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Forest carbon sequestration offsets are methodologically uncertain, comprise a minor
component of carbon markets and do not effectively slow deforestation. The objective
of this study is to describe a commercial scale in situ measurement approach for
determination of net forest carbon sequestration projects, the Direct Measurement
Forest Carbon ProtocolTM , to address forest carbon market uncertainties. In contrast
to protocols that rely on limited forest mensuration, growth simulation and exclusion of
CO2 data, the Direct Measurement Forest Carbon ProtocolTM is based on standardized
methods for direct determination of net ecosystem exchange (NEE) of CO2 employing
eddy covariance, a meteorological approach integrating forest carbon fluxes. NEE is
used here as the basis for quantifying the first of its kind carbon financial products.
The DMFCP differentiates physical, project and financial carbon within a Systemof-SystemsTM (SoS) network architecture. SoS sensor nodes, the Global Monitoring
PlatformTM (GMP), housing analyzers for CO2 isotopologues (e.g., 12 CO2, 13 CO2 ,
14 CO ) and greenhouse gases are deployed across the project landscape. The SoS
2
standardizes and automates GMP measurement, uncertainty and reporting functions
creating diverse forest carbon portfolios while reducing cost and investment risk
in alignment with modern portfolio theory. To illustrate SoS field deployment and
operation, published annual NEE data for a tropical (Ankasa Park, Ghana, Africa)
and a deciduous forest (Harvard Forest, Petersham, MA, USA) are used to forecast
carbon revenue. Carbon pricing scenarios are combined with historical in situ NEE
annual time-series to extrapolate pre-tax revenue for each project applied to 100,000
acres (40,469 hectares) of surrounding land. Based on carbon pricing of $5 to $36
per ton CO2 equivalent (tCO2 eq) and observed NEE sequestration rates of 0.48 to
15.60 tCO2 eq acre−1 yr−1 , pre-tax cash flows ranging from $230,000 to $16,380,000
across project time-series are calculated, up to 5× revenue for contemporary voluntary
offsets, demonstrating new economic incentives to reverse deforestation. The SoS
concept of operation and architecture, with engineering development, can be extended
to diverse gas species across terrestrial, aquatic and oceanic ecosystems, harmonizing
voluntary and compliance market products worldwide to assist in the management
of global warming. The Direct Measurement Forest Carbon Protocol reduces risk of

OPEN ACCESS

How to cite this article Marino BDV, Truong V, Munger JW, Gyimah R. 2020. Direct measurement forest carbon protocol: a commercial system-of-systems to incentivize forest restoration and management. PeerJ 8:e8891 http://doi.org/10.7717/peerj.8891

invalidation intrinsic to estimation-based protocols such as the Climate Action Reserve
and the Clean Development Mechanism that do not observe molecular CO2 to calibrate
financial products. Multinational policy applications such as the Paris Agreement
and the United Nations Reducing Emissions from Deforestation and Degradation,
constrained by Kyoto Protocol era processes, will benefit from NEE measurement
avoiding unsupported claims of emission reduction, fraud, and forest conservation
policy failure.
Subjects Ecosystem Science, Coupled Natural and Human Systems, Biosphere Interactions,

Climate Change Biology, Forestry
Keywords Harvard forest, Ankasa park ghana, Forest carbon quantification, Forest carbon
trading , Deforestation, Forest net ecosystem exchange, Paris agreement, REDD+, Climate action
reserve, Clean development mechanism

INTRODUCTION

1 ‘‘Carbon

dioxide equivalent’’ or ‘‘CO2eq’’
is a term for describing different
greenhouse gases in a common unit. For
any quantity and type of greenhouse gas,
CO2eq is a term for describing different
greenhouse gases in a common unit. For
any quantity and type of greenhouse gas,
CO2eq signifies the amount of CO2 which
would have the equivalent global warming
impact.

Forest landowners and forest communities typically lack economic incentives and social
benefits to balance deforestation with conservation and preservation (Duguma et al.,
2019). A constellation of factors is responsible for deforestation (Busch & Ferretti-Gallon,
2017), claiming ∼50% of tropical forested landscapes (Brancalion et al., 2019; Rozendaal
et al., 2019), including contested land rights, high carbon project cost and requirements
for landowners (Kerchner & Keeton, 2015), failure of payment for ecosystem services
(Fenichel et al., 2018; Lamb et al., 2019), low or negative payments resulting from the United
Nations Reducing Emissions from Deforestation and Degradation (REDD+) programs
(Köhl, Neupane & Mundhenk, 2020), and as we argue here, uncertainty for forest carbon
sequestration (Engel et al., 2015; Marino, Mincheva & Doucett, 2019; Zhang, 2019). Carbon
markets are primarily driven by reduction/avoidance of emissions to the atmosphere from
energy production and consumption (Liddle, 2018) while investment in removal of CO2
from the atmosphere by reforestation and conservation has not gained carbon market
traction (Gren & Zeleke, 2016; Laurance, 2007) declining by ∼72% from 2011 to 2016
(Hamrick & Gallant, 2017; Molly Peters-Stanley Gonzalez & Yin, 2013). Discount pricing
for forest carbon (e.g., <$5 tCO2 eq1 , 2017: <1$, 2018) (Hamrick & Gallant, 2018; Hamrick
& Gallant, 2017) results in limited ecological, social and economic benefits of carbon
trading to stakeholders due, in part, from risk of offset invalidation intrinsic to estimation
protocols.
Estimation protocols do not directly observe forest CO2 fluxes; terms for ecosystem
photosynthesis and respiration are absent unavoidably introducing uncertainty for
annual net forest carbon determination and monetization to carbon markets (Dunlop,
Winner & Smith, 2019; Haya, 2019; Marino, Mincheva & Doucett, 2019). Invalidation
risk for estimation protocols stems from reliance on forest mensuration (e.g., timber
survey) conducted every 6 or 12 years (California Air Resources Board, 2015a; Forest
Carbon Partners, 2013; Marland et al., 2017) coupled with tree growth simulation models
to infer annual changes in net forest carbon offsets (California Air Resources Board,
2011; California Air Resources Board, 2014; California Air Resources Board, 2015b; Climate
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Action Reserve, 2018). Forest mensuration uncertainties up to 80% for individual trees, and
up to 20% for plot level estimation of annual forest carbon have been reported (Gonçalves
et al., 2017; Holdaway et al., 2014; Paré et al., 2015) suggesting that such uncertainty is
unaccounted for in estimation based protocols.
Estimation based protocols including the California Air Resources Board (CARB)
(California Air Resources Board, 2014), the Climate Action Reserve (CAR) (Climate
Action Reserve, 2018), the American Carbon Registry (ACR) (Winrock International, 2016),
the Verified Carbon Standard (VERRA), and the Clean Development Mechanism (CDM)
(Zhang et al., 2018) share offset uncertainty (Köhl, Neupane & Mundhenk, 2020; Kollmuss
& Fussler, 2015) in the absence of direct measurement. Approximately 0.9 billion hectares
of forests are available worldwide for large-scale restoration opportunities (Bastin, 2019;
Brancalion et al., 2019), however, in addition to carbon quantification uncertainties,
financing for large-scale projects has proven difficult (Foss, 2018). Complete and direct
carbon accounting of forests is required to track biospheric carbon dynamics given
the limited and impermanent nature of forest and soil carbon (Baldocchi & Penuelas,
2019; Schlesinger, 2003; Schlesinger & Amundson, 2018). Here, we address forest carbon
accounting uncertainties by linking direct measurement of net ecosystem exchange
(NEE) of forest carbon fluxes for a project with carbon market transactions in a Direct
Measurement Forest Carbon Protocol (DMFCP).
The objective of the DMFCP is to efficiently monetize sustainable forest management
and direct revenue to landowners and communities in lieu of deforestation. The DMFCP
commercializes large-scale (e.g., 1 + million hectares), direct, in-situ measurement
of vertical gross forest CO2 fluxes (e.g., photosynthesis and ecosystem respiration) to
determine net forest carbon sequestration or net ecosystem exchange (NEE), a universal
feature of NEE research platforms (Baldocchi, 2019; Baldocchi, Chu & Reichstein, 2018;
Baldocchi & Penuelas, 2019; Burba, 2013). The DMFCP, employing a network system
architecture, the SoS, and a sensor platform, the GMP, account for carbon from
measurement-to-monetization of NEE based products as described in Fig. 1 (overview)
and Fig. 2 (annual accounting). NEE has been measured in over 600 locations worldwide
(Fluxdata, 2020a; Novick et al., 2018) but has not been utilized to support commercial SoS
networks for realization of verified forest carbon products and carbon market transactions.
NEE, notwithstanding limitations intrinsic to the methodology, offers a transformative
advancement compared to estimation protocols for annual net forest carbon sequestration
that lack direct CO2 measurement (e.g., gC m−2 yr−1 ). The DMFCP commercial platform is
described employing NEE data from two research sites, the Ankasa Park tropical rainforest
located in Ghana, Africa (Nicolini, 2012), and the Harvard Forest deciduous forest site
located in Petersham, MA, USA (Barford et al., 2001; Munger, 2016; Urbanski et al., 2007).
The NEE time series data for each site, in combination with carbon pricing scenarios, is
used to establish revenue projections across an areal expanse of 100,000 acres (404,685.6
hectares). We compare landowner benefits and incentives to restore forests and reverse
deforestation employing the DMFCP and traditional estimation-based protocols as well
as compare uncertainties for each approach and their significance to supporting verifiable
forest carbon financial products.
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Figure 1 Showing an overview of the DMFCP structure and process. The Direct Measurement Forest
Carbon Protocol (DMFCP) measures gross vertical fluxes of carbon forest ecosystems important for carbon trading shown as: geographical project boundary (dashed line); NEE, net ecosystem exchange of CO2
fluxes; AGC, above ground carbon; BGC, below ground carbon; Photosynthesis, the total carbon uptake
by plants or gross primary productivity (GPP); Respiration of ecosystem (Reco ), total sources of CO2 released to the atmosphere from plants (AGC, Ra ) and soil microbes (BGC, Rh ); SoS sensor network; and,
a Global Monitoring Platform (GMP). The SoS network and GMP’s are deployed across the project landscape, according to an engineering plan specifying number, height and placement of sensors, to determine
net ecosystem exchange (NEE) representing net forest carbon sequestration for a project. Forest carbon
gross fluxes (GPP, Reco ) measured in situ and resulting in NEE is designated as Physical Carbon, total land
area and time period of project performance are designated as Project Carbon, and annual accounting and
registration of project carbon provides the basis (e.g., quantity of tCO2 eq available) and pricing for sale of
Financial Carbon. Multiple projects and resulting forest carbon products are combined in a Pooled Portfolio and listed in a registry detailing project accounting and verification criteria. Pooled Portfolio carbon
products, based on equivalent carbon accounting, can be sold to voluntary and compliance buyers worldwide. Pooled Portfolio products may also incorporate additional greenhouse gase fluxes (e.g., CH4 , N2 O)
and isotopic forms (e.g., isotopologues)2 that can be measured with precision in the field and typically reported in the delta notation with per mil unilts. 3 The geographical project boundary may be comprised
of local, regional or larger land areas (e.g., state, country). Project types include: R, reforestation refers to
a project that plants trees on a site previously forested; AD, avoided deforestation refers to a project that
prevents deforestation; FM, forest management refers to a project that improves the net carbon sequestration; AF, afforestation refers to a project that establishes trees on land that otherwise would not be planted;
AG, agroforestry refers to a project that combines forest conservation and or tree planting with agriculture; TM, timber/wood products involves sustainable (continued on next page. . . )
Full-size DOI: 10.7717/peerj.8891/fig-1
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2 The

term isotopologue refers to chemical
species that differ only in the isotopic
composition of their molecules or ions.

3 The

term stable isotope has a similar
meaning to stable nuclide but is preferably
used when speaking of nuclides of a
specific element. The expression ‘‘stable
isotope ratio’’ is used to refer to isotopes
whose relative abundances are affected
by isotope fractionation in nature. The
stable isotopic compositions of low-mass
(light) elements such as oxygen, hydrogen,
carbon, nitrogen, and sulfur are normally
reported as ‘‘delta’’ (d) values in parts per
thousand (denoted as h) enrichments or
depletions relative to a standard of known
composition. The symbol h is spelled
out in several different ways: permil,
per mil, per mill, or per mille. The term
‘‘per mill’’ is the ISO term, but is not yet
widely used. d values are calculated by:
(in h) = (Rsample/Rstandard - 1)1000
where ‘‘R’’ is the ratio of the heavy to light
isotope in the sample or standard. For
the elements sulfur, carbon, nitrogen,
and oxygen, the average terrestrial
abundance ratio of the heavy to the light
isotope ranges from 1:22 (sulfur) to 1:500
(oxygen); the ratio 2H:1H is 1:6410. A
positive d value means that the sample
contains more of the heavy isotope than
the standard; a negative d value means
that the sample contains less of the heavy
isotope than the standard. A d15N value of
+30 h means that there are 30 parts per
thousand or 3 h more 15N in the sample
relative to the standard.

Figure 1 (...continued)
harvest of timber within the project area resulting in wood products for construction and manufacturing. Traditional protocols do not directly observe CO2 but rely on proxies and estimation. The DMFCP is
formalized with standardized intake forms listing a project (e.g., project listing application) and a project
management plan defining terms and conditions for carbon product operations across multiple 10-year
intervals. NEE records reductions in photosynthesis caused by fire and deforestation should these events
occur in the project areas. Standing carbon inventory derived from biometric or remote sensing methods
will be employed to augment and cross-check project NEE data. The SoS and GMPs operate as an integrated autonomous system to monitor, measure and transform GHG flux data relative to local, regional
and global reference materials for bulk and isotopic composition, providing the basis for calculation of
verified tradeable GHG financial products that differentiate biogenic from anthropogenic net GHG fluxes
(Marino, 2013; Marino, 2014a; Marino, 2017b; Marino, 2017a; Marino, 2014b; Marino, 2014c; Marino,
2015b; Marino, 2015a; Marino, 2016b; Marino, 2016d; Marino, 2016c; Marino, 2016a; Marino, 2019).

METHODS
Net ecosystem exchange (NEE) is a measure of the net exchange of carbon fluxes between
an ecosystem and the atmosphere (per unit ground area) and is a universally accepted and
fundamental metric of ecosystem carbon sink strength (Baldocchi, Chu & Reichstein, 2018;
Baldocchi & Penuelas, 2019; Kramer et al., 2002). NEE can be defined as:
NEE = GPP + Reco

(1)

and,
Reco = Ra + Rh ,

(2)

where GPP = gross primary production or photosynthetic assimilation, Reco = ecosystem
respiration, Ra = autotrophic respiration by plants, and Rh = heterotrophic respiration by
soil microbes. NEE can be expressed as Net Ecosystem Productivity (NEP) plus sources and
sinks for CO2 that do not involve conversion to or from organic carbon: − NEE = NEP
+ inorganic sinks for CO2 − inorganic sources of CO2 (Chapin et al., 2006; Lovett, Cole &
Pace, 2006; Luyssaert et al., 2009). NEE measurements integrate (1) and (2) (e.g., Burba,
2013), consistent with the focus presented here on sequestration and monetization of
biospheric carbon where CO2 reduction/increase is a credit/debit to forest and biospheric
carbon storage. For example, a negative NEE flux represents a net carbon sink into the
biosphere (e.g., removal or capture of CO2 from the atmosphere) and a positive NEE
represents a net carbon source into the atmosphere from the biosphere (e.g., increase of
CO2 in the atmosphere). The sign convention accommodates the definition of a carbon
credit as representing 1 tone CO2 equivalent (CO2 eq)ii sequestered or captured from
the atmosphere (Kollmuss et al., 2010). We assume that loss of carbon due to fire, UV,
removal of biomass and import of biomass is negligible as both project sites are protected
(Ankasa Park) or managed as conserved land (Harvard Forest). NEE potentially records
reductions in photosynthesis caused by fire and deforestation should these events occur
in the project areas (Goulden et al., 2006; Mamkin et al., 2019; Ney et al., 2019; Ueyama et
al., 2019). Standing live carbon inventory derived from biometric and or remote sensing
methods, typically would be employed to augment NEE data (Ouimette et al., 2018; Verma
et al., 2013).
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Figure 2 Showing DMFCP components and time series. (A) Features and benefits of the DMFCP comprised of the SoS and GMPs include: (1) direct field measurement of NEE (CO2 , CH4 and N2 O) relative to
a zero-emission baseline showing positive, negative or neutral GHG emission employing an SoS and one
or more GMPs; a positive NEE indicates a GHG source or emission to the atmosphere from the biosphere,
whereas a negative NEE indicates a CO2 sink or emission reduction from the atmosphere and results in
carbon credits or offsets, (2) ex ante, annual accreditation periods that can be applied to multiple GHG’s,
(3) exits from a landowner agreement after 10 years with a penalty according to a ton-year accounting calculation, (4) landowner benefit from initial upfront payment (t 0 ) and annual royalty on sales payment
(t 1 ). (B) Multiple projects subsequent to data quality checks by a data center can be listed in a registry and
grouped into pooled portfolios; verification of system performance by external third-party verifiers of reference values and calibration of GHG analyzers is performed according to operation of the SoS. Products
can be purchased by voluntary and compliance buyers worldwide through multiple sales channels. The
hypothetical values shown for CO2 , CH4 and (continued on next page. . . )
Full-size DOI: 10.7717/peerj.8891/fig-2
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Figure 2 (...continued)
N2 O (bars) resulting from a field sensor platform are negative in year one and mixed in years 2 and 10.
Simple addition of the values for each GHG for annual periods result in a positive, negative or neutral
GHG balance. Multiple projects located in specified property boundaries can be grouped to address simple
numerical additionality. The DMFCP process simplifies existing protocols for forest carbon sequestration
(Table 1). Traditional protocols rely on proxies for CO2 (i.e., not measured or observed at any time in the
protocol process) to establish a baseline and test for additionality. NEE records reductions in photosynthesis caused by fire and deforestation should these events occur in the project areas. Standing carbon inventory derived from biometric or remote sensing methods will be employed to augment and cross-check
project NEE data. The SoS and GMPs operate as an integrated autonomous system to monitor, measure
and transform GHG flux data relative to local, regional and global reference materials for bulk and isotopic composition, providing the basis for calculation of verified tradeable GHG financial products that
differentiate biogenic from anthropogenic net GHG fluxes (Marino, 2013; Marino, 2014a; Marino, 2017b;
Marino, 2017a; Marino, 2014b; Marino, 2014c; Marino, 2015b; Marino, 2015a; Marino, 2016b; Marino,
2016d; Marino, 2016c; Marino, 2016a; Marino, 2019).

A detailed review of the eddy covariance method, parameter values, data processing
codes and uncertainties for determination of NEE are not under study in this work and
have been reported in detail elsewhere (Blackwell, Honaker & King, 2017; Vitale, Bilancia &
Papale, 2019). A data processing flowchart for Fluxnet2015, the source of data used in this
study, is available (https://fluxnet.fluxdata.org/data/fluxnet2015-dataset/data-processing/).
Uncertainties of up to 20% of annual flux for a single NEE tower have been reported
(Finkelstein & Sims, 2001) but vary according to random and systematic uncertainty terms
and applicable corrections. Annual mean NEE fluxes between co-located towers were found
to be within 5% of each other for the Howland Forest eddy covariance site (Hollinger &
Richardson, 2005). NEE uncertainty can be influenced by the number of towers for a given
project area (Kessomkiat et al., 2013), instrument noise, spectral attenuation, atmospheric
turbulence, and data processing (Foken, Aubinet & Leuning, 2012; Polonik et al., 2019), in
addition to upscaling from tower footprint to larger areas (Hollinger & Richardson, 2005;
Richardson et al., 2006; Mauder et al., 2013). NEE uncertainties for single and multiple
towers are actively under study as are quantitative corrections including those for: (1)
chronic underreporting of nocturnal fluxes due to low friction velocity (Aubinet, Vesla
& Papale, 2012; (Staebler & Fitzjarrald, 2004; Wutzler et al., 2018), (2) filtering of raw EC
data for conversion to half-hourly data commonly reported and as reported in this study
(Fluxnet, 2020b), (3) gap-filling protocols (Reichstein et al., 2012), and, (4) extrapolation
of EC data to areas outside of the EC footprint (e.g., single sites and networks) (Jung et al.,
2019; Wang et al., 2016). The reported corrections and uncertainties are noted for the data
employed in this study.
NEE data for a single tower for each site was accessed from online data sources and
transformed into tones carbon dioxide equivalent per acre per year (e.g., tCO2 eq acre−1
yr−1 ) (Supplemental Information 2). The NEE values for both sites representing footprints
of ∼1–10 km2 are used to extrapolate NEE to 100,000 acres (40,469 hectares) to illustrate
potential revenue for large-scale projects. The extrapolation of NEE data is for illustration
purposes only as single tower data for both sites may not be representative of larger
forest areas, discussed below. Extrapolated NEE values were combined with carbon prices
ranging from $5 to $36 tCO2 eq to explore pre-tax revenue scenarios including definition
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of hypothetical carbon products underlying the projections. Cumulative tCO2 eq is based
on summing the annual tCO2 eq for each record across the extrapolated area of 100,000
acres (40,469 hectares).

Field Sites
Ankasa Park, Ghana, Africa (Fig. 3A)
00
00
The Ankasa Park (AP) eddy covariance tower (5◦ 170 00 N2◦ 390 00 W: GH-Ank) is located
in a wet evergreen forest in south-western Ghana (Fig. 3A) (Nicolini, 2012) within the
Ankasa Conservation Area. The 62-meter-high AP tower equipped with an open path
CO2 analyzer was developed and operated as part of the CarboAfrica project (Stefani et
al., 2009) and was operational for four years (2011 to 2014) by the University of Tuschia,
Italy (Nicolini, 2012). NEE data used in this analysis are available online from the Fluxnet
(2015) quality-checked database (http://fluxnet.fluxdata.org/data/fluxnet2015-dataset/) as
annual NEE based on the gap filled VUT_NEE_REF values (e.g., Wutzler et al., 2018). The
NEE data are gap-filled, filtered and corrected for low friction velocity periods that likely
underestimate night time respiration (‘‘Data Processing—Fluxdata, 2020a; ORNLDAAC,
0000; Nicolini, 2012). Uncertainty for the corrected AP 30-minute NEE data was reported
as 0.20 µmol m−2 s−1 or 6.7% of the daily means (Nicolini, 2012). The Ankasa Resource
Reserve, established in 1934 (Hall & Swaine, 1981), lies within the administrative rule of the
Jomoro district in the Western region of Ghana and is under the paramount chief of Beyin
(Bandoh, 2010). The reserve was managed as a protected timber producing area until 1976
at which time it was designated as the Ankasa Resource Reserve (Damnyag et al., 2013).
The forest area is comprised of ∼500 km2 surrounded by deforested landscapes; the area is
∼90 m above sea level with mean annual temperature of ∼25 ◦ C. According to Hawthorne
& Abu-Juam (1995), the Ankasa Resource Reserve has an average Genetic Heat Index
(GHI) of 301, compared to a maximum of 406 (Janra & Aadrean, 2018; Vanclay, 1998),
designating the reserve as a global priority conservation area that should be permanently
removed from timber production. Hilly portions of the reserve showed the highest GHI
score of 406 (Hawthorne & Abu-Juam, 1995). The high GHI scores in Ghana are amongst
the ‘‘hottest’’ patches of genetic rarity in Africa, many of the species concerned being
found elsewhere only across the border in Southern La Cote D’Ivoire. Official records on
timber logging activities in the Ankasa Resource Reserve are incomplete as the management
objective has been primarily for protection and resource conservation, however, illegal
logging in the reserve may have occurred during the period of observation. Poor soils
of the area have generally discouraged commodities (i.e., cocoa) production and food
farmers. The population around the reserve has been historically low for a forest area
(Hall & Swaine, 1981), but has experienced dramatic population increase. For example, in
1960, the estimated population was 45,162 but declined to 37,685 by 1970. The results of
Ghana’s 1984 population census recorded a jump in population of 70,881, an increase of
88%. According to the 2000 population census, the population of the Jomoro district had
increased significantly to 111,348 an increase of 57% since 1984 (Bandoh, 2010). In the
recent 2010 census, the population recorded for the district was 150,107 (Bandoh, 2010)
representing an increase of 34%. The red color in Fig. 3A, denoting deforestation over
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approximately the last decade, illustrates the anthropogenic pressure the reserve faces in
the future.

Harvard Forest, Petersham, MA, USA (Fig. 3B)
The Harvard Forest (HF) Environmental Measurement Site tower (42.537755◦ N,
72.171478◦ W; US-Ha1) is a component of the Harvard Forest Long Term Ecological
Research (LTER) site in Petersham, Massachusetts (Harvard Forest Long Term Ecological
Research Site, 2019) and a core site in the AmeriFlux network (US-Ha1). The elevation
of the research area of ∼16.18 km2 ranges from 320 to 380 m above sea level (Fig.
1A). NEE data used in this analysis are available online from the Fluxnet2015 database
(https://fluxnet.fluxdata.org/doi/FLUXNET2015/US-Ha1). Additionally, current data are
available from AmeriFlux data repository (http://dx.doi.org/10.17190/AMF/1246059)
and LTER data archives (Environmental Data Initiative; https://doi.org/10.6073/pasta/
74fe96d1571db7f15bf6f1c4f53c0c02). The HF tower measurements, initiated in Oct 1991
with closed path CO2 analyzers, provide the longest continuous set of flux measurements
in the US (Barford et al., 2001; Urbanski et al., 2007). The mixed deciduous forest stand
surrounding the tower has been regenerating on abandoned agricultural land since the
late 1890’s punctuated by a major hurricane disturbance in 1938. The Harvard Forest,
US-Ha1 data are NEE quality-checked (e.g., Pastorello et al., 2014), gap-filled, filtered and
corrected for low friction velocity periods (e.g., friction velocity (u*) less 0.4 m/s) that
underestimate nighttime respiration flux (e.g., Urbanski 1996). Uncertainty for US-Ha1
gap-filled data for the years 1992–2004 was reported as ±0.03 tCO2 yr−1 (95% Confidence
Interval) relative to a mean NEE for the period of −2.42 tCO2 ha−1 yr−1 , determined by
random sampling of NEE error populations (Richardson et al., 2006; Urbanski et al., 2007).
US-Ha1 data are corrected for horizontal advection of CO2 reported of up to 35% of the
CO2 budget during summer intervals from 1999 to 2002 (Staebler & Fitzjarrald, 2004)
and up to 40% loss of daytime CO2 flux depending on wind speed (Sakai, Fitzjarrald &
Moore, 2001). Corrections are routinely applied to account for incomplete flux emphasizing
the importance of understanding site conditions at each location to assess optimal and
representative flux results. The dataset was read in line by line and processed using Python
Libraries (Pandas, NumPy) with txt format. Year, month, day, hour and NEE data were
selected for this study. NEE was determined by calculating the mean of 48 half-hour data
for each day as µmol CO2 m−2 s−1 , converting the value to gC m−2 d−1 , and summing
daily NEE to calculate annual NEE for each year. The US-Ha1 NEE data over the period of
record (e.g., 2000–2019) has been interpreted in the context of historical land use including
agriculture, reforestation and hurricane disturbance, demonstrating the impact of weather,
climate and human activity on NEE (Cogbill, 2000; Compton & Boone, 2000; Barford et al.,
2001; Bellemare, Motzkin & Foster, 2002; Urbanski et al., 2007). The Harvard Forest project
area has been studied using a variety of remote sensing data to assess species composition
across the project area and to understand short and long term responses to climate
change (Kim et al., 2018). Hyperspectral and lidar data (https://glihtdata.gsfc.nasa.gov)
(e.g., (Kampe, 2010), Airborne Visible InfraRed Imaging Spectrometer (AVIRIS) imagery
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Figure 3 Locations of the eddy covariance sites analyzed in this study. (A) Location of Ankasa Park
Tower, Ghana, Africa, (B) Location of Harvard Forest Tower, Massachusetts, USA (Image credits: (A)
http://earthenginepartners.appspot.com/science-2013-global-forest, powered by Google Earth (c) 2020;
inset map: https://commons.wikimedia.org/wiki/File:Ghana_(orthographic_projection).svg, License: CC
BY SA 3.0; (B) Map credit: Google, Delta SQ, NOAA, US Navy, GA, CEBCO Landsat/Copernicus US Geological Survey 2019); inset map: https://commons.wikimedia.org/wiki/File:Massachusetts_in_United_
States_(zoom).svg, License: CC BY SA 3.0).
Full-size DOI: 10.7717/peerj.8891/fig-3
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(https://aviris.jpl.nasa.gov/dataportal/), and Landsat data (Melaas et al. 2016) are also
available for the US-Ha1 project area.

DMFCP technical description
The DMFCP is comprised of hardware and software components designed to function as an
automated commercial field sensor network (Figs. 1 and 2), the System of Systems. (Marino,
2011; Marino, 2012; Marino, 2016c; Marino, 2016d; Marino, 2017a; Marino, 2017b; Marino,
2017c; Marino, 2018a; Marino, 2018b; Marino, 2018c; Marino, 2019; Marino, 2013; Marino,
2014a; Marino, 2014b; Marino, 2014c; Marino, 2015a; Marino, 2015b; Marino, 2016a;
Marino, 2016b). An integrated sensor platform, the Global Monitoring Platform, is
positioned at each node of the network. The Software components of the SoS are configured
to interact with all nodes for automated reporting of data and instantaneous thirdparty verification of systems, processes, uncertainties and results. The SoS summarizes
measurements of GHG fluxes against local, regional and global reference materials for bulk
and isotopic composition, providing the basis for calculation of verified tradeable GHG
financial products for forests and anthropogenic net carbon fluxes for fossil fuel derived
CO2 . The DMFCP provides the operational framework for underlying contract terms
defining project time periods, land area, management objectives, measurements and cases
for intentional and unintentional forest carbon reversals, conditions beyond the scope of
this study. Additional details for the SoS, GMP and related field equipment for NEE flux
determinations, in addition to typical project agreement and contract terms, are described
in Supplemental Information 1. A comparative summary of the features and benefits of
the DMFCP and widely employed estimation protocols (e.g., CARB, CAR, ACR, VERRA,
CDM) is presented in Table 1.

RESULTS
Figure 4 illustrates the annual (tCO2 eq) NEE for HF (24 years) and AP (4 years) sites
relative to a zero-reference baseline established by instruments (i.e., open or closed path
CO2 analyzers) and standard calibration protocols at both sites and to a zero-emissions
baseline defining negative (e.g., net CO2 sequestered), positive (e.g., net CO2 emissions
released to the atmosphere) or neutral carbon balance (e.g., 0 sequestration/emissions).
Annual NEE values for HF and AP were negative over the intervals shown resulting from
active forest carbon sequestration and generation of carbon credits (Fig. 4A). Annual NEE
for HF ranged from a minimum of −0.53 (2010) to a maximum of −9.09 (2008) tCO2 . The
mean and standard deviation (SD) for the HF site for 24 years was −4.5 tCO2 acre-1 yr-1
±2.3 (SD). Annual NEE for AP ranged from a minimum of −6.74 (2013) to a maximum of
−15.2 (2011) tCO2 . The mean and standard deviation (SD) for the AP site for 4 years was
−10.2 tCO2 acre-1 yr-1 ±3.6 (SD). Pre-tax revenue annual variance and risk are illustrated
in the HF 2010 NEE (Fig. 2A), emphasizing a reversal of +4.79 tCO2 eq relative to 2009,
equivalent to a one-year loss of $4,790,00 ($10 tCO2 eq), but again reversed the following
two years attaining −5.04 tCO2 eq and revenue of $4,510,000 ($10 tCO2 eq). Figure 4B
shows the corresponding cumulative NEE across the observational periods recorded for
each site extrapolated to 100,000 acres (40,469 hectares). The HF and AP linear cumulative
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Table 1 Comparison of features and benefits for existing forest carbon protocols and the DMFCP. Protocol features such as inclusion/exclusion of soil respiration
CO2 flux, measurement time intervals and compatibility with expanded forest carbon flux measurements of CH4 and N2 O are compared for existing forest carbon protocols and the DMFCP. Each feature is discussed in the text.
Protocol feature

Existing protocols a

DMFCP

Benefit to Landowner

1

Project tradable units

Total tCO2 equivalent (tCO2 eq)
is reported for project area (e.g.,
CO2 eq acre-1) without reference
to project area

Tons CO2 equivalent (tCO2 eq),
gC m−2 yr −1 (derived from 10 Hz
CO2 data, daily, weekly, monthly
and annual sums)

Project reporting on an area basis is a fundamental metric of forest carbon sequestration area, (e.g.,
per acre), a metric not reported in
estimation-based protocols

2

CO2 observations by direct measurement

No

Yes; infrared and laser-based gas
analyzer methods for CO2 (10
Hz)

Direct measurement of GHG’s reduces risk of invalidation, increases
quality of forest carbon offsets and
offers management information

3

Monitoring implementation

A timber cruise is completed followed by forward and/or backward tree growth model simulations across arbitrary time intervals

A network of observation platforms is established across the
project area, the System of Systems (SoS), with diverse sensors
including high precision gas analyzers for CO2 , N2 O, CH4 and
micrometerological data comprising the Global Monitoring Platform (GMP); the SoS automates
data and reporting for GMP network nodes, including analytical
uncertainty

The SoS and GMP commercial
products are standardized and
designed to deploy as turn-key
engineered operations in the
field, lowering the cost of NEE
measurements and improving
the coverage of NEE across large
landscapes; estimation protocols are
not standardized and do not directly
measure CO2 and other gases of
interest

4

Calculation of net forest carbon
sequestration

Plot based timber inventory conducted every 6 or 12 years employing non-standardized tree
growth simulation models

Use standardized scientifically accepted equation for NEE (NEE =
GPP + Reco (Reco = Ra + Rh)),
where GPP = gross primary production or photosynthetic assimilation, Reco = ecosystem respiration, Ra = autotrophic respiration
by plants, and Rh = heterotrophic
respiration by soil microbes. (see
Methods section, equations (1)
and (2) in the text)

Landowners and stakeholders can
rely upon an accepted universal approach to quantify net forest carbon sequestration (NEE) in contrast
to estimation protocols that do not
employ actual CO2 measurement at
any time during the protocol process

5

Vertical gross and net flux observations

No

Yes; eddy covariance methods are
applied resulting in 30" averages
of gross vertical CO2 fluxes used
to calculate daily/annual net carbon flux (NEE)

Direct measurement reduces risk of
invalidation, increases quality of forest carbon offsets and offers management information
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Table 1 (continued)
Protocol feature

Existing protocols a

DMFCP

Benefit to Landowner

6

Universal metric for Annual Net
ecosystem exchange (NEE) or net
forest carbon sequestration

No, forest carbon sequestration
is based on regionally applied estimation algorithms and growth
models as proxies for annual
changes in net forest carbon

Yes; vertical CO2 fluxes are used
to calculate daily, seasonal and
annual NEE reported as ppm CO2
m−2 time−1

7

Soil CO2 flux

No

Integrated in vertical fluxes

Net changes in annual forest carbon sequestration are based on
30" interval data providing daily,
weekly, monthly and annually resolved changes in NEE; in contrast
estimation-based model runs start
and end subject to user discretion
and without validation by direct
measurement of CO2
Complete accounting of carbon flux
is required for NEE; the DMFCP
provides data on soil ecosystem dynamics

8

Cost to Landowner

Substantial fees are incurred from
inception to registry listing of carbon credits; fees increase with size
of project

No direct fees from inception to
listing on a registry; upfront payments and annual royalty payments may be structured within
a project agreement and contract
between landowner and service
provider

Elimination of direct fees to initiate
a forest carbon project incentivizes
landowners to engage in forest carbon programs with economic, ecological and business advantages

9

Time interval to achieve positive
revenue

Years (1–5)

Daily to yearly, subject to project
agreement and contract

Revenue to landowner is achievable,
in practice, based on daily NEE but
more typically would be paid annually, or over multiple years resulting
in long term incentivizes for sustainable management; traditional protocols may require years to receive
initial payment

10

Marketing and sales of GHG offsets

Responsibility of landowner (e.g.,
fee-based listing on a registry);
voluntary and compliance offsets
are priced differently based on
discretionary criteria

Projects and products are pooled
into portfolios and listed in a nofee registry for sale to voluntary
and compliance buyers worldwide, subject to project agreement and contract

Relieves landowner from handling
carbon offsets once issued and from
additional cost; direct measurement
creates equivalent voluntary and
compliance offsets
(continued on next page)
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Table 1 (continued)
Protocol feature

Existing protocols a

DMFCP

Benefit to Landowner

11

Baseline

Estimated and uncertain; based
on counterfactual arguments and
proxy data; positive values are not
permitted, or default value is used

All NEE results are instrumentally
and financially comparable providing improved management of multiple project landscapes; a measured
zero baseline eliminates estimation
invalidation risk

12

Additionality

Based on uncertain counterfactual arguments regarding unobserved CO2 or default values and
other criteria

Baseline is the zero-emissions
point from which positive, negative or neutral emissions of CO2
flux occur; the zero baseline is
shared across analyzers via calibration with shared standards
and references
Simple mass balance of carbon
(e.g., NEE) across designated areas can be summed to determine
overall carbon balance, or test
for differences between pooled
portfolios offering measured and
numerical tests of additionality
management plans or contracts

13

Invalidation period and compliance testing

Up to 8 years based on 5% invalidation rule

No invalidation period is required as validation with shared
universal standards is conducted
every 30"; invalidation can be
triggered at any time instrument
performance is reported as faulty

Elimination of an invalidation
period with a near-real time system
check will attract more project
participants and buyers of carbon
project products

14

Third party verification

Third party validates calculations and estimation protocols reported in project documents; it
does not include validation by independent direct measurement

Third party validation is made
by independent direct measurements by an unaffiliated group as
specified in the governing project
agreement and contract

True independent third-party validation will support pricing of GHG
products and market transactions as
well as provide strict testing for invalid and fraudulent claims of GHG
reductions based on direct measurement records

15

Test for switch to net positive
emissions

No

Yes; NEE identifies transitional
net negative (i.e., carbon offset
producing) to net positive forest
carbon dynamics

Switch to positive emissions may
suggest landowner management
practices to attain net neutral or net
negative balance and may indicate
changes in forest ecosystem function
due to climate change

Eliminates uncertainty associated
with this factor; provides near real
time data for NEE and forest project
management planning across additional landscapes and property ownership (e.g., municipal, private)

(continued on next page)
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Table 1 (continued)
Protocol feature

Existing protocols a

DMFCP

Benefit to Landowner

16

Permanence

100-year requirement

Up to 100 years but achievable
in decadal increments; a 100year time horizon is an arbitrary
project interval

17

Project exit or termination

High penalty

Ton-year accounting is employed
to adjust exit penalty based on
project impact of atmospheric
emissions sequestered over time

A 100-year forest carbon permanence requirement is a primary barrier to landowner and investor participation; 10-year interval project
planning allows extensions or exit
and is compatible with short term financial forecasting
Barriers to forest carbon management are lowered when reasonable
exit strategies are available based on
an accepted accounting method

18

Monitoring of CH4 , N2 O and
other gases

Not applicable as estimation protocols based on forest mensuration are not intrinsically linked to
CH4 and N2 O emissions

Eddy covariance can be used to
determine next flux for CH4 , N2 O
and other gases employing commercially available instrumentation, similar to the method used
for CO2 ; eddy covariance provides a combined three-gas GHG
budget

A three-gas GHG budget offers
landowners more options to manage GHG neutral budgets and will
expand areas of project applications
and increase product options

19

Incorporate isotopologues of CO2
and other GHG’s

Not applicable as estimation protocols based on forest mensuration are not intrinsically linked to
GHG isotopologues

Eddy covariance can be used to
determine isofluxes for any isotopologue, similar to the method
used for CO2 creating new product categories

Isotopologues of CO2 , CH4 and
N2 O, among others, may offer the
landowner additional options to
manage projects for net or negative
GHG impacts and will increase the
diversity of forest carbon product
options

20

Wetland, aquatic and oceanic
emissions

Not applicable as estimation protocols based on forest mensuration are not intrinsically linked
aquatic/oceanic sources for CO2
and CH4

Eddy covariance can be applied
to wetlands, aquatic and estuarine
features and to oceanic systems
by measurement of CO2 and CH2
exchange with the water surface

Landowners with wetland and
aquatic features will benefit from
inclusion of these aquatic sources as
associated forest GHG products; all
stakeholders benefit from expanded
knowledge of Earth system function
including oceanic GHG dynamics
(continued on next page)
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Table 1 (continued)
Protocol feature

Existing protocols a

DMFCP

Benefit to Landowner

21

Contribution to forestry & atmospheric science and climate
change studies and models

Lack of publications employing
estimation-based protocol data
with numerical climate change
studies and models

All stakeholders benefit from understanding the mechanisms affecting
forest GHG dynamics and policies;
landowners may employ model data
to develop climate change mitigation strategies

22

Uncertainty and errors

Uncertainty and error sources
are estimated at up to ∼82%,
representing the contribution of
ecosystem respiration to NEE, a
quantity not measured with estimation protocols; errors for N2 O
and CH4 are unknown as forest
growth models are not parameterized for these gases and direct
measurements are not made

All GHG flux data are relevant to
evolving ecosystem function relative to climate change and human
activity; all data may be incorporated in climate change research
and atmospheric transport models based on calibrated and standardized measurement protocols
Uncertainties and errors for eddy
covariance methodology and calculation of up to ∼20% annual
NEE have been reported, and include instrumentation, set up,
data processing, and up-scaling
NEE from a single tower, to yield
30 min CO2 flux averages; corrective measures are typically applied
to sources of uncertainty resulting
in errors of ∼±0.03 tCO2 yr−1

23

Underlying Financial Terms and
Contract

Estimation Protocols employ typical contract terms but do not include standardized performance
metrics based on direct measurement of GHG’s

Project terms and contract language will be standardized including performance metrics, pricing
metrics and exit strategies (e.g.,
item 17) including force majeure
clauses and technology performance specifications (Figs. 1 and
2 ; Supplemental Information 1)

Standardized measurement performance terms and contracts apply to
all projects, voluntary and compliance, harmonizing efforts for forest
conservation and reforestation

Up-scaling from eddy covariance
tower data can be addressed by increasing the number of observation
platforms and tower heights within
the SoS sensor architecture; widely
accepted corrections for NEE uncertainties and errors can be uniformly
applied to NEE data across the SoS
harmonizing uncertainty analysis
and corrections that are under active
and evolving study in contrast to estimation protocols that, to the best
of our knowledge, have not undertaken comparison with directly measured CO2

Notes.
a
(California Air Resources Board, 2011; California Air Resources Board, 2014; Anadiotis et al., 2019; Kollmuss & Fussler, 2015; Winrock International, 2016; Marland et al., 2017; Climate Action Reserve, 2018;
Zhang et al., 2018; Marino, Mincheva & Doucett, 2019)
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Figure 4 Net ecosystem exchange for the Harvard and Ankasa times series. (A) Annual NEE observed
at the Harvard Forest, Petersham, MA, USA and at Ankasa Park, Ghana, Africa. (B) Cumulative NEE
records corresponding to annual NEE and extrapolated across 100,000 acres are employed for illustration
of pre-tax cash flows.
Full-size DOI: 10.7717/peerj.8891/fig-4

NEE provides insight into the potential short and long-term sequestration capacity of the
respective forest landscapes. The AP NEE slope of −8.40× is 1.7 times that of the HF
suggesting that in this case, the tropical wet evergreen forest site experienced consistently
greater sequestration of carbon than the temperate deciduous forest. However, caveats
apply in that tropical forests may not result in larger long-term carbon sinks, nor is
continued net negative carbon sequestration guaranteed or required for forest carbon
trading markets. For example, tropical forests typically have larger gross production but a
corresponding larger respiration (Baldocchi, Chu & Reichstein, 2018; Baldocchi & Penuelas,
2019). Additionally, the two forest locations differ in stand age and history of disturbance,
factors that are known to affect NEE (Hollinger et al., 2013; Ouimette et al., 2018; Urbanski
et al., 2007). However, NEE provides a quantitative record of daily and annual sums of
carbon sequestration characterizing the fundamental nature of derivative carbon products
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Figure 5 The pre-tax cash flow for two hypothetical cases for landowner revenue associated with forest carbon management. The graph depicts projected cash flows for landowners for the two cases described for Harvard Forest, USA, and Ankasa Park, Africa. Upfront payments are paid to the landowner
prior to project initiation. Additional cash flows are created by selling carbon products after the initial year
of monitoring (Fig. 1). Case 1 (unfilled bar, Harvard Forest; filled black bar, Ankasa) shows the total pretax cash flow for an upfront payment of 10% of the projected annual revenue. Case 2 (light shaded bar,
Harvard Forest; dark shaded bar, Ankasa) shows the total pre-tax cash flow for an upfront payment of 8%
of the projected annual revenue plus deferred payouts of 6% of the realized revenue from the sale of all
carbon products. The vertical bars represent the impact of a ±20% market variance on realized revenue.
These examples are provided for purposes of illustration and do not represent actual carbon products by
type or cashflow.
Full-size DOI: 10.7717/peerj.8891/fig-5

that cannot be replicated by proxies for forest carbon sequestration (e.g., estimation-based
protocols). Annual NEE trends may also be difficult to characterize for sites with less than
five years of NEE data emphasizing the importance of establishing new and sustained
NEE observation platforms (Baldocchi, 2019); Dennis (Baldocchi, Chu & Reichstein, 2018).
Figure 5 illustrates landowner pre-tax cash flow (millions USD) relative to variable carbon
pricing of tCO2 eq ($5, $10, $15, $36) for cumulative NEE consisting of 24 and 4 years for
the HF and AP sites, respectively. The values represent extrapolations of measured local
NEE to 100,000 acres (40,469 hectares) multiplied by the annual NEE record for each site.
Two cases are represented in which the landowner receives a single upfront payment (Case
1) or an upfront payment plus annual royalty on sales (Case 2). Case 1 pre-tax cash flow
estimates range from upfront payments (e.g., 10%) of $230,000 to $1,670,00 and $510,000
to $3,680,000 for HF and AP, respectively, across carbon prices of $5 to $36 tCO2 eq. Case 2
pre-tax cash flow estimates range from an upfront payment (e.g., 8%) plus deferred payouts
based on realized revenue from the sale of all carbon products (e.g., 6%) of $3,520,000
to $25,360,000 and $1,640,000 to $11,790,000 for HF and AP, respectively, across carbon
prices of $5 to $36 tCO2 eq. Variance for the total pre-tax sales value of ±20% of realized
revenues is indicated by vertical bars to reflect uncertainty in the sale of carbon products
for Case 2.
Figure 6 illustrates cases of pre-tax cash flow change for a decrease/increase in native
carbon sequestration strength based on the minimum, mean and maximum values of NEE
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Figure 6 Projected pre-tax cash flows for the Harvard and Ankasa forest over the time series studied.
Landowner pre-tax cash flows are depicted based on a price of 10 per tCO2 eq across the minimum, mean
and maximum values recorded for the Harvard Forest, USA (unfilled bars), and the Ankasa Park forest,
Africa (filled bars), extrapolated to 100,000 acres for the historical record of each site. The vertical bars
represent the impact of a ±20% market variance on realized pre-tax revenue. These examples are provided
for purposes of illustration and do not represent actual carbon products by type or cashflow.
Full-size DOI: 10.7717/peerj.8891/fig-6

observed for each site’s historical record (extrapolated to 100,000 acres or 40,469 hectares).
Local sequestration strength is expected to vary annually in response to rainfall and related
ecological factors. We use the minimum, mean and maximum values for NEE recorded at
each site to illustrate the effect of variable annual sequestration rate on pre-tax revenue.
Project value ranges from $760,000 to $13,830,000 and from $2,140,000 to $4,860,000
across the minimum, mean and maximum values for the annual records of the HF and AP
sites, respectively.
Figure 7 illustrates pre-tax cash flows for mixed carbon product types and pricing for
Case 2; example product inventory and pricing for the products is indicated below each
set of bars. Note that the hypothetical carbon products range in price from $12 tCO2 eq
for compliance offsets to $50 tCO2 eq for carbon products with the additional element
of biodiversity (e.g., Genetic Heat Index and conservation of floral and faunal species).
Total pre-tax cash flow for Case 2 is $16,380,000 and $7,610,000 for the HF and AP sites,
respectively. These data illustrate the higher potential revenue based on sale of mixed
products and pricing for voluntary, compliance and regulatory markets. The vertical bars
for Case 2 represent 20% variance in market uncertainty.

DISCUSSION
The SoS and DMFCP features continuous eddy covariance measurements for determination
of NEE for forest carbon providing standardized commercial methods and operations (Figs.
1 and 2) in contrast to estimation based protocols that do not observe CO2 assimilation
via photosynthesis or efflux via respiration. Shared calibration of instruments and reliance
on a shared zero-emissions flux baseline (e.g., carbon negative, neutral or positive) ensures
that all analyzers and results (e.g., SoS and GMP sensor nodes) within a network or
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Figure 7 Hypothetical mixed carbon product types and projected pre-tax cash flows based on the example product inventory noted. Total pre-tax cash flow for the Harvard Forest, USA (light shaded bar),
and the Ankasa Park, Africa (dark shaded bar), is $16,380,000 and $7,610,000, respectively. Both project
projections illustrate the potential value of offering a mix of products and pricing to maximize revenue.
Products may also incorporate additional GHG’s (e.g., CH4 , N2 O), isotopic species of the GHG’s, aspects
of the project land and cultural features related to landownership and stewardship. These examples are
provided for purposes of illustration and do not represent actual carbon products by type or price.
Full-size DOI: 10.7717/peerj.8891/fig-7

between networks (e.g., SoS) are comparable, inclusive of analytical uncertainties (Table
1). The near real-time data (i.e., 30-minute average of 10 Hz CO2 measurements) for
forest NEE achievable with the eddy covariance sensor of the DMFCP offers insights into
forest carbon dynamics and ecosystem function previously unavailable to landowners,
investors and related stakeholders (Baldocchi, 2019). The result is a first of its kind
pooled portfolio of diverse forest projects and harmonized products for sale to voluntary
and compliance buyers worldwide transacted as tCO2 eq (Figs. 1 and 2). The DMFCP
incentivizes forest conservation efforts, communities and management of atmospheric
CO2 emissions compared to estimation-based protocols (Table 1) and REDD + platforms
that rely on such protocols (Köhl, Neupane & Mundhenk, 2020). NEE uncertainties can
be quantified and corrected for each project (e.g., single, multiple networks) according
to established and evolving methods within the forest carbon research community (e.g.,
Vitale, Bilancia and Papale, 2019b), particularly in conjunction with remotely sensed data.
Commercialization of established forest carbon research methodologies is feasible and
applicable to forest projects worldwide.
The NEE sites described in this work representing tropical and deciduous forests,
when pooled as a portfolio, provide species and ecological diversification with respect to
NEE source strength, vulnerability to climate change, population pressure and external
risks (e.g., currency value, national/sub-national environmental regulation) (Tarnoczi,
2017), a common investment risk reduction approach employed in modern portfolio
theory (Busby, Binkley & Chudy, 2020; Paut, Sabatier & Tchamitchian, 2020). For example,
while HF experienced the lowest NEE during 2010 (−0.59 tCO2 acre−1 yr−1 , −0.4 tC
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ha−1 yr−1 ), a period known to be associated with anomalous drought and up to 86%
respiration relative to gross primary productivity (Gonsamo et al., 2015; Munger, Whitby &
Wofsy, 2018), AP experienced the highest NEE of the available record (−15.2 tCO2 acre−1
yr−1 , 10.2 tC ha−1 yr−1 ), in part offsetting the HF loss. A portfolio with diverse projects
would be similarly buffered from extreme changes. Landowner agreements and contracts
could also specify options for aggregation of annual data intervals to buffer extreme
weather conditions (excluding catastrophic events such as wildfire, multiyear drought, and
hurricane) (see Supplemental Information 1). The upfront and royalty revenue structure
resulting from sale of DMFCP products, proposed in this study, provide financial incentive
for the landowner to rapidly enter into reforestation and forest management projects
in lieu of deforestation (e.g., legal and illegal) and increased anthropogenic disturbance.
Given the high rates of population growth within the AP reserve area (∼298% population
increase from 1970 to 2010), revenue programs may be uniquely suited for preservation and
management of protected areas in conjunction with community based efforts (e.g., Bempah,
Dakwa & Monney, 2019). Long-term forest carbon projects are likely to increase harvest
ages and management of forest stocking for optimal forest growth while promoting carbon
benefits of active sustainable forestry (Bastin, 2019; Chazdon & Brancalion, 2019); Chazdon,
2008). Enhancement of biodiversity, food webs and cultural engagement may also accrue
as forests grow (Bremer et al., 2019; Li et al., 2019; Watson et al., 2018). Conservation and
commercial forestry operations, although likely to have different goals, are accommodated
by the features and benefits of the DMFCP for effective carbon management.
The hypothetical financial structure and cases for pre-tax revenue for landowners
illustrate the potential impact of the DMFCP. The long-term cumulative value of both
sites, shown in Figs. 4B and 7 (e.g., Total revenue from mixed products and pricing),
benefit landowner property valuation and reduces cost of delayed reforestation in-line with
indices for value of timber land operations (Ferguson, 2018; Keith et al., 2019; Zhang, 2019).
Figure 7 emphasizes the revenue potential of mixed forest carbon products incorporating
features of project biodiversity, such as noted for AP by high Genetic Heat Indices of
up to 401 (Hawthorne & Abu-Juam, 1995), and allocation of offsets for specific markets.
Pre-tax revenue for mixed carbon products and pricing is projected at up to $16,380,000
for the HF over the 24-year period (Fig. 6), an ∼5× and ∼2× return compared to pricing
of $5 and $10 tCO2 eq (Fig. 5, Case 2), respectively, covering voluntary and compliance
carbon pricing levels (Hamrick & Gallant, 2018; World Bank Group, 2015). The two sites,
irrespective of the differing time-series length, actively sequester carbon at different rates;
it is not known if the observed trends will reverse as a result of climate change and/or
anthropogenic activity. The requirement for long term CO2 measurement cannot be
understated for determination of variance in annual changes of NEE and for creation of
corresponding annual forest carbon financial products resulting from NEE (Baldocchi &
Penuelas, 2019; Marino, Mincheva & Doucett, 2019; Munger, Whitby & Wofsy, 2018). For
present purposes we assume that 100% of the products are sold in each case covering the
cost of the DMFCP.
There is no single figure of merit for NEE uncertainty. One of the main concerns
with eddy covariance based NEE, applicable to establishing networks of eddy covariance
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towers as proposed, is the upscaling of limited footprints for individual EC towers to
surrounding ecosystems (Table 1, #22) Baldocchi, 2003; Kumar et al., 2016; Ran et al., 2016;
Román et al., 2009). Up-scaling is particularly important for mixed forest projects wherein
changing wind direction alters the source weight of heterogeneous land cover (Kim et
al., 2018) and remains a challenge to large-scale NEE determinations including use of
very tall towers (e.g., >300 m) and mesonet configurations to expand eddy covariance
footprints (Andrews et al., 2014; Chi et al., 2019; Goulden et al., 2006). SoS architecture
and sensor placement details will vary for each project addressing sources of uncertainty
established by initial survey and temporary placement of SoS platforms for evaluation.
Scale-up of eddy covariance flux tower data combined with remote sensing data is under
active study and directly relevant to developing approaches for the SoS (Fang et al., 2020;
Kenea et al., 2020; Peltola et al., 2019; Xiao et al., 2008). In actual DMFCP implementation
for HF and AP sites reported here (Fig. 3), remote sensing data would be used to establish
reliability of data extrapolation from a single tower and to guide the placement of additional
towers to fill spatial gaps in NEE measurement. A minimum two-tower configuration or
paired GMP sensor nodes for larger networks, would provide redundancy and crosschecks to report SoS NEE combined uncertainty (e.g., He et al., 2010; Post et al., 2015;
Griebel et al., 2020). In addition, the use of open source eddy covariance processing
software such as ONEFlux (https://ameriflux.lbl.gov/data/download-data-oneflux-beta/;
see Supplemental Information 1, Eddy Covariance) and commercial software (e.g.,
https://www.licor.com/env/products/eddy_covariance/software.html), applied uniformly
across the SoS would harmonize data treatment including uncertainties for CO2 and CH4
flux (e.g., Richardson et al., 2019).
Accepting NEE uncertainties (e.g., ‘Methods’ section), we argue that the approach is a
game-changer for creation and verification of forest carbon financial products compared to
estimation and model simulation-based protocols. For example, terms defined in (1) and
(2) (Methods section) are not defined or measured in estimation protocols (e.g., CARB,
CAR, CDM, ACR, VERRA), unavoidably introducing fundamental uncertainties in NEE
rendering the basis for reporting gC m−2 yr−1 for NEE as problematic and unverifiable
(Marino, Mincheva & Doucett, 2019). Moreover, interpreting estimation based timber
inventory protocols as representing only above ground carbon (e.g., photosynthetic
assimilation) likely results in over crediting errors given that ecosystem respiration
accounts for up to ∼82% of gross carbon flux from the soil to the atmosphere (Baldocchi
& Penuelas, 2019; Bond-Lamberty et al., 2018; Giasson et al., 2013; Richardson et al., 2013).
The anomalously low NEE for HF year 2010 (−0.53 tCO2 eq), associated with drought
demonstrates the requirement for ecosystem respiration measurement for NEE. NEE
establishes 30-minute flux data comprising detailed baseline resolved time-series for
each project yielding annual mean data based on 17,520 such intervals for each CO2
analyzer. To our knowledge, estimation protocols have not been directly compared
with CO2 measurements, or peer reviewed, (e.g., California Air Resources Board, 2011;
California Air Resources Board, 2014; California Air Resources Board, 2015a; California
Air Resources Board, 2015b) limiting scientific acceptance and demonstrating a need for
improved and peer reviewed non-NEE based methods.
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In addition to potential revenue for landowners, the DMFCP simplifies the forest carbon
protocol process compared to traditional approaches that differ in methods, assumptions
and allowance for discretionary revisions (Kollmuss & Fussler, 2015; Marino, Mincheva &
Doucett, 2019). A summary of DMFCP protocol features and benefits to landowners is
provided in Table 1, with reference to Figs. 1 and 2. Equivalent units of tCO2 eq or units as
converted are employed for the DMFCP and traditional protocols (#1), noting (e.g., tCO2eq
acre-1) that estimation protocols do not report carbon sequestration according to project
area, potentially misleading landowners. Items #2 - 7 have been covered above, defining
the insuperable differences between direct measurement of CO2 versus the use of proxies
(i.e., CO2 is not directly observed at any time in the estimation protocol process) that do
not provide data for quantifying NEE (e.g., ecosystem photosynthesis and respiration)
according to accepted universal scientific practice (i.e., Item 4, Table 1, Eqs. (1) and (2),
Methods section).
Revenue and time-to-revenue are key factors in landowner forest carbon project
participation. Traditional protocols (e.g., CARB, CAR, ACR, VERRA, CDM) require
lengthy periods (e.g., 2–5 years) of fee-based project certification and registration prior
to payment, limiting landowner participation (Kerchner & Keeton, 2015; Köhl, Neupane &
Mundhenk, 2020). In contrast, the DMFCP process can provide an upfront payment and
annualized payment (e.g., case 2, Figs. 5 and 7) in a no-fee agreement (Fig. 2) available
immediately via cell phone payment according to a governing agreement (e.g., contract) that
also includes a no-fee listing in an open source registry (summarized by #8,9,10, Table 1).
The DMFCP embodied in the SoS and GMP obviates three features intrinsic to traditional
protocols including elimination of baseline estimation (#11), tests for additionality (#12),
and a multiyear invalidation period (#13) linked to compliance testing and third-party
verification (#14). Direct measurement establishes forest carbon flux as either negative
(e.g., CO2 sequestration), positive (e.g., CO2 efflux), or zero (sequestration balances
efflux)—measurements cannot be made retrospectively. It follows that a zero-emissions
baseline is intrinsic to a time-series of positive/negative/zero NEE measurements (Fig. 2A)
integrating forest tree species, vegetation and carbon fluxes across and within the project
area including all above and below ground carbon fluxes (DiRocco et al., 2014; Urbanski
et al., 2007). DMFCP carbon accounting is not subject to uncertainty related to selection
for species distribution and growth simulation models typical of traditional protocols
(Kollmuss & Fussler, 2015). Additionality tests require a counterfactual argument (Ruseva
et al., 2017) that cannot be validated and is subject to discretionary adjustment. A credit
is considered additional if the emissions reduction that underpins the credit would not
have occurred in the absence of the activity that generates the credit (Kollmuss & Fussler,
2015). In contrast, the DMFCP results in near-real time (30-minute average of 10 Hz
measurements) NEE time series and trends (Dou & Yang, 2018), obviating reliance on
uncertain project scenarios and an impractical prediction of future emissions against
possible forest disturbance. Further, tests of net emission reduction across project areas
or jurisdictions for specified periods of time can be readily calculated from DMFCP
results for independent projects, establishing simple numerical additionality (Fig. 2B)
rules for established private and public lands, as could be adopted by municipal and
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private entities. The DMFCP does not require an invalidation period (# 13) compared
to estimated forest carbon offsets. In contrast to long inspection intervals for traditional
forest carbon protocols (e.g., 6 or 12 years; California Air Resources Board, 2011, 2015),
the DMFCP results are subject to instantaneous invalidation by third party inspection and
routine flags for anomalous operation within the SoS. The DMFCP is subject to replication
of equipment and system performance standards, precision and accuracy of universal
references and review of NEE from raw data to financial products at any time. The DMFCP
employs a real-time wireless reporting and verification concept of operations architecture
including third-party independent observers of all data developed for each SoS network
(Anadiotis et al., 2019) with invalidation authority (#13). In contrast, third party validation
for CAR projects, for example, is based on desk and paper review of unobserved CO2
(e.g., proxies) and cannot support instantaneous spontaneous invalidation testing and
enforcement.
Once a project is in operation, a switch from carbon negative to carbon positive
ecosystem function is key to project management, revenue projections, accounting and
contract terms and to an understanding of ecosystem function in relation to climate change
and anthropogenic activity. Traditional forest carbon protocols do not appear capable of
determining when a forest project switches to net positive emissions to the atmosphere
on an annual basis; the DMFCP NEE measurements provide this diagnostic (#15). Item
#15 is also linked to demonstration of project permanence (#16) and termination of a
project (#17). Traditional protocols require an arbitrary 100-year period of monitoring
and maintenance for project carbon with a punitive penalty for early termination; lack
of CO2 measurement renders both factors indeterminate, impractical and biased against
the landowner. The DMFCP employs ton-year accounting, an IPCC recognized method
that does not impose an artificial time horizon for tree growth (e.g., 100 years) opening
forest carbon sequestration projects to a wider range of forest project types and project
intervals (Cunha-e-Sá, Rosa & Costa-Duarte, 2013; Levasseur et al., 2012). The ton-year
accounting method accommodates combined budgets of CO2 , CH4 and N2 O resulting in
a comprehensive and realistic net GHG project budget (Courtois et al., 2019; Richardson
et al., 2019), an approach that can be applied to the spectrum of projects from pure
conservation to working forests, however, not achievable with estimation-based forest
carbon denominated protocols.
Items 1 to 17 for existing protocols address two key factors favoring deforestation
engagement: transaction requirements and liquidity. Forestland as a timber asset requires
long periods of growth to harvest and is generally financially illiquid until harvested
(Mei, 2015). It is argued here that business development of forest carbon projects, as
practiced according to traditional protocols, is overly cumbersome and lengthy to establish
offset transactions, and financially inviable to compete with the short time intervals of
deforestation often resulting from illicit transactions (Alam et al., 2019; Tacconi et al.,
2019; Tellman, 2016). In addition, with the use of satellite imagery, illegal and nonconforming deforestation can be detected in near real-time, with spatial resolution of
meters limiting potential gaming of the system and uncertainty in the sources of CO2 flux
(Hayek et al., 2018; Tang et al., 2019). Rapid set-up of the SoS direct measurement platform,
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no-fee based agreements, upfront and annualized payments, discrete revenue intervals of
10 years, and reasonable exit terms align landowner business operations (private and
commercial) within realistic financial frameworks to potentially deter rapid deforestation
within culturally diverse transactional and transnational frameworks (Fenichel et al.,
2018). Additional points of comparison concern the limitation of traditional protocols
to accommodate the spectrum of relevant GHG’s (e.g., N2 O, CH4 , PFC’s, HFC’s, SF6 ,
NF3 ) (#18), isotopologues of GHG’s (e.g., 13 CO2 , 14 CO2 ) (#19), the inclusion of aquatic
features (e.g., rivers, lakes ponds, wetlands, oceans) (#20) and the lack of contribution to
ecosystem science and climate change studies and models (#21). Traditional forest carbon
protocols (Kollmuss & Fussler, 2015) were developed for singular application to forests,
incorporating methodology employed for timber management and primarily restricted to
capturing above ground carbon. As a result, algorithms developed for forest CO2 are not
readily applicable to other GHG species and diverse biospheric landscapes. Based on the
comparisons, the insuperable shortcomings of traditional protocols do not provide data
that contribute to the evolving science of forest carbon sequestration, climate change studies
and related model development that are well established in the growing NEE methodology
(Baldocchi, 2019). Climate change impacts on forest carbon storage are not included in
project risk for estimation based protocols (California Air Resources Board, 2015b) even
though soil carbon efflux over the 100-year required period is likely to respond to global
warming and changes in precipitation (Amundson & Biardeau, 2018; Bond-Lamberty et al.,
2018; Schlesinger & Amundson, 2018).
The DMFCP can be applied to international emission reduction policies recognizing
scientifically accepted methods, shared NEE data processing algorithms, elucidation of
uncertainties (#22), standardized terms and contracts for voluntary and compliance offsets
(#23, Supplemental Information 1) including clauses for reversal of net forest carbon
sequestration due to intentional or unavoidable natural conditions (e.g., fire, hurricane,
drought). For example, the expansion of measurement networks, data integration and
carbon trading are key but unrecognized components of the Paris Agreement (Clemencon,
2016; Rimmer, 2020), and REDD+ programs (Foss, 2018). For example, Article 10 of the
Paris Agreement, lacks guidance on how pledged and claimed reductions that are nonbinding will be verified and traded (Ollila, 2019; Rimmer, 2020; Spash, 2016), shortcomings
that are mitigated by the DMFCP. The estimation approach remains embedded in the
United Nations Framework Convention on Climate Change (UNFCCC) (UNFCCC,
2013) that promulgated reporting of emissions based on estimation, rather than direct
measurement, an approach constraining advancement of carbon credit trading. According
to the UNFCCC approach, estimates of greenhouse gas emissions are inventoried and
multiplied by an emission factor to yield a national emission rate for each source and
each greenhouse gas (Cheewaphongphan et al., 2019; Van Vuuren et al., 2009). Emissions
of Kyoto gases are multiplied by the Global Warming Potential for each gas specifying
the radiative efficiency as a warming agent for each gas relative to that of carbon dioxide
over a 100-year time horizon (Kollmuss & Fussler, 2015). The resulting estimation for
national emission inventories, used by vendors and policy platforms (e.g., REDD+),
are widely acknowledged as flawed and inaccurate (Jonas et al., 2019; Pacala et al., 2010).
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Importantly, the estimation data are not directly comparable across diverse ecosystems
lacking shared standards and universal measurement methodology. The DMFCP updates
the UNFCCC and REDD+ methods to validate and monetize claims of emission reduction
and to determine GHG budgets across diverse ecological landscapes at the national and
sub-national levels fulfilling the Paris Agreement (e.g., Article 10) and REDD goals and
objectives. The DMFCP normalizes forest emission reduction determinations for voluntary
and compliance markets bridging the gap between methods, project types and outcomes
for stakeholders.

CONCLUSIONS
The DMFCP comprises a commercial standardized measurement-to-monetization system
for the determination of NEE. NEE enables creation of verified forest carbon financial
products contributing to the improvement of methods that underpin large-scale forest
conservation and reforestation, a global problem of high importance in the management
of anthropogenic climate change. The SoS and GMP components can be applied to
GHG’s across large-scales and diverse locations, corrects traditional carbon credit gaps
in validation and recalibrates equivalent voluntary and compliance programs that rely
on them such as the CARB, CAR, ACR, VERRA and CDM, as well as the REDD+ and
Paris Agreement platforms. The DMFCP, coupled with contributions of the forest carbon
research community to commercialization efforts, and updated policies, can address the
∼0.9 billion hectares of restorable landscapes, offering a viable approach to retain the
Earth’s natural protective capacity to sequester atmospheric CO2 now and for future
generations.
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Gonçalves F, Treuhaft R, Law B, Almeida A, Walker W, Baccini A, Dos Santos JR, Graça
P. 2017. Estimating aboveground biomass in tropical forests: field methods and
error analysis for the calibration of remote sensing observations. Remote Sensing
9(1):1–23 DOI 10.3390/rs9010047.
Gonsamo A, Croft H, Chen JM, Wu C, Staebler RM. 2015. Radiation contributed more
than temperature to increased decadal autumn and annual carbon uptake of two
eastern North America mature forests. Agricultural and Forest Meteorology 201:8–16
DOI 10.1016/j.agrformet.2014.11.007.
Goulden ML, Winston GC, McMillan AMS, Litvak ME, Read EL, Rocha AV,
Rob Elliot J. 2006. An eddy covariance mesonet to measure the effect of forest
age on landatmosphere exchange. Global Change Biology 12(11):2146–2162
DOI 10.1111/j.1365-2486.2006.01251.x.
Gren I-M, Zeleke AA. 2016. Policy design for forest carbon sequestration: a review of the
literature. Forest Policy and Economics 70:128–136 DOI 10.1016/j.forpol.2016.06.008.
Griebel A, Metzen D, Boer MM, Barton CVM, Renchon AA, Andrews HM, Pendall
E. 2020. Using a paired tower approach and remote sensing to assess carbon
sequestration and energy distribution in a heterogeneous sclerophyll forest. Science
of the Total Environment 699:133918 DOI 10.1016/j.scitotenv.2019.133918.
Hall JB, Swaine MD. 1981. Distribution and ecology of vascular plants in a tropical
rain forest. In: Distribution and ecology of vascular plants in a tropical rain forest.
DOI 10.1007/978-94-009-8650-3.
Hamrick K, Gallant M. 2017. Unlocking potential state of the voluntary carbon markets
2017. Available at https:// www.forest-trends.org/ wp-content/ uploads/ 2017/ 07/ doc_
5591.pdf (accessed on 21 October 2018).

Marino et al. (2020), PeerJ, DOI 10.7717/peerj.8891

32/41

Hamrick K, Gallant M. 2018. Voluntary carbon markets insights: 2018 outlook and firstquarter trends. Available at https:// www.forest-trends.org/ wp-content/ uploads/ 2018/
08/ Q12018VoluntaryCarbon.pdf .
Hawthorne W, Abu-Juam M. 1995. Forest protection in Ghana: with particular reference
to vegetation and plant species (p. 202). 202. Available at https:// books.google.ee/
books?hl=en&lr=&id=SDvefe6R-2QC&oi=fnd&pg=PP15&dq=Hawthorne+and+
Abu-Juam+(1995)+Ankasa+reserve&ots=_npXI-NcqW&sig=3uZ24zkjMtLqwMydBPPLnYCckw&redir_esc=y#v=onepage&q=HawthorneandAbuJuam1995Ankasareserve&
f=false.
Haya B. 2019. POLICY BRIEF: the California Air Resources Board’s US. Forest offset
protocol underestimates leakage. Available at https:// gspp.berkeley.edu/ assets/
uploads/ research/ pdf/ Policy_Brief-US_Forest_Projects-Leakage-Haya_2.pdf .
Hayek MN, Longo M, Wu J, Smith MN, Restrepo-Coupe N, Tapajós R, Da Silva R, Fitzjarrald DR, Camargo PB, Hutyra LR, Alves LF, Daube B, Munger JW, Wiedemann
KT, Saleska SR, Wofsy SC. 2018. Carbon exchange in an Amazon forest: from hours
to years. Biogeosciences 15:4833–4848 DOI 10.5194/bg-15-4833-2018.
He H, Liu M, Sun X, Zhang L, Luo Y, Wang H, Han S, Zhao X, Shi P, Wang
Y, Ouyang Z, Yu G. 2010. Uncertainty analysis of eddy flux measurements
in typical ecosystems of ChinaFLUX. Ecological Informatics 5(6):492–502
DOI 10.1016/j.ecoinf.2010.07.004.
Holdaway RJ, McNeill SJ, Mason NWH, Carswell FE. 2014. Propagating uncertainty
in plot-based estimates of forest carbon stock and carbon stock change. Ecosystems
17(4):627–640 DOI 10.1007/s10021-014-9749-5.
Hollinger D, Davidson EA, Richardson AD, Dail DB, Scott N. 2013. Using model
analyses and surface-atmosphere exchange measurements from the Howland AmeriFlux
Site in Maine, USA, to improve understanding of forest ecosystem C cycling. No.
DOE/ER64355-1. Durham: USDA Forest Service, Northern Research Station
DOI 10.2172/1069294.
Hollinger DY, Richardson AD. 2005. Uncertainty in eddy covariance measurements
and its application to physiological models. Tree Physiology 25(7):873–885
DOI 10.1093/treephys/25.7.873.
Janra MN, Aadrean A. 2018. Avifaunistic’s Genetic Heat Index (GHI) of four landscapes
in West Pasaman Regency, West Sumatra, Indonesia. Aceh Journal of Animal Science
3(1):33–46 DOI 10.13170/ajas.3.1.10127.
Jonas M, Bun R, Nahorski Z, Marland G, Gusti M, Danylo O. 2019. Quantifying
greenhouse gas emissions. Mitigation and Adaptation Strategies for Global Change
1–14 DOI 10.1007/s11027-019-09867-4.
Jung M, Schwalm C, Migliavacca M, Walther S, Camps-Valls G, Koirala S, Anthoni
P, Besnard S, Bodesheim P, Carvalhais N, Chevallier F, Gans F, Goll DS, Haverd
V, Köhler P, Ichii K, Jain AK, Liu J, Lombardozzi D, Nabel JEMS, Nelson JA,
O’Sullivan M, Palland M, Papale D, Peters W, Pongratz J, Rödenbeck C, Sitch S,
Tramontana G, Walker A, Weber U, Reichstein M. 2019. Scaling carbon fluxes from

Marino et al. (2020), PeerJ, DOI 10.7717/peerj.8891

33/41

eddy covariance sites to globe: synthesis and evaluation of the FLUXCOM approach.
Biogeosciences 17(5):1343–1365 DOI 10.5194/bg-2019-368.
Kampe TU. 2010. NEON: the first continental-scale ecological observatory with airborne
remote sensing of vegetation canopy biochemistry and structure. Journal of Applied
Remote Sensing 4(1):043510 DOI 10.1117/1.3361375.
Keith H, Vardon M, Stein JA, Lindenmayer D. 2019. Contribution of native forests to
climate change mitigation—a common approach to carbon accounting that aligns
results from environmental-economic accounting with rules for emissions reduction.
Environmental Science & Policy 93:189–199 DOI 10.1016/J.ENVSCI.2018.11.001.
Kenea ST, Labzovskii LD, Goo T-Y, Li S, Oh Y-S, Byun Y-H. 2020. Comparison of
regional simulation of biospheric CO2 flux from the updated version of CarbonTracker Asia with FLUXCOM and other inversions over Asia. Remote Sensing
12(1):145 DOI 10.3390/rs12010145.
Kerchner CD, Keeton WS. 2015. California’s regulatory forest carbon market:
viability for northeast landowners. Forest Policy and Economics 50:70–81
DOI 10.1016/j.forpol.2014.09.005.
Kessomkiat W, Franssen H-JH, Graf A, Vereecken H. 2013. Estimating random errors
of eddy covariance data: an extended two-tower approach. Agricultural and Forest
Meteorology 171–172:203–219 DOI 10.1016/j.agrformet.2012.11.019.
Kim JH, Hwang T, Schaaf CL, Kljun N, Munger JW. 2018. Seasonal variation
of source contributions to eddy-covariance CO2 measurements in a mixed
hardwood-conifer forest. Agricultural and Forest Meteorology 253–254:71–83
DOI 10.1016/j.agrformet.2018.02.004.
Köhl M, Neupane PR, Mundhenk P. 2020. REDD+ measurement, reporting and
verification—a cost trap? Implications for financing REDD+MRV costs by resultbased payments. Ecological Economics 168:1–13 DOI 10.1016/j.ecolecon.2019.106513.
Kollmuss A, Lazarus M, Lee C, LeFranc M, Polycarp C. 2010. Handbook of carbon offset programs: trading systems, funds, protocols and standards. Routledge
DOI 10.4324/9781849774932.
Kollmuss A, Fussler J. 2015. Overview of carbon offset programs: similarities and
differences. Partnership for Market Readiness (PMR) Technical Note (Vol. 6).
Available at https:// www.thepmr.org/ system/ files/ documents/ PMR%20Technical%
20Note%206_Offsets_0.pdf .
Kramer K, Leinonen I, Bartelink HH, Berbigier P, Borghetti M, Bernhofer C, Cienciala
E, Dolman AJ, Froer O, Gracia CA, Granier A, Grünwald T, Hari P, Jans W,
Kellomäki s, Loustau D, Magnani F, Markkanen T, Matteucci G, Mohren GMJ,
Moors E, Nissinen A, Peltola H, Sabaté S, Sanchez A, Sontag M, Valentini R, Vesala
T. 2002. Evaluation of six process-based forest growth models using eddy-covariance
measurements of CO2 and H2O fluxes at six forest sites in Europe. Global Change
Biology 8(3):213–230 DOI 10.1046/j.1365-2486.2002.00471.x.
Kumar J, Hoffman FM, Hargrove WW, Collier N. 2016. Understanding the representativeness of FLUXNET for upscaling carbon flux from eddy covariance measurements.
Oak Ridge: Oak Ridge National Lab. (ORNL) DOI 10.5194/essd-2016-36.

Marino et al. (2020), PeerJ, DOI 10.7717/peerj.8891

34/41

Lamb K, Hansen K, Bastian C, Nagler A, Jones Ritten C. 2019. Investigating potential
impacts of credit failure risk mitigation on habitat exchange outcomes. Environmental and Resource Economics 73(3):815–842 DOI 10.1007/s10640-019-00332-z.
Laurance WF. 2007. A new initiative to use carbon trading for tropical forest conservation. Biotropika 39(2):20–24 DOI 10.1111/j.1744-7429.2006.00229.x.
Levasseur A, Lesage P, Margni M, Brandão M, Samson R. 2012. Assessing temporary
carbon sequestration and storage projects through land use, land-use change and
forestry: comparison of dynamic life cycle assessment with ton-year approaches.
Climatic Change 115:759–776 DOI 10.1007/s10584-012-0473-x.
Li Y, Bruelheide H, Scholten T, Schmid B, Sun Z, Zhang N, Bu W, Liu X, Ma K. 2019.
Early positive effects of tree species richness on soil organic carbon accumulation in
a large-scale forest biodiversity experiment. Journal of Plant Ecology 12(5):882–893
DOI 10.1093/jpe/rtz026.
Liddle B. 2018. Consumption-based accounting and the trade-carbon emissions nexus.
Energy Economics 69:71–78 DOI 10.1016/J.ENECO.2017.11.004.
Lovett GM, Cole JJ, Pace ML. 2006. Is net ecosystem production equal to ecosystem
carbon accumulation? Ecosystems 9(1):152–155 DOI 10.1007/s10021-005-0036-3.
Luyssaert S, Reichstein M, Schulze ED, Janssens IA, Law BE, Papale D, Dragoni D,
Goulden ML, Granier A, Kutsch WL, Linder S, Matteucci G, Moors E, Munger JW,
Pilegaard K, Saunders M, Falge EM. 2009. Toward a consistency cross-check of eddy
covariance flux-based and biometric estimates of ecosystem carbon balance. Global
Biogeochemical Cycles 23(3):GB3009 DOI 10.1029/2008GB003377.
Mamkin V, Kurbatova J, Avilov V, Ivanov D, Kuricheva O, Andrej V, Yaseneva I,
Olchev A. 2019. Energy and CO2 exchange in an undisturbed spruce forest and
clear-cut in the Southern Taiga. Agricultural and Forest Meteorology 265:252–268
DOI 10.1016/j.agrformet.2018.11.018.
Marino BDV. 2011. System of systems for monitoring greenhouse gas fluxes. European
Patent Convention patent #2391881.
Marino BDV. 2012. System of systems for monitoring greenhouse gas fluxes. Hong Kong
patent #1165004.
Marino BDV. 2013. System of systems for monitoring greenhouse gas fluxes. United
States of America patent #8595020.
Marino BDV. 2014a. System of systems for monitoring greenhouse gas fluxes. Japan
patent #5587344.
Marino BDV. 2014b. System of systems for monitoring greenhouse gas fluxes. Mexico
patent #319180.
Marino BDV. 2014c. System of systems for monitoring greenhouse gas fluxes. Mexico
patent #326190.
Marino BDV. 2015a. System of systems for monitoring greenhouse gas fluxes. Australia
patent # 2010207964.
Marino BDV. 2015b. System of systems for monitoring greenhouse gas fluxes. United
States of America patent #9152994.

Marino et al. (2020), PeerJ, DOI 10.7717/peerj.8891

35/41

Marino BDV. 2016a. System of systems for monitoring greenhouse gas fluxes. China
(People’s Republic) patent #ZL201080015551.5.
Marino BDV. 2016b. System of systems for monitoring greenhouse gas fluxes. Japan
patent #5908541.
Marino BDV. 2016c. System of systems for monitoring greenhouse gas fluxes. Korea
patent #10-1648731.
Marino BDV. 2016d. System of systems for monitoring greenhouse gas fluxes. United
States of America patent #9514493.
Marino BDV. 2017a. System of systems for monitoring greenhouse gas fluxes. Australia
patent #2015203649.
Marino BDV. 2017b. System of systems for monitoring greenhouse gas fluxes. China
(Peoples Republic) patent #CN102405404.
Marino BDV. 2017c. System of systems for monitoring greenhouse gas fluxes. Republic
of Korea patent # 10-1699286.
Marino BDV. 2018a. System and methods for managing global warming. Canada patent
#2813442.
Marino BDV. 2018b. System of systems for monitoring greenhouse gas fluxes. Canada
patent #2751209.
Marino BDV. 2018c. System of systems for monitoring greenhouse gas fluxes. Hong
Kong patent #1242029.
Marino BDV. 2019. System of systems for monitoring greenhouse gas fluxes. India
patent #311228.
Marino BD, Mincheva M, Doucett A. 2019. California air resources board protocol
invalidates offsets. PeerJ 7:e7606 DOI 10.7717/peerj.7606.
Marland E, Domke G, Hoyle J, Marland G, Bates L, Helms A, Jones B, Kowalczyk T, Ruseva TB, Szymanski C. 2017. Understanding and analysis: the California air resources
board forest offset protocol. Cham: Springer DOI 10.1007/978-3-319-52434-4_2.
Mauder M, Cuntz M, Drüe C, Graf A, Rebmann C, Schmid HP, Schmidt M, Steinbrecher R. 2013. A strategy for quality and uncertainty assessment of long-term
eddy-covariance measurements. Agricultural and Forest Meteorology 169:122–135
DOI 10.1016/j.agrformet.2012.09.006.
Mei B. 2015. Illiquidity and risk of commercial timberland assets in the United States.
Journal of Forest Economics 21(2):67–78 DOI 10.1016/j.jfe.2015.01.003.
Molly Peters-Stanley Gonzalez G, Yin D. 2013. Covering new ground state of the forest
carbon markets 2013. Available at http:// www.forest-trends.org (accessed on 21
October 2016).
Munger JW. 2016. AmeriFlux US-Ha1 Harvard Forest EMS Tower (HFR1), Dataset.
Available at https:// doi.org/ 10.17190/ AMF/ 1246059 DOI 10.17190/AMF/1246059.
Munger JW, Whitby TG, Wofsy SC. 2018. Rapid shifts in annual carbon balance for a
temperate deciduous forest: validating and diagnosing ecosystem surprises. AGUFM,
2018, B22C–05. Available at https:// ui.adsabs.harvard.edu/ abs/ 2018AGUFM.B22C.
05M/ abstract .

Marino et al. (2020), PeerJ, DOI 10.7717/peerj.8891

36/41

Ney P, Graf A, Bogena H, Diekkrüger B, Drüe C, Esser O, Heinemann G, Klosterhalfen
A, Pick K, Pütz T, Schmidt M, Valler V, Vereecken H. 2019. CO 2 fluxes before and
after partial deforestation of a Central European spruce forest. Agricultural and Forest
Meteorology 274:61–74 DOI 10.1016/j.agrformet.2019.04.009.
Nicolini G. 2012. Greenhouse gases exchange over and within a tropical forest in Africa.
Available at http:// dspace.unitus.it/ handle/ 2067/ 2545.
Novick KA, Biederman JA, Desai AR, Litvak ME, Moore DJP, Scott RL, Torn MS.
2018. The AmeriFlux network: a coalition of the willing. Agricultural and Forest
Meteorology 249:444–456 DOI 10.1016/j.agrformet.2017.10.009.
Oak Ridge National Laboratory Distributed Active Archive Center (ORNLDAAC).
Fluxnet. Available at https:// fluxnet.ornl.gov/ .
Ollila A. 2019. Challenging the scientific basis of the Paris climate agreement. International Journal of Climate Change Strategies and Management 11(1):18–34
DOI 10.1108/IJCCSM-05-2017-0107.
Ouimette AP, Ollinger SV, Richardson AD, Hollinger DY, Keenan TF, Lepine
LC, Vadeboncoeur MA. 2018. Carbon fluxes and interannual drivers in a
temperate forest ecosystem assessed through comparison of top-down and
bottom-up approaches. Agricultural and Forest Meteorology 256–257:420–430
DOI 10.1016/j.agrformet.2018.03.017.
Pacala SW, Breidenich C, Brewer PG, Fung I, Gunson MR. 2010. In: Verifying greenhouse gas emissions: Methods to support international climate agreements. National
Research Council of the National Academies, DOI 10.17226/12883.
Paré D, Gertner GZ, Bernier PY, Yanai RD. 2015. Quantifying uncertainty in forest
measurements and models: approaches and applications. Canadian Journal of Forest
Research 46(3):v–v DOI 10.1139/cjfr-2016-0029.
Pastorello G, Agarwal D, Papale D, Samak T, Trotta C, Ribeca A, Poindexter C,
Faybishenko B, Gunter D, Hollowgrass R, Canfora E. 2014. Observational data
patterns for time series data quality assessment. In: Proceedings—2014 IEEE 10th
international conference on eScience, eScience 2014, vol. 1. Piscataway: IEEE, 271–278
DOI 10.1109/eScience.2014.45.
Paut R, Sabatier R, Tchamitchian M. 2020. Modelling crop diversification and association effects in agricultural systems. Agriculture, Ecosystems and Environment
288:106711 DOI 10.1016/j.agee.2019.106711.
Peltola O, Vesala T, Gao Y, Räty O, Alekseychik P, Aurela M, Chojnicki B, Desai AR,
Dolman AJ, Euskirchen ES, Friborg T, Göckede M, Helbig M, Humphreys E,
Jackson RB, Jocher G, Joos F, Klatt J, Knox SH, Kowalska N, Kutzbach L, Lienert
S, Lohila A, Mammarella I, Nadeau DF, Nilsson MB, Oechel WC, Peichl M, Pypker
T, Quinton W, Rinne J, Sachs T, Samson M, Schmid HP, Sonnentag O, Wille C,
Zona D, Aalto T. 2019. Monthly gridded data product of northern wetland methane
emissions based on upscaling eddy covariance observations. Earth System Science
Data 11(3):1263–1289 DOI 10.5194/essd-11-1263-2019.
Polonik P, Chan WS, Billesbach DP, Burba G, Li J, Nottrott A, Bogoev I, Conrad
B, Biraud SC. 2019. Comparison of gas analyzers for eddy covariance: effects of

Marino et al. (2020), PeerJ, DOI 10.7717/peerj.8891

37/41

analyzer type and spectral corrections on fluxes. Agricultural and Forest Meteorology
272–273:128–142 DOI 10.1016/j.agrformet.2019.02.010.
Post H, Hendricks Franssen HJ, Graf A, Schmidt M, Vereecken H. 2015. Uncertainty
analysis of eddy covariance CO2 flux measurements for different EC tower distances using an extended two-tower approach. Biogeosciences 12(4):1205–1221
DOI 10.5194/bg-12-1205-2015.
Ran Y, Li X, Sun R, Kljun N, Zhang L, Wang X, Zhu G. 2016. Spatial representativeness
and uncertainty of eddy covariance carbon flux measurements for upscaling net
ecosystem productivity to the grid scale. Agricultural and Forest Meteorology
DOI 10.1016/j.agrformet.2016.05.008.
Reichstein M, Stoy PC, Desai AR, Lasslop G, Richardson AD. 2012. Partitioning of net
fluxes. In: Eddy covariance. Dordrecht: Springer, 263–289
DOI 10.1007/978-94-007-2351-1.
Richardson AD, Carbone MS, Keenan TF, Czimczik CI, Hollinger DY, Murakami
P, Schaberg PG, Xu X. 2013. Seasonal dynamics and age of stemwood nonstructural carbohydrates in temperate forest trees. New Phytologist 197(3):850–861
DOI 10.1111/nph.12042.
Richardson AD, Hollinger DY, Burba GG, Davis KJ, Flanagan LB, Katul GG, Munger
JW, Ricciuto DM, Stoy PC, Suyker AE, Verma SB. 2006. A multi-site analysis of random error in tower-based measurements of carbon and energy fluxes. Agricultural
and Forest Meteorology 136(1–2):1–18 DOI 10.1016/J.AGRFORMET.2006.01.007.
Richardson AD, Hollinger DY, Shoemaker JK, Hughes H, Savage K, Davidson EA.
2019. Six years of ecosystem-atmosphere greenhouse gas fluxes measured in a subboreal forest. Scientific Data 6(1):1–15 DOI 10.1038/s41597-019-0119-1.
Rimmer M. 2020. Article 10 of the Paris agreement 2015: technology development and
transfer. In: Reins LS, Van Calster G, eds. A commentary on the Paris agreement on
climate change. Cheltenham and Northampton (MA): Edward Elgar.
Román MO, Schaaf CB, Woodcock CE, Strahler AH, Yang X, Braswell RH, Curtis
PS, Davis KJ, Dragoni D, Goulden ML, Gu L, Hollinger DY, Kolb TE, Meyers TP,
Munger JW, Privette JL, Richardson AD, Wilson TB, Wofsy SC. 2009. The MODIS
(Collection V005) BRDF/albedo product: assessment of spatial representativeness
over forested landscapes. Remote Sensing of Environment 113(11):2476–2498
DOI 10.1016/j.rse.2009.07.009.
Rozendaal DMA, Bongers F, Aide TM, Alvarez-Dávila E, Ascarrunz N, Balvanera
P, Becknell JM, Bentos TV, Brancalion PHS, Cabral GAL, Calvo-Rodriguez S,
Chave J, César RG, Chazdon RL, Condit R, Dallinga JS, De Almeida-Cortez JS, De
Jong B, De Oliveira A, Denslow JS, Dent DH, DeWalt SJ, Dupuy JM, Durán SM,
Dutrieux LP, Espírito-Santo MM, Fandino MC, Fernandes GW, Finegan B, García
H, Gonzalez N, Moser VG, Hall JS, Hernández-Stefanoni JL, Hubbell S, Jakovac
CC, Hernández AJ, Junqueira AB, Kennard D, Larpin D, Letcher SG, Licona JC,
Lebrija-Trejos E, MarínSpiotta E, Martínez-Ramos M, Massoca PES, Meave JA,
Mesquita RCG, Mora F, Müller SC, Muñoz R, De Oliveira Neto SN, Norden N,

Marino et al. (2020), PeerJ, DOI 10.7717/peerj.8891

38/41

Nunes YRF, Ochoa-Gaona S, Ortiz-Malavassi E, Ostertag R, Peña Claros M, PérezGarcía EA, Piotto D, Powers JS, Aguilar-Cano J, Rodriguez-Buritica S, RodríguezVelázquez J, Romero-Romero MA, Ruíz J, Sanchez-Azofeifa A, De Almeida AS,
Silver WL, Schwartz NB, Thomas WW, Toledo M, Uriarte M, De Sá Sampaio
EV, Van Breugel M, Van Der Wal H, Martins SV, Veloso MDM, Vester HFM,
Vicentini A, Vieira ICG, Villa P, Williamson GB, Zanini KJ, Zimmerman J, Poorter
L. 2019. Biodiversity recovery of Neotropical secondary forests. Science Advances
5(3):eaau3114 DOI 10.1126/sciadv.aau3114.
Ruseva T, Marland E, Szymanski C, Hoyle J, Marland G, Kowalczyk T. 2017. Additionality and permanence standards in California’s forest offset protocol: a review
of project and program level implications. Journal of Environmental Management
198:277–288 DOI 10.1016/j.jenvman.2017.04.082.
Sakai RK, Fitzjarrald DR, Moore KE. 2001. Importance of lowfrequency contributions to eddy fluxes observed over rough surfaces. Journal of Applied Meteorology
40(12):2178–2192.
Schlesinger WH. 2003. Limited carbon storage in soil and litter of experimental forest
plots under increased atmospheric CO2. Nature 411(May):466–469.
Schlesinger WH, Amundson R. 2018. Managing for soil carbon sequestration: let’s get
realistic. Global Change Biology 25(2):gcb.14478 DOI 10.1111/gcb.14478.
Spash CL. 2016. This changes nothing: the paris agreement to ignore reality. Globalizations 13(6):1–6 DOI 10.1080/14747731.2016.1161119.
Staebler RM, Fitzjarrald DR. 2004. Observing subcanopy CO2 advection. Agricultural
and Forest Meteorology 122(3–4):139–156 DOI 10.1016/j.agrformet.2003.09.011.
Stefani P, Marchesini LB, Consalvo C, Forgione A, Bombelli A, Grieco E, Vittorini E,
Papale D, Valentini R. 2009. Eddy Flux Tower in Ankasa Park: a new facility for the
study of the carbon cycle of primary tropical forests in Africa. Assembly 11:9538.
Tacconi L, Rodrigues RJ, Maryudi A, Muttaqin MZ. 2019. Law enforcement and deforestation: lessons for Indonesia from Brazil. Forest Policy and Economics 108:101943
DOI 10.1016/j.forpol.2019.05.029.
Tang X, Bullock EL, Olofsson P, Estel S, Woodcock CE. 2019. Near real-time monitoring of tropical forest disturbance: new algorithms and assessment framework. Remote
Sensing of Environment 224:202–218 DOI 10.1016/J.RSE.2019.02.003.
Tarnoczi TJ. 2017. An assessment of carbon offset risk: a methodology to determine an
offset risk adjustment factor, and considerations for offset procurement. Carbon
Management 8(2):143–153 DOI 10.1080/17583004.2017.1295734.
Tellman B. 2016. Mapping and modeling clandestine drivers of land use change: urban
expansion in Mexico City and deforestation in Central America. Available at https:
// search.proquest.com/ openview/ 878dda267e8f1d6b47379e1f24cac70a/ 1?pq-origsite=
gscholar&cbl=18750&diss=y.
Ueyama M, Iwata H, Nagano H, Tahara N, Iwama C, Harazono Y. 2019. Carbon dioxide
balance in early-successional forests after forest fires in interior Alaska. Agricultural
and Forest Meteorology 275:196–207 DOI 10.1016/j.agrformet.2019.05.020.

Marino et al. (2020), PeerJ, DOI 10.7717/peerj.8891

39/41

UNFCCC. 2013. A/R large-scale consolidated methodology afforestation and reforestation of lands except wetlands version 2.0. Available at https:// conbio.org/ images/
content_about_scb/ VALID_REP_1530_31MAY2016.pdf .
Urbanski S, Barford C, Wofsy S, Kucharik C, Pyle E, Budney J, McKain K, Fitzjarrald
D, Czikowsky M, Munger JW. 2007. Factors controlling CO 2 exchange on
timescales from hourly to decadal at Harvard Forest. Journal of Geophysical Research
112(G2):1–25 DOI 10.1029/2006JG000293.
Van Vuuren DP, Hoogwijk M, Barker T, Riahi K, Boeters S, Chateau J, Scrieciu S, van
Vliet J, Masui T, Blok K, Blomen E, Kram T. 2009. Comparison of top-down and
bottom-up estimates of sectoral and regional greenhouse gas emission reduction
potentials. Energy Policy 37(12):5125–5139 DOI 10.1016/j.enpol.2009.07.024.
Vanclay JK. 1998. Towards more rigorous assessment of biodiversity. In: Assessment of biodiversity for improved forest planning. Dordrecht: Springer, 211–232
DOI 10.1007/978-94-015-9006-8_20.
Verma M, Friedl MA, Richardson AD, Kiely G, Cescatti A, Law BE, Wohlfahrt G,
Gielen B, Roupsard O, Moors EJ, Toscano P, Vaccari FP, Gianelle D, Bohrer G,
Varlagin A, Buchmann N, van Gorsel E, Montagnani L, Propastin P. 2013. Remote
sensing of annual terrestrial gross primary productivity from MODIS: an assessment
using the FLUXNET La Thuile dataset. Biogeosciences Discussions 10(7):11627–11669
DOI 10.5194/bgd-10-11627-2013.
Vitale D, Bilancia M, Papale D. 2019. Modelling random uncertainty of eddy covariance flux measurements. Stochastic Environmental Research and Risk Assessment
33(3):725–746 DOI 10.1007/s00477-019-01664-4.
Wang H, Jia G, Zhang A, Miao C. 2016. Assessment of spatial representativeness of eddy
covariance flux data from flux tower to regional grid. Remote Sense 8(8):742–742
DOI 10.3390/rs8090742.
Watson JEM, Evans T, Venter O, Williams B, Tulloch A, Stewart C, Thompson I,
Ray JC, Murray K, Salazar A, McAlpine C, Potapov P, Walston J, Robinson JG,
Painter M, Wilkie D, Filardi C, Laurance WF, Houghton RA, Maxwell S, Grantham
H, Samper C, Wang S, Laestadius L, Runting RK, Silva-Chávez GA, Ervin J,
Lindenmayer D. 2018. The exceptional value of intact forest ecosystems. Nature
Ecology & Evolution 2(4):599–610 DOI 10.1038/s41559-018-0490-x.
Winrock International. 2016. American carbon registry offset registry. Available at
https:// acr2.apx.com/ mymodule/ mypage.asp (accessed on 19 October 2016).
World Bank Group. 2015. State and trends of carbon pricing 2018
DOI 10.1596/978-1-4648-1292-7.
Wutzler T, Lucas-Moffat A, Migliavacca M, Knauer J, Sickel K, Šigut L, Menzer O, Reichstein M. 2018. Basic and extensible post-processing of eddy covariance flux data
with REddyProc. Biogeosciences 15(16):5015–5030 DOI 10.5194/bg-15-5015-2018.
Xiao J, Zhuang Q, Baldocchi DD, Law BE, Richardson AD, Chen J, Oren R, Starr
G, Noormets A, Ma S, Verma SB, Wharton S, Wofsy SC, Bolstad PV, Burns SP,
Cook DR, Curtis PS, Drake BG, Falk M, Fischer ML, Foster DR, Gu L, Hadley JL,
Hollinger DY, Katul GG, Litvak M, Martin TA, Matamala R, McNulty S, Meyers

Marino et al. (2020), PeerJ, DOI 10.7717/peerj.8891

40/41

TP, Monson RK, Munger JW, Oechel WC, Tha Paw U K, Schmid HP, Scott RL, Sun
G, Suyker AE, Torn MS. 2008. Estimation of net ecosystem carbon exchange for the
conterminous United States by combining MODIS and AmeriFlux data. Agricultural
and Forest Meteorology 148(11):1827–1847 DOI 10.1016/j.agrformet.2008.06.015.
Zhang B, Lai K, Wang B, Wang Z. 2018. The clean development mechanism and corporate financial performance: empirical evidence from China. Resources, Conservation
and Recycling 129:278–289 DOI 10.1016/J.RESCONREC.2017.10.004.
Zhang D. 2019. Costs of delayed reforestation and failure to reforest. New Forests
50(1):57–70 DOI 10.1007/s11056-018-9676-y.

Marino et al. (2020), PeerJ, DOI 10.7717/peerj.8891

41/41

