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AmeriFlux scientists were early adopters of a network-enabled approach to ecosystem science that continues to
transform the study of land-atmosphere interactions. In the 20 years since its formation, AmeriFlux has grown to
include more than 260 ﬂux tower sites in the Americas that support continuous observation of ecosystem carbon,
water, and energy ﬂuxes. Many of these sites are co-located within a similar climate regime, and more than 50
have data records that exceed 10 years in length. In this prospective assessment of AmeriFlux’s strengths in a
new era of network-enabled ecosystem science, we discuss how the longevity and spatial distribution of
AmeriFlux data make them exceptionally well suited for disentangling ecosystem response to slowly evolving
changes in climate and land-cover, and to rare events like droughts and biological disturbances. More recently,
ﬂux towers have also been integrated into environmental observation networks that have broader scientiﬁc
goals; in North America these include the National Ecological Observatory Network (NEON), Critical Zone
Observatory network (CZO), and Long-Term Ecological Research network (LTER). AmeriFlux stands apart from
these other networks in its reliance on voluntary participation of individual sites, which receive funding from
diverse sources to pursue a wide, transdisciplinary array of research topics. This diﬀuse, grassroots approach
fosters methodological and theoretical innovation, but also challenges network-level data synthesis and data
sharing to the network. While AmeriFlux has had strong ties to other regional ﬂux networks and FLUXNET,
better integration with networks like NEON, CZO and LTER provides opportunities for new types of cooperation
and synergies that could strengthen the scientiﬁc output of all these networks.

1. Introduction and overview
Ecosystem science is being transformed by the proliferation of environmental observation networks, which aggregate observations from
a large number of biomes, often for long time-periods, and make these
data widely available (Baldocchi, 2008; Jones et al., 2010; Peters et al.,
2008). Rapid advances in instrument design and cyber-infrastructure
have advanced network-enabled approaches by fostering data sharing
and reuse through centralized repositories (Hampton et al., 2013;
Peters et al., 2014; Rundel et al., 2009). Network-enabled approaches
produce generalizable environmental knowledge through integration of
distributed observations. This shift towards network science has been
motivated by an increasingly complex set of socio-ecological questions
− often related to the interactions between humans, ecosystems, and
the global climate system − that necessitate synthesis of information
from many biomes and at policy- and management-relevant scales

⁎

(Jones et al., 2010; Schimel, 2011).
Scientists who study land-atmosphere interactions, and in particular
those who focus on the biosphere-atmosphere exchange of CO2 and
water, have been at the forefront of this shift towards network-enabled
approaches (Baldocchi, 2008). How much CO2 ecosystems remove from
the atmosphere each year, and how much water they use in the process,
are critical questions guiding our understanding of trends in climate
and water resources (Booth et al., 2012; Friedlingstein et al., 2014;
Jung et al., 2010). These ecosystem carbon and water ﬂuxes are sensitive to slowly evolving processes, including ongoing climate change
and recovery from disturbance, which frequently occur at large spatial
scales. These processes are diﬃcult to study using short-term manipulative experiments, single-factor gradient studies, and other traditional
tools of inquiry in the ecological and environmental sciences.
In response to this research challenge, the AmeriFlux network of
carbon and water ﬂux tower sites was formed more than 20 years ago
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by a pioneering group of scientists who were separately monitoring
these ﬂuxes at individual sites and site-clusters. At the same time, other,
continental- and international ﬂux tower networks were initiated, including FLUXNET (Baldocchi et al., 2001) and EuroFlux (Aubinet et al.,
1999), with others soon to follow (e.g. Oz-ﬂux and Asia-Flux, Beringer
et al., 2016; Mizoguchi et al., 2009). Written as AmeriFlux celebrates its
20th anniversary, this paper focuses on science that leverages AmeriFlux observations, while also recognizing present and potential synergies between AmeriFlux and its sister ﬂux networks around the globe.
The individual ﬁeld sites of AmeriFlux are organized around eddycovariance ﬂux towers, which support the continuous monitoring of the
net ecosystem exchange of CO2 (NEE), evapotranspiration (ET), and
other land-atmosphere ﬂuxes (Baldocchi, 2003; Goulden et al., 1996).
Since AmeriFlux was formed, eddy covariance ﬂux towers have also
become an important part of other environmental observation networks, including three networks of the National Science Foundation
(NSF): the National Ecological Observation Network (NEON, Schimel
et al., 2007), the Critical Zone Observatory network (CZO, White et al.,
2015), and Long-Term Ecological Research Network (LTER, Hobbie
et al., 2003). The missions of NEON, CZO and LTER are supportive of,
but not exclusively focused on, understanding land-atmosphere interactions.
While AmeriFlux, NEON, CZO, and LTER all support ﬂux tower
measurements, they diﬀer substantially in operational aspects, including research scope, spatial and temporal representativeness of the
data, and degree of operational standardization (Table 1). Perhaps the
most signiﬁcant distinction among the networks is their degree of
centralization of site activities. AmeriFlux’s approach has been described as a “coalition of the willing”: tower principal investigators
(PIs) receive funding from diverse sources in support of diverse questions, and most data are shared voluntarily to the network (Fig. 1). At
the other end of the spectrum is NEON, which has a highly centralized,
top-down approach to instrumentation and measurements; this design
allows for data to be collected in the same way everywhere, to foster
intra- network synthesis, and is not tailored to site-speciﬁc questions.
LTER and CZO lie between these two extremes; sites in both networks
receive their base funding from a centralized source (NSF) and have
mandates to collect and share certain types of data as a result. However,
speciﬁc research questions and methods are PI-driven and linked to the
ecological, geological, and topographical context of each site (Hobbie
et al., 2003; Richter and Billings, 2015).
A principle objective of this paper is to oﬀer a prospective assessment of the research questions and knowledge gaps that are well
matched to the unique operational characteristics of the AmeriFlux
network, in the context of the attributes of the other networks. We will
also identify some challenges associated with AmeriFlux’s grass-roots,
bottom-up approach to network science, and the potential to address
these challenges through cross-network integration and synergies.
Here, we do not provide a thorough review of all the signiﬁcant
knowledge advances already enabled by AmeriFlux and the other networks; those success stories are well described elsewhere (Baldocchi,
2008; Knapp et al., 2012; Law, 2005; Richter and Billings, 2015). Rather, the retrospective sections of this manuscript are focused on
identifying the broad research questions that have historically been
well-matched to AmeriFlux’s operational approach.
To meet our objectives, we will ﬁrst compare and contrast the scope,
size, and organization of the major environmental networks in North
America that support ﬂux towers (Section 2), with a particular focus on
highlighting the unique attributes of AmeriFlux. In Section 3, we will
review the range of scientiﬁc inquiry that has been historically supported by AmeriFlux’s unique approach to network-enabled science. In
Section 4, we will explore the likely future research directions for
AmeriFlux scientists. Finally, in Section 5, we review some of the
challenges associated with AmeriFlux’s approach to network activity,
and highlight ways in which those challenges can be overcome through
synergies with other networks.

Hypothesis-driven research questions chosen by site
PIs, but with required inquiry into ‘core’ research
themes.
Site-level questions driven by PIs, but aligned with
overall goals of the CZO network.

Agricultural and Forest Meteorology 249 (2018) 444–456

K.A. Novick et al.

Agricultural and Forest Meteorology 249 (2018) 444–456

K.A. Novick et al.

Fig. 1. A conceptual illustration of funding
sources and organizational approach of the
networks considered here, focusing speciﬁcally on their ﬂux towers. The spheres represent individual tower sites; those that are
contained in boxes represent towers that are
funded directly by the network, while those
residing outside of boxes leverage funding
from a non-centralized source. On one end
of the spectrum resides NEON, a network
with sites that are funded and maintained
exclusively by a central governing body. On
the other end the spectrum is AmeriFlux, a
distributed network of PI-managed towers
largely funded by relatively small grants or
allocations from a diverse range of sources.
LTER and CZO lie in between − while support for network sites is centralized, sitespeciﬁc research activities are PI-driven and
often leverage funding from other, non-network sources.

ﬂux towers, n = 47) and ‘aquatic’ sites (no ﬂux towers, n = 34),
alongside in-situ sample collections and airborne remote sensing. NEON
terrestrial EC ﬂux sites are classiﬁed as “core” (n = 20, expected 30year study period) or “relocatable” (n = 27, expected 5- to 10-year
study period), and were selected to maximize the network’s representativeness of the large gradients in land cover and climate in the
study domain (Keller et al., 2008). Flux towers are an important component of the sampling design of the terrestrial sites, where information
about soil biophysics and plant phenology, productivity, and species
composition will also be routinely collected. In contrast to AmeriFlux, a
central technical and governing body manages all sampling, and data
are highly standardized. At the mid-point of 2017, turbulent and storage ﬂux data were being collected at many NEON sites, with corresponding data products at four processing levels intended to come online throughout 2017.

2. Comparing and contrasting the ﬂux tower networks
This section focuses on highlighting the key similarities and diﬀerences among the ﬂux tower networks operating in North America, with
a goal of identifying AmeriFlux’s most distinctive operational attributes.
2.1. AmeriFlux’s grassroots approach to measuring carbon and water ﬂuxes
Established in 1996, AmeriFlux is a PI-driven ‘coalition’ of more
than 260 registered tower sites, with approximately 170 having shared
data to the network at the time of this writing. The domain covers
North, South, and Central America, but most sites are located in North
America. AmeriFlux relies on a bottom-up organizational approach: PIs
establish and maintain sites to answer a diverse set of research questions, but willingly share data in support of broader community eﬀorts
to understand, predict, and manage the global carbon cycle. Although
funding for individual tower sites comes from a range of sources
(Fig. 1), the US Department of Energy (US-DOE) has historically invested heavily in centralized support for data quality control, archiving,
processing, and distribution (Boden et al., 2013), as well as annual
meetings. Since 2013, US-DOE has organized its ﬁnancial support for
the network under the umbrella of the ‘AmeriFlux Management Project’
(AMP).
The primary objectives of the AMP are to (1) maximize the quality
of AmeriFlux data and its usability by a broad community; (2) expand
the network’s impact as a ﬁeld laboratory for basic research and Earth
System Model (ESM) improvement; (3) foster innovative measurements; and (4) sustain and extend the long-term record of carbon, water
and energy ﬂuxes being collected by a cohort of AmeriFlux ‘core’ sites,
(approximately 17% of all sites in the network). AmeriFlux sites are
non-standardized with respect to their instrumentation and site-level
data processing, though the AMP is actively working to infuse a standardized approach into network-level data organization, post-processing, and quality control. AMP also continues longstanding US-DOE
support for a portable eddy covariance system (PECS; Billesbach et al.,
2004; Schmidt et al., 2012) that is deployed to 8–12 sites per year to
compare ﬂux and meteorological measurements, and evaluate calibration protocols and safety practices.

2.3. Studying slowly-evolving processes through the Long-Term Ecological
Research network (LTER)
NSF’s LTER network is the oldest of the four considered here, initiated in 1982 to support research into ecological processes that evolve
over long time scales (Franklin et al., 1990; Hobbie et al., 2003). It has
grown to include 25 sites representing diverse biomes in the US, the
Caribbean, and Antarctica, with new sites added occasionally through a
competitive process tailored for a speciﬁc biome. Because the LTER
program places strong emphasis on context-dependent, hypothesesdriven research questions developed by site-level teams, it can be described as “bottom-up.” In contrast to AmeriFlux, however, all LTER
funding comes from a single source (NSF), and sites must collect and
share data pertaining to one or more of ﬁve core research areas. Crosssite collaboration has been a focus of LTER since its inception (Johnson
et al., 2010) and is facilitated through a centralized “data portal” and
competitive funding for synthesis projects. A portion of LTER sites
support eddy covariance measurements, with decisions about instrumentation and data processing made by the site PIs.
2.4. Common approach to integrating hydrology, geology, and ecology
through Critical Zone Observatories (CZOs)
The Critical Zone refers to earth’s thin outer shell, extending from
the bedrock, through aquifers and soils, and upwards to the top of vegetative canopies (Richter and Billings, 2015). Within the last decade,
an international network of observatories has been established to study
mass and energy ﬂows in the Critical Zone, and to understand their
relevance for economic and environmental goods and services (White
et al., 2015). NSF funds nine individual sites in the continental US and

2.2. Systematic sampling with NEON
NEON aims to be a continental-scale ecological network supporting
the study of interactions and feedbacks among a complex suite of
ecological processes and drivers (Schimel et al., 2007). This network
sustains a coordinated array of ‘terrestrial’ monitoring sites (including
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Fig. 2. The location of various network ﬂux towers on a background of mean annual precipitation (panel a), mean annual temperature (b), and the MAP-MAT phase plane (c). The
AmeriFlux sites are limited to those that have submitted data to the network. The analysis is also limited to the core CZO sites, excluding CZO “aﬃliated” sites that do not necessarily host
ﬂux towers. LTER sites are limited to those that share ﬂux tower data with the LTER network. Panel d shows the number of network sites co-located to within 30 km of at least one other
tower, within and across networks. The maps are restricted to North America, where the majority of AmeriFlux sites is located.

Puerto Rico, and an additional ∼20 sites have registered as CZO afﬁliates in North America (White et al., 2015). Like LTER, CZO is
“bottom-up” in that site-level work is led by cross-disciplinary teams
studying links between geological and surface processes that are unique
to each site. The site-speciﬁc research questions and observations all fall
under an umbrella of a shared conceptual framework and a common set
of measurements, including ﬂux tower observations (Chorover et al.,
2012). Decisions about measurement approach and technique are decentralized and site-speciﬁc, but data are shared to a centralized repository.

network.
There is signiﬁcant overlap in the spatial representatives of the
networks (Fig. 2). Many of the 34 LTER towers are also registered in the
AmeriFlux network, and some of these dual-aﬃliation AmeriFlux-LTER
towers are located adjacent to new NEON tower sites, including at
Harvard Forest (Goulden et al., 1996), Konza Prairie (Nippert et al.,
2011), and the Niwot Ridge alpine zone (Turnipseed et al., 2002).
In addition, the Long-Term Agro-ecosystem Research (LTAR), initiated by the USDA Agricultural Research Service, was recently established to investigate the eﬀects of management on agro-ecosystems
(Walbridge and Shafer, 2011). Some of the 23 LTAR network sites already host AmeriFlux-aﬃliated towers, and plans to instrument many
others could signiﬁcantly increase the richness of agro-ecosystems in
the AmeriFlux database. Similarly, new towers are being established in
Canada and Alaska as part of the NASA-supported Arctic-Boreal Vulnerability Experiment (ABoVE). Because the operational approach and
cyber-infrastructure of these newer networks are still largely under
development, they are not a focus of this manuscript, though we recognize the potential for future synergies between AmeriFlux and these
new network initiatives.

2.5. Spatial and temporal representativeness of ﬂux towers
AmeriFlux sites are not eﬃciently distributed to achieve representativeness. Their sheer number, however, spans wide gradients in
climate conditions and vegetation communities and aﬀords rich multisite design (Fig. 2). For example, many sites are part of smaller siteclusters that are co-located in similar macro-climate environments
(∼30 km, Fig. 2) but are distributed across a range of land cover and
edaphic conditions (Anderson-Teixeira et al., 2011; Novick et al., 2015;
Scott et al., 2015). These site-clusters thus allow for investigation of
how land management, hydrologic conditions, or disturbance aﬀect
ecosystem ﬂuxes and processes. In contrast, there are 47 planned NEON
sites, 34 LTER-aﬃliated ﬂux towers, and 9 ﬂux-tower CZO sites. By
design, NEON sites are distributed to represent the range of bio-climate
conditions in North America (Fig. 2), and no two NEON sites are colocated to within 30 km of each other. LTER and CZO-aﬃliated tower
sites are smaller in number and represent fewer climate regimes.
AmeriFlux is also distinguished by the longevity of its data records.
While the average length of tower data records is 7–8 years for AmeriFlux, CZO, and LTER (Table 2), AmeriFlux includes more than 50 sites
with datasets exceeding 10 years in length − far more than any other

3. Leveraging the strengths of AmeriFlux
In this section, we discuss challenging research questions that have
historically been well matched to AmeriFlux’s unique attributes, which
include spatial representativeness and site clustering, long data records,
and the diversity of research questions that fuel the activities of individual sites.
3.1. Characterizing the interannual variability in carbon and water ﬂuxes
Long-term ﬂux data records are full of surprises, often revealed only
447
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Fig. 3. Annual NEE from several long-running AmeriFlux core sites. The thick black line shows the annual data. The dashed gray line shows the 5-year moving average, and the thin gray
lines show the 5-year moving standard deviation.

after many years of data collection. For example, in the long-running
Morgan-Monroe State Forest AmeriFlux site, estimates of the annual net
ecosystem exchange of CO2 (or NEE) were relatively constant for the
ﬁrst 5 years of data record (between −300 and −350 g C m−2 year,
Fig. 3a). Unexpectedly, carbon uptake increased considerably for the
second ﬁve years (e.g., NEE became more negative, between −375 and
−400 g C m−2), driven in part by longer growing seasons (Dragoni
et al., 2011). Thereafter, the size of the carbon sink was noticeably
reduced, driven in part by a coincident increase in aridity (Brzostek
et al., 2014) and a severe drought event in 2012 (Roman et al., 2015).
In fact, most ﬂux records are characterized by signiﬁcant interannual variability (IAV) of carbon and water-vapor exchange (see
Fig. 3b–d, Desai, 2010; Hui et al., 2003; Yuan et al., 2009; Zscheischler
et al., 2016). This high degree of IAV underscores the need for longterm ﬂux monitoring, as estimates of ﬂux magnitudes and IAV can be
biased when based on only a few years of data (Fig. 3). In many sites,
ﬂux records must reach timescales of decades (or longer) in order to
adequately sample the IAV of relevant meteorological drivers (Chu
et al., 2017). Many AmeriFlux site data records are now suﬃciently
long to characterize the statistics of ﬂux IAV and to characterize and
quantify its drivers.
3.2. Detecting the inﬂuence of extreme events on ecosystem ﬂuxes

Fig. 4. Panel a shows the number of pluvial years in AmeriFlux records from the continental United States, where a pluvial years includes at least one growing season month
of PDSI > 3. Panel b shows the number of drought years at each site, deﬁned as a year
with at least one growing season month of PDSI < −3. Background map is mean annual
precipitation.

Because AmeriFlux records are long, they contain many unusual
events including droughts, ﬂoods, wildﬁres, and insect outbreaks. For
example, roughly half of AmeriFlux sites experienced at least one severe
spring or summer drought month, deﬁned as a Palmer Drought Severity
Index (PSDI, Alley 1984) value less than −3. A quarter of sites have
experienced multiple years with at least one drought month (Fig. 4).
AmeriFlux data collected during these events have already been used to
study (1) diﬀerential drought impacts on gross primary productivity
(GPP) and respiration (Schwalm et al., 2010; Schwalm et al., 2012), (2)
interactions between early season phenology and later season drought
(Wolf et al., 2016), (3) plant response to drying soil as compared to
drying air (Novick et al., 2016a; Rigden and Salvucci, 2017), and (4)
ecosystem response to exogenous structural disturbances like insect
outbreaks and logging (Amiro et al., 2010).
Future eﬀorts to understanding the ﬂux consequences of rare or
extreme events will beneﬁt from a long-term perspective made possible
by AmeriFlux’s long time series. Changes to canopy structure or plant
function by extreme events may produce legacy eﬀects that persist for
years, but these eﬀects can only be quantiﬁed if data characterizing pre-

and post-event conditions are available (Amiro et al., 2006; Anderegg
et al., 2015; Chen et al., 2006; Moore et al., 2013; Scott et al., 2010;
Shen et al., 2016). Furthermore, multiple extreme events may occur
during the same time period, obscuring the impact of each individual
event in the absence of a long-term record. For example, in 2012 much
of the Midwestern U.S. was aﬀected not only by severe drought but also
by a very early start to the growing season (Roman et al., 2015; Wolf
et al., 2016). Thus, while the 2012 annual NEE in many drought-affected sites was not particularly anomalous, comparing the drought
year ﬂuxes to those recorded in non-drought years allowed for the effects of the early growing season and drought event to be separately
quantiﬁed (Roman et al., 2015).
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has been a source of innovation in instrumentation and measurement
approaches, and continues to act as a testbed as new instruments and
processing methods become available. For example, data from many
AmeriFlux sites have been useful for understanding instrument-related
biases, including tube eﬀects in closed-path analyzers (Burba et al.,
2011; Hollinger et al., 1999; Novick et al., 2013; Su et al., 2004), selfheating eﬀects in open path gas analyzers (Burba et al., 2008), and the
inﬂuence of sonic anemometer orientation on the measurement of
vertical wind speed (Frank et al., 2016; Van der Molen et al., 2004).
AmeriFlux scientists have also played a critical role in developing approaches to correct for instrument biases and processing procedures, for
example by applying spectral corrections (Hollinger et al., 1999;
Massman, 2000; Massman, 2001), selecting an appropriate coordinate
rotation scheme (Lee et al., 2005; Wilczak et al., 2001), and averaging
and detrending eddy covariance time series (Moncrieﬀ et al., 2005).

3.3. Disentangling land cover eﬀects from climate eﬀects
Because AmeriFlux is a relatively dense network (Fig. 2), many sites
occupy similar climate envelopes, and approximately 30% of AmeriFlux
sites are co-located to within 30 km of at least one other tower site
(Fig. 2d). Consequently, it is possible to subsample from the AmeriFlux
database to form site-clusters that experience similar climate conditions
but diﬀerent land cover, enabling the disentangling of eﬀects of climate
and vegetation on ﬂuxes. As an early example of the site-cluster approach, the Boreal Ecosystem-Atmosphere Study (BOREAS) project relied on a series of intensive ﬁeld campaigns to assess the carbon sink
strength of boreal ecosystems of diﬀerent burn ages and vegetation
cover (Sellers et al., 1997). Since then, AmeriFlux site-clusters have
been used to evaluate eﬀects of climate and disturbance history on NEE
(Law et al., 2004), assess theoretical predictions for the carbon uptake
potential of mature forests (Novick et al., 2015; Stoy et al., 2008), and
quantify the inﬂuence of site-level factors in determining GPP and ET in
semi-arid (Biederman et al., 2016) and temperate (Desai et al., 2008a)
biomes. Additionally, the Forest Accelerated Succession Experiment
(FASET) at the University of Michigan Biological Station used deliberate landscape-scale manipulation within a tower footprint to bridge
the gap between observational and experimental approaches for understanding land-atmosphere interactions (Gough et al., 2013).

3.6. Scientiﬁc community building
AmeriFlux’s grassroots, community-oriented approach to networkenabled science enables interactions across sites, disciplines, and career
stages. Because individual sites must choose to opt-in to AmeriFlux,
aﬃliation reﬂects each PI’s recognition of the value of the community
enterprise. PIs share technical know-how to elevate the standards of
other sites, share their data with a speciﬁc goal of advancing science
beyond their site-level questions, and pursue broader management- and
policy-oriented scientiﬁc aims that are best achieved through networkenabled approaches. Historically, AmeriFlux’s collaborative data use
policy has fostered the development of synthesis products by large
collaborative teams (Amiro et al., 2010; Richardson et al., 2012; Xiao
et al., 2011). These teams foster inter-personal relationships that beneﬁt other network activities requiring voluntary participation from
community members, such as the annual AmeriFlux meetings, technical
workshops focused on sharing best practices, coordination of meetings
with the U.S. Global Change Research Program’s “North American
Carbon Program”, PECS site visits, active list serves, and AmeriFlux
sponsorship of Flux Course (www.ﬂuxcourse.org). Flux Course is a twoweek workshop for early career scientists, with many AmeriFlux scientists serving as guest instructors. For early career scientists in particular, network collaboration has many beneﬁts, including increased
publication rates, greater visibility, opportunities for extra-institutional
mentorship, and the chance to learn best practices for publication and
grant writing (Goring et al., 2014). Informal collaborations promoted
by interactions at AmeriFlux workshops, PI meetings, and the Flux
Course can also lay foundations for future, more formal operational
collaborations (Hara et al., 2003; Lewis et al., 2012).

3.4. Benchmarking models and remote-sensing products
AmeriFlux has a long history of validating remote-sensing products
and informing and benchmarking land surface models for plant productivity, water use, and other ecosystem processes (Huntzinger et al.,
2012; Levis et al., 2012; Running et al., 2004; Stöckli et al., 2008).
Although the spatial resolution of ESMs is much larger than that of eddy
covariance tower footprints, AmeriFlux sites broadly sample from the
plant functional types represented by models. Thus, network data can
be used to characterize rate controls and climate dependencies of CO2
and water ﬂuxes in diﬀerent plant communities, providing the means to
redress problems with current models and develop new modeling approaches (Huntzinger et al., 2012; Luo et al., 2012). These eﬀorts
beneﬁtted from methods to estimate the uncertainties in ﬂux observations (Hollinger et al., 2004; Richardson et al., 2006), a pre-requisite for
data-model fusion studies. Additionally, recent advances in scaling
methods allow better rectiﬁcation of tower footprints to model grid
cells (Xiao et al., 2011; Xu et al., 2017), and guide the number of sites
needed to accurately capture net ﬂux for a given uncertainty (Hill et al.,
2017).
Similarly, AmeriFlux data have played an important role in evaluating reanalysis and gridded meteorology products (Decker et al.,
2012), downscaling climate model output to local regions (Vuichard
and Papale, 2015), and benchmarking the ever-evolving suite of remotely-sensed information on vegetation distribution and function
(Nishida et al., 2003; Xiao et al., 2008). Recent advances in detection of
plant solar-induced ﬂuorescence (SIF) for mapping plant stress and
photosynthesis (Frankenberg et al., 2014; Verma et al., 2017; Yang
et al., 2015), hyperspectral visible-to near-IR imaging for mapping of
foliar traits and chemistry (Serbin et al., 2015), and detection of
moisture variation from satellite platforms (e.g. SMAP, Jones et al. in
press, and ECOSTRESS, Fisher et al., 2017) all suggest a rich era of future satellite missions that will require a robust ground network like
AmeriFlux. Complimenting these eﬀorts, many AmeriFlux sites have
installed ancillary sensors to detect ecosystem-scale properties that are
linked to satellite observations (including Phenocam cameras, Brown
et al., 2016, and COSMOS soil moisture sensors, Zreda et al., 2012).

4. Looking forward − emerging research areas for AmeriFlux
scientists
In this section, we turn to the likely avenues of future research to be
conducted by AmeriFlux scientists, again drawing connections between
the scope of the research and the network’s unique operational characteristics. Towards this end, we performed a keyword analysis on
abstracts from more than 60 active grants funded by the US Department
of Energy, NSF, USDA, and/or NASA. Projects were initially screened
for their mention of keywords like “eddy covariance,” “AmeriFlux,”
“ﬂux tower(s)”, and “ecosystem ﬂuxes.” Projects were retained in the
analysis if it was clear from the abstract that the investigators planned
to use AmeriFlux data in project activities, or planned to generate new
observations from ﬂux tower sites in North, Central our Latin America.
It was not clear whether all of these towers were already registered
AmeriFlux sites, though they are all eligible to register with AmeriFlux
(i.e. they represent current or potential AmeriFlux sites). After the 60+
abstracts were compiled, they were searched for a wide range of keywords. Those that appeared in at least three (or 5%) of the abstracts are
included in Table 2.

3.5. Advancing the theory and practice of eddy covariance measurements
By allowing for a diversity of measurement approaches, across a
wide range of environmental and infrastructure conditions, AmeriFlux
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thinning and harvesting in US forests (Clark et al., 2004; Law et al.,
2003), and landscape-scale shifts in land use and management regimes
(Runkle et al., 2017; Stoy et al., 2008). Moving forward, the newly
formed USDA-ARS LTAR network, which includes several AmeriFluxaﬃliated towers, may play a critical role in elucidating links between
agricultural management and land-atmosphere interactions.

Table 2
Results from active grant keyword search (n = 61 active projects).
Search term

Number of grants

Percent of grants

carbon or CO2
model, models or modeling
remote sensing
management
evapotranspiration
energy balance, energy cycling
tropics, tropical
drought
GPP
disturbance
economic
land cover, land use
agriculture
hydrology
arctic
belowground
methane
physiology
ﬂuorescence or SIF
blue carbon
carbonyl Sulﬁde (COS or OCS)
nitrous oxide

53
51
22
19
16
14
12
11
11
10
10
10
7
7
6
5
5
5
4
3
3
3

0.88
0.85
0.37
0.32
0.27
0.23
0.20
0.18
0.18
0.17
0.17
0.17
0.12
0.12
0.10
0.08
0.08
0.08
0.07
0.05
0.05
0.05

4.3. Energy balance − moving beyond the closure problem
Approximately 14% of the studies in Table 2 made explicit mention
of “energy balance” in the project abstract. Energy balance closure (or
the lack thereof) in ﬂux tower data has been a subject of investigation
since the inception of AmeriFlux (Baldocchi and Vogel, 1996; Wilson
et al., 2002). Generalized solutions continue to remain elusive (Foken,
2008; Stoy et al., 2013), and thus will undoubtedly persist as a focus for
future research. Nonetheless, despite these methodological challenges,
ﬂux tower data are increasingly being used to understand how biophysical mechanisms directly alter energy balance and local temperature. For example, Juang et al. (2007) demonstrated that, in the temperate zone, surface temperature is lower over an evergreen and
deciduous forest when compared to an adjacent grassland site, due
principally to higher evapotranspiration and sensible heat ﬂux in the
forests. In contrast, Lee et al. (2011) demonstrated that in boreal ecosystems, surface temperature tends to be warmer over forested sites
compared to nearby grasslands, due to the strong radiative eﬀects of
low forest albedo in wintertime when open areas are snow-covered.
Using data from two savannah ecosystems, Baldocchi and Ma (2013)
explored interactions between land cover, surface and air temperature,
and seasonality. These research foci are well-aligned with an emerging
recognition of the potential for land management schemes to mitigate
climate change not only through their eﬀect on carbon uptake, but also
through direct eﬀects on local hydrology and surface temperature
(Ellison et al., 2017).

4.1. An enduring focus on carbon cycling
The words “carbon” or “CO2” appeared in nearly 90% of project
abstracts, suggesting that AmeriFlux scientists will continue to leverage
network data to reduce uncertainty in the global carbon cycle. As
AmeriFlux data records continue to grow, richer sets of information will
be available to close remaining gaps in our understanding of current
and future ecosystem carbon cycling (Friedlingstein et al., 2014), and
inform more conﬁdent ﬁngerprinting of trends in the ﬂuxes driven by
ongoing climate change. The large number of studies that include a
modeling focus (85%), remotely sensed data (37%), and evapotranspiration (27%) suggest that understanding of carbon and water
cycling at regional and continental scales remains a research priority for
the community.
Relatedly, AmeriFlux scientists are poised to advance new methodological approaches for leveraging ﬂux tower data to quantify GPP at
landscape and regional scales, moving beyond traditional approaches
based on fusing tower data with simple process-based models (Lasslop
et al., 2010; Reichstein et al., 2005; Van Gorsel et al., 2009). For example, four of the projects surveyed in Table 2 include a focus on GPP
estimates derived from SIF. Flux towers provide a platform for nearsurface SIF measurements, as well as independent estimates of GPP
against which to benchmark SIF observations from towers and satellites
(Frankenberg et al., 2014; Yang et al., 2015). Several other active
projects include a focus on carbonyl sulﬁde (COS), which is a “sulfurcontaining analogue of CO2” (Asaf et al., 2013) that can be taken up by
plants and thereby serve as a proxy for GPP (Campbell et al., 2015;
Seibt et al., 2010). This approach is particularly well suited for testing
at ﬂux tower sites, because COS ﬂux can be measured directly using the
eddy covariance technique (Billesbach et al., 2014; Wehr et al., 2017).

4.4. Other greenhouse gases
A small but signiﬁcant fraction of active grant proposals are explicitly focused on measuring ﬂuxes of non-CO2 greenhouse gases like
methane (8% of studies) and nitrous oxide (5% of studies), enabled by
rapid advancements in gas analyzer technology and data analysis
(McDermitt et al., 2011; Detto et al., 2011; Mammarella et al., 2010).
As the number of sites reporting these other greenhouse gas ﬂuxes
continues to grow, network-enabled approaches for understanding CO2
and H2O ﬂuxes will be applied to better understand and predict the
dynamics of their biosphere-atmosphere exchange.
5. Challenges associated with a grassroots approach to network
science, and opportunities for cross-network syntheses and
synergies
Our discussion thus far has highlighted how AmeriFlux’s 20 year
history of PI-driven network science positions the network to continue
addressing pressing knowledge gaps in our understanding of carbon and
water cycle science. However, AmeriFlux’s “bottom-up approach” also
presents signiﬁcant challenges to network operations and syntheses (see
Table 3). In this section, we discuss these challenges in more detail and
highlight ways they could be addressed through cross-network synergies that would beneﬁt all relevant networks, allowing them to fully
capitalize on the potential of network-enabled ecosystem science to
generate scalable, generalizable information for mitigating and managing environmental change.

4.2. An emerging focus on land management
The phrases “land management” and “agricultural systems” were
mentioned in a signiﬁcant number of project abstracts (32% and 12% of
projects, respectively), positioning AmeriFlux scientists to better constrain our understanding of how human land use impacts biogeochemical and hydrologic cycling (Bohrer et al., 2015). Numerous
AmeriFlux research groups have already demonstrated the usefulness of
aggregating ﬂux data from management-oriented site-clusters to investigate carbon cycle impacts of tilling, irrigation, and winter cover
crops in the Corn Belt (Baker and Griﬃs, 2005; Verma et al., 2005),

5.1. Cross-site syntheses of non-standardized data
Integrating and synthesizing non-standardized data represents a
challenge for many environmental ﬁelds that are adopting network450
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Table 3
Strengths and weaknesses of AmeriFlux’s bottom-up approach.
Feature of Approach

Associated Strengths

Associated Weaknesses

Voluntary, PI-driven research; inclusive
approach to network participation

Diverse research questions; interdisciplinarity; strong
sense of community
Good spatial and temporal representativeness of many
biome types.
Flexibility in methodological approach can advance
observation theory.
Promotes cross-disciplinary perspectives; strengthens
interpersonal connections within the network; promotes
incentive for PIs to submit data
Few required variables makes it easier for sites to join the
network

Lack of incentives for data sharing. Insecurity of funding for many
sites.
Underrepresentation of some biomes.

Lack of standardization of instrumentation
and processing
“collaborative’ data policy

Network oriented around a relatively few core
observations (i.e. ﬂuxes and
meteorological drivers)

Biases related to instrument design and processing can challenge
cross-site syntheses.
Large, multi-author papers are sometimes challenging to write,
presenting a disincentive for network end-users.
Inconsistent submission of non-biometeorological data across sites,
which when present provides important ecological context for the
ﬂuxes, and guides model development.

beneﬁt to AmeriFlux scientists. For example, open-source eddy covariance codes are being developed by NEON for broad application
(Metzger et al., in press). At the same time, continued eﬀorts to evaluate
uncertainty in ﬂux records linked to the choice of instrumentation and
data processing will be diﬃcult using NEONs centralized design, but
should continue to be a hallmark of AmeriFlux’s PI-driven approach.
Indeed, AmeriFlux scientists have been at the forefront of reviewing
NEON sensor design and protocols through leadership in NEON’s
Technical Working Groups (TWGs) and Science, Technology, &
Educational Advisory Committee (STEAC).

enabled approaches (Peters et al., 2014). In the case of AmeriFlux, and
perhaps because eddy covariance methodology evolved in concert with
the use of eddy covariance data in a network setting, methodological
biases in ﬂux observations have been exceptionally well studied. As
discussed in subsection 3.5, these biases have many sources, including
the instruments, post-processing of high-frequency data, and the approach for detecting and gapﬁlling half-hourly observations collected
during periods of low turbulence. Eﬀorts to partition measured NEE
into its principal components − GPP and ecosystem respiration − are
further sensitive to the choice of partitioning approach (Lasslop et al.,
2010; Reichstein et al., 2005; Van Gorsel et al., 2009).
Fortunately, observations from the AmeriFlux PECS have revealed
that biases due to site-level instrumentation and ﬂux processing decisions tend to be small (on the order of ∼8% for CO2 ﬂuxes, 5% for H2O
ﬂuxes, and 2% for sensible heat ﬂuxes, Schmidt et al., 2012). Similarly,
biases due to the choice of gapﬁlling and partitioning approaches are
also on the order of 5–10% (Desai et al., 2008b). Biases due to instrumentation or processing choice are usually not in the same direction
and may be partially cancelled through cross-site syntheses. Furthermore, post-processing approaches to gapﬁlling and partitioning are
becoming increasingly standardized, due to the recent release of the
FLUXNET2015 data product (Pastorello et al., 2017), and available to
the community as R-codes or online tools (e.g. Reddyproc, Reichstein
and Moﬀat, 2014). A particularly important feature of the
FLUXNET2015 product is its focus on quantifying the uncertainty in
ﬂux estimates linked to the choice of gapﬁlling and partitioning.
Moving forward, calculating these uncertainties will become the purview of regional networks like AmeriFlux; access to these post-processing results should motivate sites to join, or continue submitting data
to, AmeriFlux, and oﬀer expanded opportunities for cross-network integration.
Despite challenges to cross-site syntheses and inter-site comparisons, the ﬂexible, non-standardized measurement approaches adopted
by AmeriFlux and LTER permits PIs to choose the instruments that are
best suited for conditions at their site. Open-path gas analyzers, for
example, may be a good choice for solar-powered installations because
they use less power than closed-path analyzers, but would be a poor
choice in humid or polluted environments where fog or dust frequently
cloud the optical path. Similarly, post-processing approaches designed
to minimize the contribution of advection to the ﬂux records (e.g. Van
Gorsel et al., 2009) may be a particularly good choice in areas of
complex terrain, where advection from cold-air drainage frequently
dominates nocturnal ﬂux regimes (Novick et al., 2016b). Thus, networks relying on a highly standardized approach to observation and
processing are also exposed to measurement bias, with a greater likelihood that the bias errors will be in the same direction.
Ample opportunities also exist to coordinate standardization of ﬂux
data processing across networks, with many eﬀorts already well underway. NEON is already generating a new level of harmonization and
standardization of ﬂux tower methodology which will be of signiﬁcant

5.2. Rewards and incentives for voluntary data sharing
Much of the science conducted by AmeriFlux investigators occurs in
the so-called “long tail of science” (Heidorn, 2008, Fig. 1), where projects are relatively small in size and scope, and are funded through
diverse mechanisms. With the exception of AmeriFlux Core Sites, which
are contractually obligated to supply data to the network in a timely
fashion, most AmeriFlux sites have no data sharing mandate. Undoubtedly, many AmeriFlux scientists shared data altruistically. In addition, the beneﬁts of AmeriFlux’s collaborative approach to data
sharing and community building, addressed in detail in subsection 3.6,
have also historically served as important incentives for data sharing.
Nonetheless, nearly 90 projects registered as AmeriFlux sites have yet
to upload ﬂux data records (Table 1), Furthermore, the number of sites
contributing data to the network appears to have decreased in recent
years (Fig. 5), even as the number of sites has continued to grow.
Curators of the FLUXNET2015 data product have noted diﬃculty in
encouraging scientists to submit data of the necessary quality (Chu
et al., 2017).
The diﬃculty of extracting data from the long-tail of science −
generated by multiple projects run by individual PIs − challenges
network-enabled approaches across many ﬁelds of environmental science and ecology (Goring et al., 2014; Hampton et al., 2013; Reichman
et al., 2011). However, in the case of AmeriFlux, which relies on voluntary participation, the problem is a particularly important one to
solve. Many obstacles to data sharing are not technological but rather
sociological (Reichman et al., 2011), and include: (1) fear of losing
“rights” to one’s data, (2) concerns that others will misinterpret observations, and (3) a dearth of metrics in formal evaluations of scientiﬁc
success that reﬂect the time required to prepare and curate shared
datasets (Goring et al., 2014; Hampton et al., 2013; Reichman et al.,
2011). Strategies to overcome these obstacles include institutionalizing
evaluation metrics that better reward data sharing and team-based
collaboration (Goring et al., 2014), and the publication of peer-reviewed datasets with digital object identiﬁer (DOI) numbers (Reichman
et al., 2011), which AmeriFlux has recently adopted. Putting recommendations like these into practice would be to the beneﬁt of all
the networks discussed here, and represents a signiﬁcant synergistic
opportunity.
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components may respond diﬀerently to climate change and other biophysical forcings, understanding the relative contribution of each
component to the stand-level ﬂuxes is necessary to understand how
ecosystems will respond to environmental change.
Experiments and non-biometeorological measurements can be leveraged to ﬁll in gaps in our mechanistic understanding of ecosystem
ﬂuxes. For example, soil and tissue respiration measurements can help
to constrain estimates of the diﬀerential contribution of autotrophic
and heterotrophic respiration to ecosystem respiration (Zobitz et al.,
2008; Maurer et al., 2016; Phillips et al., 2017; Ryan et al., 1997; Zha
et al., 2007), particularly when they are conducted within experimental
root exculsions or other manipulations. Similarly, leaf- and tree-level
eco-physiological measurements, including observations of leaf gas
exchange, sap ﬂux, and xylem vulnerability, can be leveraged to understand how carbon uptake and water loss diﬀer between species, in
diﬀerent canopy positions, or for plants of diﬀerent age and height
(Roman et al., 2015; Oishi et al., 2008; Irvine et al., 2004). Eddy covariance records can be augmented and extended at even longer timescales by repeated censuses of forest ecosystems and metrics of interannual variability in growth derived from tree rings (Babst et al., 2014;
Dye et al. 2016; Montané et al., in press). Linking ﬂuxes to canopy
composition, age, and structure is particularly important for understanding ﬂux sensitivity to processes like succession, disturbance recovery, and management regimes shifts, which can drive large changes
in species composition and stand structure over timescales much longer
than the lifespan of a typical ﬂux tower.
Process-level studies at AmeriFlux sites, where results can be upscaled and compared to ecosystem-scale ﬂuxes, provides an advantage
for those seeking to improve terrestrial ecosystem models or use these
models as integrating tools (Wang et al., 2017). Non-biometeorological
observations can be integrated with tower ﬂuxes through “data assimilation,” which refers to the process of directly informing model states
or parameters with observations (Zobitz et al., 2011). Virtually all recent advances in weather forecasting have been driven by improved
assimilation of observations in meteorological models (Kalnay, 2003),
and a similar revolution is underway in ecosystem modeling (Braswell
et al., 2005; Moorcroft, 2006: Moore et al., 2008; Dietze et al., 2014;
Dietze, 2017). Model-data fusion techniques can be used to compare the
information contained in measurements collected at diﬀerent spatial
scales, including eddy covariance, soil respiration, leaf area index, litterfall, and woody biomass data (Richardson et al., 2010, Keenan et al.,
2013). Data assimilation is also useful for testing mechanistic hypotheses by altering model structure (Sacks et al., 2006; Zobitz et al.,
2008), illustrating one pathway by which network-supported observations datasets can be used to answer hypothesis-oriented research
questions which have historically dominated ecological ﬁelds of inquiry.

Fig. 5. AmeriFlux data availability, organized by plant functional type and year of collection. Abbreviations are: CRO = cropland, CSH = closed shrubland, DBH = deciduous
broadleaf forest, EBF = evergreen broadleaf forest, ENF = evergreen needleleaf forest,
MF = mixed forest, GRA = grassland, OSH = open shrubland, WET = wetland,
WSA = woody savannah.

Fig. 6. Flux Course students engage in peer-learning about the basics of eddy covariance
instrumentation. Photo by Edward Swiatek.

5.3. Flux towers as integrated ecosystem research sites
As we move past AmeriFlux’s 20-year milestone, we have the opportunity to consider the controls of carbon, water and energy balance
over decades with more data − and more rigor. The genesis of the eddy
covariance technique is in biometeorology, and much of the questionoriented research emerging from the network has focused on linking
patterns in whole ecosystem ﬂuxes to meteorological conditions at
seasonal and interannual timescales (as reviewed in Baldocchi, 2008).
These studies are useful for diagnosing sensitivities of land-atmosphere
exchanges to ongoing climate and land use change and are requisite,
but not suﬃcient, for constructing a mechanistic understanding of the
processes that control ecosystem energy, carbon, and water cycling.
These processes are driven by ecosystem components operating at
scales much smaller than a tower footprint. For example, GPP integrates
a cellular level processes (photosynthesis) that typically occurs across
multiple species and/or canopy layers, and is linked to whole-plant
hydraulic function. Similarly, ecosystem respiration reﬂects both autotrophic and heterotrophic contributions occurring through multiple
layers of the vegetative canopy and the soil. Because these individual

5.4. Education and training
As the number of AmeriFlux sites has grown, the community of
AmeriFlux data end users has also expanded from a relative small group
of specialists to a broad group of scientists including biometeorologists,
ecosystem scientists, hydrologists, microbial ecologists, soil scientists,
remote sensing scientists and Earth system modelers. Many current
users of the data have not visited an AmeriFlux site in person, and may
be unfamiliar with the sources of uncertainty and bias in ﬂux records
that are well known to scientists who collect the data ﬁrsthand. This
gap in expertise between data providers and data users, which will also
likely challenge NEON, represents an additional constraint on the utility of cross-site syntheses; for example, it is not uncommon to see
tower-derived estimates of GPP referred to as ‘observations’ in the literature, even though they are largely modeled products.
To help bridge this gap, the AmeriFlux community has invested in
educational workshops and training opportunities focused on core
principles of ﬂux tower data generation and end use. Chief among these
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is “Flux Course” (See Figure 6, subsection 3.6), which should be viewed
as a useful training resource for scientists using ﬂux observations from
all the networks. NEON is also beginning to sponsor workshops to
provide scientists with the skills needed to conduct cross-site syntheses,
including events focused on data from their airborne platform. Similarly, LTER’s All-Scientists Meeting, held every 2–3 years, features
many community-driven working groups focused on within- and crossnetwork synergies that should be of utility and interest to AmeriFlux
scientists.
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6. Conclusion
AmeriFlux scientists were early adopters of a network-enabled approach to studying land-atmosphere interactions, and have a 20-year
history of leveraging biosphere-atmosphere ﬂux observations to understand mechanistic controls on local- to continental-scale carbon and
water cycling. More recently, ﬂux tower observations have become an
important component of NEON, CZO and LTER network activities; in
this paper, we assessed past and future research activities which are
particularly well suited for AmeriFlux’s unique approach to network
science. The length of AmeriFlux records make them especially useful
for investigating the causes of interannual ﬂux variability and for ﬁngerprinting the eﬀects of extreme events. The spatial representativeness
of AmeriFlux sites, including the existence of many co-located “siteclusters,” should motivate continued eﬀorts to use AmeriFlux data to
disentangle climate versus vegetative controls on ecosystem function,
and to benchmark ESMs. AmeriFlux’s bottom-up operational approach
positions AmeriFlux scientists to continue to lead the development of
novel methodologies, and merge ﬂux tower and biometric data at the
site level to investigate a host of multi-disciplinary research questions.
Challenges for AmeriFlux related to data standardization, data sharing,
and the merging of ecosystem-scale ﬂux observations with leaf-, treeand plot-scale biometric data persist. Ample opportunities exist to address these challenge via cross-network synergies that would beneﬁt of
all networks supporting ﬂux tower observations to inform understanding of, and solutions for, environmental challenges at policy- and
management-relevant scales.
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