integrated ecological observatory at the scale of the United
States over decades. Implementation of the
design will be an iterative procedure. The ﬁrst
several years of data will test the design by confronting the assumptions, logic, and logistics
used in the design and development phase with
12
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4. Are there detectable trends in diversity over
time? Is variation across adjacent regions
synchronized, that is, what are the spatiotemporal dynamics?
5. How synchronous are temporal variations
among spatial scales? Do different scales
show more or less noise or trend?
6. Are variations in diversity among years
responsive to variations in summary climate
characteristics (e.g., mean annual temperature, maximum temperature, mean annual
precipitation, drought intensity)?
7. How stable is community productivity over
time? Is there a link to ﬂuctuations in
diversity?
8. Can trends in species composition over time
be linked to diversity and productivity
dynamics?
9. Will warming increase plant diversity where
plant growth is temperature limited, or will
warming and reduced moisture availability
result in decreased plant diversity?

real data and feedback from the user community.
For example, the time required to sample and
travel to plots will inform the accuracy of budgets to complete these tasks over the life of the
Observatory. Similarly, species richness and composition data from plot sampling will describe
spatial and temporal patterns of variability that
can be used to re-evaluate sample size, timing,
and frequency. Spatial patterns of variability will
also be informed by the airborne observations
that will also provide a novel, quantitative perspective on how well site-speciﬁc heterogeneity
is sampled by the design. Optimization of the
design in the ﬁrst years of the Observatory will
establish a system for the collection of local plant
diversity data capable of informing understanding at the scale of the continent.

FUTURE DIRECTIONS
The plant diversity data that NEON will provide will allow the ecological community to ask
numerous questions across spatial and temporal
scales and disciplines. The consistent collection
of plant diversity data linked with physical and
chemical dynamics of atmosphere, biogeochemistry, ecohydrology, and various organisms, populations, and communities will result in new and
robust patterns and through time will facilitate
the evaluation and development theory. Some
examples of the questions that might be asked of
the data include the following:

Iteration of the design
Collection of data provides the opportunity to
test and evaluate the design. The comparability
of species across sites based on the sample allocation, and the capacity of the data resulting to
detect spatio-temporal trends will be evaluated
during the ﬁrst several years of collection. Additionally, feedback from the consumers of plant
tissue collections and functional trait data and
from those integrating data with airborne and
other NEON data streams will be considered as
the NEON design is optimized. This iteration
must occur with input from members of the ecological community: The data must be relevant to
speciﬁc questions and analytical approaches and
it must facilitate insights the next generation of
ecologists will produce.

1. How do patterns and rates of plant species
invasion respond to changing climate and
land use? Repeated, plot-based measurement of plant species over decades at sites
exposed to divergent patterns of land use
and climate trajectories will provide the
opportunity to tease apart the relative
importance and interactions of changing climate and land use on invasion and establishment of non-native plant species.
2. How does plant diversity/species richness
respond to short- and long-term climatic
variability within and across spatial and
ecological cover-type strata?
3. To what extent can aerial observations accurately measure (and predict) attributes of
terrestrial ecosystems such as species richness or dominant cover type?
❖ www.esajournals.org

ACKNOWLEDGMENTS
Following the ﬁrst author, all authors are listed in
alphabetical order. The NEON is a project sponsored
by the National Science Foundation (NSF) and managed under cooperative agreement by NEON Inc. The
material presented is based on work supported by the
NSF under the following grants: EF-1029808,
EF-1138160, and DBI-0752017. The authors would like
to thank Jim Clark, Debra Peters, Pam Soltis, Doug

13

February 2019

❖ Volume 10(2) ❖ Article e02603

SPECIAL FEATURE: NEON DESIGN

BARNETT ET AL.
Bonar, S. A., J. S. Fehmi, and N. Mercado-Silva. 2012.
An overview of statistical considerations in longterm monitoring. Pages 11–24 in R. A. Gitzen, J. J.
Millspaugh, A. B. Cooper, and D. S. Licht, editors.
Design and analysis of long-term ecological monitoring studies. Cambridge University Press, Cambridge, UK.
Carlson, K. M., G. P. Asner, R. F. Hughes, R. Ostertag,
and R. E. Martin. 2007. Hyperspectral remote sensing of canopy biodiversity in Hawaiian lowland
rainforests. Ecosystems 10:536–549.
Chao, A., R. K. Colwell, C. Lin, and N. J. Gotelli. 2009.
Sufﬁcient sampling for asymptotic minimum species richness estimators. Ecology 90:1125–1133.
Chapin, F. S., P. A. Matson, and P. M. Vitousek.
2012. Principles of terrestrial ecosystem ecology.
Second edition. Springer, New York, New York,
USA.
Clark, J. S., D. M. Bell, M. H. Hersh, and L. Nichols.
2011. Climate change vulnerability of forest
biodiversity: climate and competition tracking of
demographic rates. Global Change Biology
17:1834–1849.
Clark, J. S., D. M. Bell, M. Kwit, A. Stine, B. Vierra, and
K. Zhu. 2012. Individual-scale inference to anticipate climate-change vulnerability of biodiversity.
Philosophical Transactions of the Royal Society BBiological Sciences 367:236–246.
Clark, J. S., and A. E. Gelfand. 2006. A future for models and data in environmental science. Trends in
Ecology and Evolution 21:375–380.
Clark, J. S., S. LaDeau, and I. Ibanez. 2004. Fecundity
of trees and the colonization-competition hypothesis. Ecological Monographs 74:415–442.
Cochran, W. G. 1977. Sampling techniques. Third edition. John Wiley and Sons, New York, New York,
USA.
Collins, S. L. 1992. Fire frequency and community
heterogeneity in tallgrass prairie vegetation. Ecology 73:2001–2006.
Collins, S. L. 2016. Vegetation science in the age of big
data. Journal of Vegetation Science 27:865–867.
Condit, R., S. P. Hubbell, and R. B. Foster. 1996.
Changes in a tropical forest with a shifting climate:
results from a 50 ha permanent census plot in
Panama. Journal of Tropical Ecology 12:256.
Cornelissen, J. H. C., et al. 2003. A handbook of protocols for standardised and easy measurement of
plant functional traits worldwide. Australian Journal of Botany 51:335–380.
Cressie, N., C. A. Calder, J. S. Clark, J. M. V. Hoef, and
C. K. Wikle. 2009. Accounting for uncertainty in
ecological analysis: the strengths and limitations of
hierarchical statistical modeling. Ecological Applications 19:553–570.

Soltis, Mark Whitten, Paul Evangelista, Geneva Chong,
Becky Kao, David Gudex-Cross, scientists working on
the NEON project, and the many members of the ecological community who have contributed expertise to
guide and review the NEON design. Thomas J. Stohlgren was supported by USDA CSREES/NRI 200835615-04666. James B. Grace was supported by the
USGS Ecosystems and Climate and Land use Change
Programs. The use of trade names is for descriptive
purposes only and does not imply endorsement by the
U.S. Government.

LITERATURE CITED
Adler, P. B., A. Fajardo, A. R. Kleinhesselink, and N. B.
Kraft. 2013. Trait-based tests of coexistence mechanisms. Ecology Letters 16:1294–1306.
mez, A. Compagnoni, J.
Adler, P. B., R. Salguero-Go
Hsu, J. Ray-Mukherjee, C. Mbeau-Ache, and M.
Franco. 2014. Functional traits explain variation in
plant life history strategies. Proceedings of the
National Academy of Sciences of the United States
of America 111:740–745.
Adler, P. B., et al. 2011. Productivity is a poor predictor
of plant species richness. Science 333:1750–1753.
Ash, J. D., T. J. Givnish, and D. M. Waller. 2016. Tracking lags in historical plant species’ shifts in relation
to regional climate change. Global Change Biology.
https://doi.org/10.1111/gcb.13429
Asner, G., D. E. Knapp, J. Boardman, R. O. Green, T.
Kennedy-Bowdoin, M. Eastwood, R. E. Martin, C.
Anderson, and C. B. Field. 2012. Carnegie Airborne
Observatory-2: increasing science data dimensionality via high-ﬁdelity multi-sensor fusion. Remote
Sensing of Environment 124:454–465.
Asner, G. P., and R. E. Martin. 2009. Airborne spectranomics: mapping canopy chemical and taxonomic
diversity in tropical forests. Frontiers in Ecology
and the Environment 7:269–276.
Asner, G., and E. Youngsteadt. 2012. Biodiversity’s
invisible palette. American Scientist 100:342.
Barbour, M. G., J. H. Burk, W. D. Pitts, F. S. Gilliam,
and M. W. Schwartz. 1999. Terrestrial plant ecology. Third edition. The Benjamin/Cummings Publishing Company, Menlo Park, California, USA.
Barnett, D. T. 2018. TOS protocol and procedure: plant
diversity sampling. NEON document # NEON.DOC.014042. http:www.neonscience.org
Barnett, D. T., and T. J. Stohlgren. 2003. A nested-intensity design for surveying plant diversity. Biodiversity and Conservation 12:255–278.
Barnett, D. T., et al. In press. The terrestrial and organism and biogeochemistry spatial sampling design
for the National Ecological Observatory Network.
Ecosphere. https://doi.org/10.1002/ecs2.2540

❖ www.esajournals.org

14

February 2019

❖ Volume 10(2) ❖ Article e02603

SPECIAL FEATURE: NEON DESIGN

BARNETT ET AL.
and S. Jacquemoud. 2008. PROSPECT-4 and 5:
advances in the leaf optical properties model separating photosynthetic pigments. Remote Sensing of
Environment 112:3030–3043.
Fridley, J. D., R. K. Peet, T. R. Wentworth, and P. S.
White. 2005. Connecting ﬁne- and broad-scale species-area relationships of Southeastern U.S. ﬂora.
Ecology 86:1172–1177.
Fry, J. A., G. Xian, S. M. Jin, J. A. Dewitz, C. G. Homer,
L. M. Yang, C. A. Barnes, N. D. Herold, and J. D.
Wickham. 2011. National land cover database for
the conterminous United States. Photogrammetric
Engineering and Remote Sensing 77:859–864.
Gemeinholzer, B., et al. 2010. Organizing specimen
and tissue preservation in the ﬁeld for subsequent
molecular analyses in ABC-Taxa. Pages 129–157 in
Y. Samyn, D. VandenSpiegel, and J. Degreef, editors. Volume 8 - Manual on Field Recording Techniques and Protocols for All Taxa Biodiversity
Inventories. The Belgian Development Cooperation, Brussels, Belgium.
Gilliam, F. S. 2007. The ecological signiﬁcance of the
herbaceous layer in temperate forest ecosystems.
BioScience 57:845–858.
Gitzen, R. A., and J. J. Millspaugh. 2012. Ecological
monitoring: the heart of the matter. Pages 3–22 in
R. A. Gitzen, M. J. J. , A. B. Cooper, and D. S. Licht,
editors. Design and analysis of long-term ecological monitoring studies. Cambridge University
Press, Cambridge, UK.
Gotelli, N. J., and R. K. Colwell. 2001. Quantifying biodiversity: procedures and pitfalls in the measurement and comparison of species richness. Ecology
Letters 4:379–391.
Gotelli, N. J., et al. 2009. Patterns and causes of species
richness: a general simulation model for macroecology. Ecology Letters 12:873–886.
Gray, A. N., T. J. Brandeis, J. D. Shaw, W. H. McWilliams, and P. M. Patrick. 2012. Forest inventory and
analysis database of the United States of America
(FIA). Biodiversity and Ecology 4:225–231.
Hamrick, J. L., and M. J. W. Godt. 1996. Plant life histories: ecological correlates and phylogenetic constraints – Effects of life history traits on genetic
diversity in plant species. Philosophical Transactions of the Royal Society B. https://doi.org/10.
01098/rstb.19963.12
Hargrove, W. W., and F. M. Hoffman. 2004. Potential
of multivariate quantitative methods for delineation and visualization of ecoregions. Environmental Management 34:S39–S60.
Harrison, S., B. D. Inouye, and H. D. Safford. 2003.
Ecological heterogeneity in the effects of grazing
and ﬁre on grassland diversity. Conservation Biology 17:837–845.

Damschen, E. A., S. Harrison, and J. B. Grace.
2010. Climate change effects on an endemic-rich
edaphic ﬂora: resurveying Robert H. Whittaker’s
Siskiyou sites (Oregon, USA). Ecology 91:3609–
3619.
Darwin, C. 1859. The origin of species. John Murray,
London, UK.
Daubenmire, R. 1959. A canopy-coverage method
of vegetational analysis. Northwest Science 33:43–
64.
Debinski, D. M., K. Kindscher, and M. E. Jakubauskas.
1999. A remote sensing abd GIS-based model of
habitats and biodiversity in the Greater Yellowstone Ecosystem. International Journal of Remote
Sensing 20:3281–3291.
Dengler, J. F. 2009. A ﬂexible multi-scale approach for
standardized recording of plant species richness
patterns. Ecological Indicators 9:1169–1178.
Dengler, J., et al. 2011. The Global Index of
Vegetation-Plot Databases: a new resource for vegetation science. Journal of Vegetation Science
22:582–597.
Diaz, S., and M. Cabido. 1997. Plant functional types
and ecosystem function in relation to global
change. Journal of Vegetation Science 8:463–474.
Diaz, S., and M. Cabido. 2001. Vive la difference: Plant
functional diversity matters to ecosystem processes. Trends in Ecology and Evolution 16:
646–655.
Diaz, S., et al. 2004. The plant traits that drive ecosystems: evidence from three continents. Journal of
Vegetation Science 15:295–304.
Drew, B. T., R. Gazis, P. Cabezas, K. S. Swithers, J.
Deng, and R. Rodriguez. 2013. Lost branches on
the tree of life. PLoS Biology. https://doi.org/10.
1371/journal.pbio.1001636
Elmendorf, S. C., et al. 2016. The plant phenology sampling design for the National Ecological Observatory Network. Ecosphere 7:e01303.
Enquist, B. J., J. Norberg, S. P. Bonsor, C. Violle, C. T.
Webb, A. Henderson, L. L. Sloat, and V. M. Savage.
2015. Scaling from traits to ecosystems: developing
a general Trait Driver Theory via integrating traitbased and metabolic scaling theories. Advances in
Ecological Research 52. https://doi.org/10.1016/
bs.aecr.2015.02.001
Fancy, S. G., and R. E. Bennetts. 2012. Institutionalizing
an effective long-term monitoring program in the
U.S. National Park Service. Pages 481–497 in R. A.
Gitzen, M. J. J. , A. B. Cooper, and D. S. Licht, editors. Design and analysis of long-term ecological
monitoring studies. Cambridge University Press,
Cambridge, UK.
Feret, J. B., C. Francois, G. P. Asner, A. A. Gitelson, R.
E. Martin, L. P. R. Bidel, S. L. Ustin, G. le Maire,

❖ www.esajournals.org

15

February 2019

❖ Volume 10(2) ❖ Article e02603

SPECIAL FEATURE: NEON DESIGN

BARNETT ET AL.
Kokaly, R. F., G. P. Asner, S. V. Ollinger, M. E. Martin,
and C. A. Wessman. 2009. Characterizing canopy
biochemistry from imaging spectroscopy and its
application to ecosystem studies. Remote Sensing
of Environment 113:S78–S91.
Kotliar, N. B., and J. A. Wiens. 1990. Multiple scales of
patchiness and patch structure: a hierarchical
framework for the study of heterogeneity. Oikos
59:253–260.
Kreft, H., and W. Jetz. 2007. Global patterns and determinants of vascular plant diversity. Proceedings of
the National Academy of Sciences of the United
States of America 104:5925–5930.
Kress, W. J., K. J. Wurdack, E. A. Zimmer, L. A. Wright,
and D. H. Janzen. 2005. Use of DNA barcodes to
identify ﬂowering plants. Proceedings of the
National Academy of Sciences of the United States
of America 102:8369–8374.
Legg, C. J., and L. Nagy. 2006. Why most conservation
monitoring is, but need not be, a waste of time.
Journal of Environmental Management 78:194–199.
Lindenmayer, D. B., and G. E. Likens. 2009. Adaptive
monitoring: a new paradigm for long-term
research and monitoring. Trends in Ecology & Evolution 24:482–486.
Lonsdale, W. M. 1999. Global patterns of plant invasions and the concept of invasibility. Ecology
80:1522–1536.
Loreau, M. 2010. Linking biodiversity and ecosystems:
towards a unifying ecological theory. Philosophical
Transactions of the Royal Society B-Biological
Sciences 365:49–60.
Luo, Y. Q., et al. 2011a. Coordinated approaches to
quantify long-term ecosystem dynamics in
response to global change. Global Change Biology
17:843–854.
Luo, Y. Q., K. Ogle, C. Tucker, S. Fei, C. Gao, S.
LaDeau, and J. S. Clark. 2011b. Ecological forecasting and data assimilation in a data-rich era. Ecological Applications 21:1429–1442.
Magurran, A. E., S. R. Baillie, S. T. Buckland, J. M.
Dick, D. A. Elston, E. M. Scott, R. I. Smith, P. J.
Somerﬁeld, and A. D. Watt. 2010. Long-term datasets in biodiversity research and monitoring:
assessing change in ecological communities
through time. Trends in Ecology and Evolution
25:574–582.
Magurran, A. E., and B. J. McGill. 2010. Challenges
and opportunities in the measurement and assessment of biological diversity. Pages 1–10 in A. E.
Magurran and B. McGill, editors. Biological diversity: frontiers in measurement and assessment.
Oxford University Press, New York, New York,
USA.

Heywood, V. H. 1995. The global biodiversity assessment. United Nations Environment Programme.
Cambridge University Press, Cambridge, UK.
Hill, M. O. 1973. Diversity and evenness: a unifying
notation and its consequences. Ecology 54:427–432.
Hinckley, E. S., et al. 2016. The soil and plant
biogeochemistry sampling design for The National
Ecological Observatory Network Ecosphere. 7:
e01234.
Hinchliff, C. E., et al. 2015. Synthesis of phylogeny and
taxonomy into a comprehensive tree of life. Proceedings of the National Academy of Sciences of
the United States of America 112:12764–12769.
Hooper, D. U., E. C. Adair, B. J. Cardinale, J. E. K. Byrnes, B. A. Hungate, K. L. Matulich, A. Gonzalez, J.
E. Duffy, L. Gamfeldt, and M. I. O’Connor. 2012. A
global synthesis reveals biodiversity loss as a major
driver of ecosystem change. Nature 486:105–U129.
Hooper, D. U., et al. 2005. Effects of biodiversity on
ecosystem functioning: a consensus of current
knowledge. Ecological Monographs 75:3–35.
Hubbell, S. P. 2001. The uniﬁed theory of biodiversity
and biogeography, monographys in population
biology. Princeton University Press, Princeton,
New Jersey, USA.
Huston, M. A. 1999. Local processes and regional patterns: appropriate scales for understanding variation in the diversity of plants and animals. Oikos
86:393–401.
Jeschke, J. M., et al. 2014. Deﬁning the impact of nonnative species. Conservation Biology 28:1188–1194.
€ rgens, N., et al. 2012. Biodiversity Observatories in
Ju
Africa – a standardized framework for large-scale
environmental monitoring. Environmental Monitoring and Assessment 184:655–678.
Kampe, K. U., B. R. Johnson, M. Kuester, and M. Keller. 2010. NEON: the ﬁrst continental-scale ecological observatory with airborne remote sensing of
vegetation canopy biogeochemistry and structure.
Journal of Applied Remote Sensing 4:1–24.
Kao, R. H., et al. 2012. NEON terrestrial ﬁeld observations: designing continental-scale, standardized
sampling. Ecosphere 3:1–17.
Kattge, J., et al. 2011. TRY - a global database of plant
traits. Global Change Biology 17:2905–2935.
Keller, M., D. S. Schimel, W. W. Hargrove, and F. M.
Hoffman. 2008. A continental strategy for the
national ecological observatory network. Frontiers
in Ecology and Environment 6:282–284.
Knapp, A. K., P. A. Fay, J. M. Blair, S. L. Collins, M. D.
Smith, J. D. Carlisle, C. W. Harper, B. T. Danner, M.
S. Lett, and J. K. McCarron. 2002. Rainfall variability, carbon cycling, and plant species diversity in a
mesic grassland. Science 298:2202–2205.

❖ www.esajournals.org

16

February 2019

❖ Volume 10(2) ❖ Article e02603

SPECIAL FEATURE: NEON DESIGN

BARNETT ET AL.
remotely sensed spectral diversity and surveybased plant species richness. Journal of Vegetation
Science 22:688–698.
Rosenzweig, M. L. 1995. Species diversity in space and
time. Cambridge University Press, Cambridge,
UK.
Sala, O. E., L. A. Gherardi, L. Reichmann, E. Jobbagy,
and D. Peters. 2012. Legacies of precipitation ﬂuctuations on primary production: theory and data
synthesis. Philosophical Transactions of the Royal
Society B-Biological Sciences 367:3135–3144.
Sarndal, C. E. 1978. Design-based and model-based
inference in survey sampling. Scandinavian Journal of Statistics 5:27–52.
Sax, D. F., and S. D. Gaines. 2003. Species diversity:
from global decreases to local increases. Trends in
Ecology and Evolution 18:561–566.
Schimel, D. S., G. P. Asner, and P. R. Moorcroft. 2013.
Observing changing ecological diversity in the
Anthropocene. Frontiers in Ecology and the Environment 11:129–137.
Schimel, D., et al. 2011. 2011 Science strategy: enabling
continental-scale ecological forecasting. The
National Ecological Observatory Network, Boulder, Colorado, USA.
Scholes, R. J., M. J. Gill, M. J. Costello, G. Sarantakos,
and M. Walters. 2017. Working in networks to
make biodiversity data more available. Pages 1–17
in M. Walters and R. J. Scholes, editors. The GEO
handbook on biodiversity observation networks.
Springer Open, Cham, Switzerland.
Shmida, A. 1984. Whittaker’s plant diversity sampling
method. Israel Journal of Botany 33:41–46.
Soltis, D. E., M. A. Gitzendanner, G. Stull, M. Chester,
A. Chanderbali, S. Chamala, I. Jordon-Thaden, P. S.
Soltis, P. S. Schnable, and W. B. Barbazuk. 2013.
The potential of genomics in plant systematics.
Taxon 62:886–898.
Stehman, S. V. 2000. Practical implications of designbased sampling inference for thematic map accuracy assessment. Remote Sensing of Environment
72:35–45.
Stein, A., K. Gerstner, and H. Kreft. 2014. Environmental heterogeneity as a universal driver of species
richness across taxa, biomes and spatial scales.
Ecology Letters 17:866–880.
Stohlgren, T. J. 2007. Measuring plant diversity, lessons
from the ﬁeld. Oxford University Press, New York,
New York, USA.
Stohlgren, T. J., D. T. Barnett, and J. T. Kartez. 2003.
The rich get richer: patterns of plant invasions in
the United States. Frontiers in Ecology and Environment 1:11–14.
Stohlgren, T. J., D. Binkley, G. W. Chong, M. A. Kalkhan, L. D. Schell, K. A. Bull, Y. Otsuki, G.

McGill, B. J., B. J. Enquist, E. Weiher, and M. Westoby.
2006. Rebuilding community ecology from functional traits. Trends in Ecology & Evolution 21:178–
185.
Moritz, C., and R. Agudo. 2013. The future of species
under climate change: Resilience or decline?
Science 341:504–508.
Myers, N. 1990. The biodiversity challenge: expanded
hot-spots analysis. Environmentalist 10:243–256.
National Research Council. 2001. Grand challenges in
environmental sciences. National Academies Press,
Washington, D.C., USA.
National Research Council. 2003. NEON – Addressing
the nation’s environmental challenges. National
Academies Press, Washington, D.C., USA.
Neubig, K. M., M. W. Whitten, A. J. Richard, E. Savannah,
D. E. Soltis, and P. S. Soltis. 2014. Variables affecting
DNA preservation in archival plant specimens.
DNA Banking for the 21st Century: Pages 81–136.
Neves, S. S., and L. F. Forrest. 2011. Plant DNA
sequencing for phylogenetic analyses: from plants
to sequences. Pages 183–235 in G. Cagney and A.
Emili, editors. Methods in molecular biology.
Springer, New York, New York, USA.
Ogle, K., and J. F. Reynolds. 2004. Plant responses to
precipitation in desert ecosystems: integrating
functional types, pulses, thresholds, and delays.
Oecologia 141:282–294.
O’Neill, R. V., R. H. Gardner, B. T. Milne, M. G.
Turner, and B. Jackson. 1991. Heterogeneity and
spatial hierarchies in Ecological Heterogeneity.
Pages 85–96 in J. Kolasa, T. Steward, and A. Pickett,
editors. Ecological Heterogeneity. Springer Verlag,
New York, New York, USA.
Parker, K. W. 1951. A method for measuring trends in
range condition in National Forest Ranges. U.S.
Forest Service, Washington, D.C., USA.
Peet, R. K., T. R. Wentworth, and P. S. White. 1998. A
ﬂexible, multipurpose method for recording vegetation composition and structure. Castanea 63:262–
274.
Pereira, H. M., et al. 2017. Monitoring essential biodiversity variables at the species level. Pages 79–106
in M. Walters and R. J. Scholes, editors. The GEO
handbook on biodiversity observation networks.
Springer Open, Cham, Switzerland.
Peters, D. P. C., D. L. Urban, R. H. Gardner, D. D. Breshears, and J. E. Herrick. 2004. Strategies for ecological extrapolation. Oikos 106:627–636.
Pickett, S. T. A., and M. L. Cadenasso. 1995. Landscape
ecology: spatial heterogeneity in ecological systems. Science 269:331–334.
Rocchini, D., D. McGlinn, C. Ricotta, M. Neteler, and
T. Wohlgemuth. 2011. Landscape complexity and
spatial scale inﬂuence the relationship between

❖ www.esajournals.org

17

February 2019

❖ Volume 10(2) ❖ Article e02603

SPECIAL FEATURE: NEON DESIGN

BARNETT ET AL.
USDA, NRCS. 2016. The PLANTS Database (http://pla
nts.usda.gov, 23 January 2016). National Plant Data
Team, Greensboro, North Carolina, USA.
Ustin, S. L., and J. A. Gamon. 2010. Remote sensing of
plant functional types. New Phytologist 186:795–
816.
Vellend, M. 2010. Conceptual synthesis in community
ecology. Quarterly Review of Biology 85:183–206.
Vellend, M., W. K. Cornwell, K. Magnuson-Ford, and
A. O. Mooers. 2011. Measuring phylogenetic biodiversity. Pages 194–207 in A. E. Magurran and B.
McGill, editors. Biological diversity: frontiers in
measurement and assessment. Oxford University
Press, New York, New York, USA.
Vitousek, P. M. 1994. Beyond global warming: ecology
and global change. Ecology 75:1861–1876.
Walter, C. A., M. B. Burnham, F. S. Gilliam, and
W. T. Peterjohn. 2015. A reference-based approach
for estimating leaf area and cover in the forest
herbaceous layer. Environmental Monitoring and
Assessment 187:657.
Walther, G. R., E. Post, P. Convey, A. Menzel, C. Parmesan, T. J. Beebee, J. M. Fromentin, O. Hoegh-Guldberg, and F. Bairlein. 2002. Ecological responses to
recent climate change. Nature 416:389–398.
Whittaker, R. H. 1960. Vegetation of the Siskiyou
Mountains, Oregon and California. Ecological
Monographs 30:279–338.
Zobel, M. 1997. The relative of species pools in determining plant species richness: An alternative explanation of species coexistence? Trends in Ecology
and Evolution 12:266–269.

Newman, M. Bashkin, and Y. Son. 1999. Exotic
plant species invade hot spots of native plant diversity. Ecological Monographs 69:25–46.
Stohlgren, T. J., K. A. Bull, Y. Otsuki, C. A. Villa, and
M. Lee. 1998. Riparian zones as havens for exotic
plant species in the central grasslands. Plant Ecology 138:113–125.
Stohlgren, T. J., M. B. Falkner, and L. D. Schell. 1995. A
modiﬁed-Whittaker nested vegetation sampling
method. Vegetatio 117:113–121.
Stolte, K. W. 1997. National Technical Report on Forest
Health. Admin. Report FS-605, U.S. Department of
Agriculture, Forest Service, Southern Research Station, Asheville, North Carolina, USA.
Suttle, K. B., M. A. Thomsen, and M. E. Power. 2007.
Species interactions reverse grassland response to
changing climate. Science 315:640–642.
ter Braak, C. J. F. 1987. The analysis of vegetationenvironment relationships by canonical correspondence analysis. Vegetatio 69:69–77.
Thompson, S. K. 2012. Sampling. Third edition. Wiley,
Hoboken, New Jersey, USA.
Thorpe, A. S., D. T. Barnett, S. C. Elmendorf, E.-L.
S. Hinckley, D. Hoekman, K. D. Jones, K. E.
LeVan, C. L. Meier, L. F. Stanish, and K. M. Thibault. 2016. Introduction to the sampling designs
of the National Ecological Observatory Network
Terrestrial Observation System. Ecosphere 7:
e01627.
Urquhart, N. S., S. G. Paulsen, and D. P. Larsen. 1998.
Monitoring for policy-relevant regional trends over
time. Ecological Applications 8:246–257.

SUPPORTING INFORMATION
Additional Supporting Information may be found online at: http://onlinelibrary.wiley.com/doi/10.1002/ecs2.
2603/full

❖ www.esajournals.org

18

February 2019

❖ Volume 10(2) ❖ Article e02603

