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Abstract

fluxes and inventories, have shortcomings.

balances into the global carbon cycle.

Background: There is an urgent need for quantifying the terrestrial carbon sink in the context of global carbon
emissions. However, neither the flux measurements, nor the national wood balances fulfil this purpose. In this
discussion article we point at various shortcomings and necessary improvements of these approaches in order to
achieve a true quantification of the carbon exchange of land surfaces.

Results: We discuss the necessity of incorporating all lateral fluxes, but mainly the export of biomass by harvest,
into the flux balance and to recognize feedbacks between management and fluxes to make flux measurements
compatible with inventories. At the same time, we discuss the necessity that national reports of wood use need to
fully recognize the use of wood for energy use. Both approaches of establishing an ecosystem carbon balance,

Conclusions: Including harvest and feedbacks by management appears to be the main requirement for the flux
approach. A better quantification of wood use for bioenergy seems a real need for integrating the national wood

Keywords: Terrestrial carbon sink, Flux measurements, Carbon inventories, National wood balances

Background

The measurements of Net Ecosystem Exchange, NEE, as
instantaneous measurement of fluxes, and of Net Eco-
system Productivity, NEP, as a measure for an ecosystem
flux balance, have been a success story (Valentini 2003;
Baldocchi 2014, 2020). For the first time, it was possible
to measure the net flux of CO, for plant communities at
a geographic scale of about 1km?” and a time scale be-
tween seconds and years. The measurement of eddy
fluxes is continuous, with minimal interference of instru-
mentation to natural processes unlike e.g. cuvettes or
chambers. It was initially hoped that this methodology
(Aubinet et al. 2012), together with other measurements,
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such as the national wood balances, would help to quan-
tify carbon uptake and storage changes of ecosystems in
a way that would comply to the requirements of the Cli-
mate Convention and its Climate Protocols (Martin
et al. 1998). In addition, because of the high time reso-
lution, the methodology of eddy flux measurements is
compatible to weather measurements. Therefore, it be-
came possible to relate ecosystem processes directly to a
fluctuating environment (Baldocchi et al. 2018). Thus,
the flux measurements became a standard methodology
to translate climate change to land surface processes
(Baldocchi 2020).

In terms of quantifying ecosystem storage, however,
the flux methodology was not able to compete with
standardized inventory-based assessments of carbon
pools (Grassi et al. 2018), mainly because of
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geomorphological limitations (slopes) and of the repre-
sentation of landscapes, which are of a larger scale than
a flux footprint, but also because the flux balance ig-
nores lateral fluxes (i.e. fluxes corresponding to losses
that are not related to respiration) that are quantified by
inventories (Gielen et al. 2011; Kirschbaum et al. 2019).
Thus, repeated measurements of carbon stocks (grid-
based inventories) remain the basis to obtain fluxes at
landscape scale (e.g. Campioli et al. 2016), even though
measurements of stocks also have limitations: the obser-
vations are not continuous, at best yearly, and the
consistency of the sampling design is crucial for the val-
idity of the estimations. Forest inventories focus on
aboveground biomass of trees and neglect belowground
stores. This lack of an ecosystem dimension has in part
been supplemented by grid-based soil inventories.

Here we investigate how the two approaches relate to
each other, and what would be needed to bridge the flux
approach with the inventory approach. In this context
the international agreements aim at repeated assess-
ments of carbon stores in 5-year steps (Paris agreement:
UNFCCC-COP21 2015). Considering this time scale, the
instantaneous fluxes are mainly of scientific interest and
a basis for modeling exercises. We hypothesize that the
flux approach should include lateral fluxes, mainly har-
vest, in order to become compatible with the inventory
approach and to quantify feedbacks between harvest and
growth. In this communication we are not able to com-
prehensively address climate mitigation and refer to
Schulze et al. (2020).

Methods
This study is based on reviewing published literature on
this topic.

Results and discussion
The net ecosystem balance
The terminology of the ecosystem greenhouse gas bal-
ance was defined in the context of the European Project
CarboEurope (Fig. 1a, Schulze et al. 2009) showing the
diversity in the way basic fluxes are accounted for and
their consequences on the resulting balance terms.
Photosynthesis, the only process that immobilizes at-
mospheric CO, into organic material, is approximated
from eddy flux measurements as NEE plus (total) eco-
system respiration under vertical flux conditions. This
modelled quantity is called Gross Primary Production,
GPP. An uncertainty remains between GPP and photo-
synthesis, and about feedbacks between lateral fluxes
and ecosystem respiration (Gielen et al. 2011). Photosyn-
thesis delivers non-structural carbohydrates that are
used to support the maintenance of existing biomass,
and to allow for growth (Schulze et al. 2000). The car-
bon needed for maintenance and growth emerges as
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autotrophic respiration (R,), where the term “auto-
trophic” indicates that this respiration originates from
the vegetation and includes both aerial and below-
ground respiration. GPP minus autotrophic respiration
results in a quantification of plant growth, termed as
Net Primary Production, NPP, which includes above and
below-ground growth, and it includes carbon that is
transported to the mycorrhiza, and that is lost by exu-
dates and by above- and below-ground herbivory (Jarvis
and Linder 2007). Thus, NPP is also a theoretical quan-
tity that cannot be fully quantified in the field. The Car-
boEurope scheme (Fig. 1) takes additional lateral fluxes
into account. These are mainly the harvest, resulting in
Net Biome Productivity, NBPpiomass: With agriculture,
manure is added stimulating plant growth by added nu-
trients (Marschner 1995), and NBP would include the
carbon added by manure (but would not recognize
added nitrogen in mineral fertilizer). Harvest and ma-
nure have feedbacks on respiration of heterotrophic or-
ganisms (Ry). The same is true for fires, where C is lost
to the atmosphere, bypassing R,. The carbon loss by fire
is not a lateral flux in the strict sense, but a carbon loss
that is not related to respiration, and it remains unmeas-
ured. The losses by fire can only be modelled (Law et al.
2004). Generally, not all of the woody biomass burns to
ash and harvest could also take charred trees. The same
is true for wind-throw where thrown trees are harvested
under managed conditions. Less clear is the feedback on
ecosystem respiration by transport of DOC/DIC
(Camino-Serrano et al. 2018), of lateral transport of car-
bon by water (Cole et al. 2007) and other greenhouse
gas losses (e.g. Methane). Considering all these inputs
and losses results in Net Biome Productivity, NBP, at a
time scale that is generally longer than that of flux mea-
surements, depending on the type of land use. Harvest
may occur in forests at decadal scale, but it is annual in
crops, monthly in meadows, and continuous in range-
lands. Depending on site conditions and the type of
management, the ecosystem produces additional green-
house gases, other than CO,. These are incorporated
into this scheme as COjequivatent fluxes. All fluxes sum
up as Net Greenhouse Gas Balance, NGB.

Dolman (2019) pointed out that a flux balance suffers
additionally from time lags. The non-structural carbohy-
drates in trees are on average 10 years old, and this is
the source for autotrophic respiration of tree stems (e.g.
Carbone et al. 2013; Trumbore et al. 2015). The age of
CO, in heterotrophic respiration is on average about 20
years (Schulze et al. 2020). Thus R, and R}, hinge behind
GPP by about 20 years and adding Ry, to NEE to derive
GPP is assuming steady state conditions. However, with
climate change, increasing atmospheric CO, concentra-
tions and atmospheric deposition, this assumption ap-
parently does not hold. Likewise, management
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Fig. 1 The flow of carbon through an ecosystem and the role of other greenhouse gases. a The flux definitions according to CarboEurope
(Schulze et al. 2009), and b according to Dolman (2019), and ¢ as proposed in this study. Green: fluxes related to plants; Blue: fluxes related to
heterotrophic organisms; Red: heterotrophic respiration; Orange and Yellow: anthropogenic and natural lateral fluxes; Black: feedbacks between
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interventions contribute to changes of the fluxes with
potentially long-lasting positive or negative effects and
feedbacks (Noormets et al. 2015) globally stimulating Ry,
decreasing R, being rather neutral for NPP, but decrease
GPP. Thus, even with taking numerous flux stations as a
basis, inversion modeling would not be able to quantify
harvesting. Only repeated inventories would integrate

these time lags and detect exports. However, they largely
ignore below-ground processes and assumptions need to
be made in order to represent variations in below-
ground storage. Overall, it becomes obvious that the
time dimension has been ignored in flux measurements,
and it emerges that carbon sequestration is only a way
to “buy time” not to solve the problem (Valentini 2003).
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Maybe there is a threshold when the sink as measured
by eddy covariance is not anymore a sink due to the leg-
acy of the past.

Even though the basic definitions are known since
long (Schulze et al. 2000), it remains an open discussion,
whether heterotrophic respiration should be subtracted
from NPP before (Fig. 1b) or after (Fig. 1a) consideration
of the lateral fluxes. Great efforts were undertaken for
quantifying atmospheric lateral fluxes from flux diver-
gence (Foken 2017), but removals by disturbances and
management have not been accounted for, although they
may be larger in magnitude and feedback on Ry,. Dolman
(2019) considered the lateral fluxes after calculation of
NEP (Fig. 1b). This, however, neglects feedbacks of lat-
eral fluxes on NEP. Harvest reportedly has a moderate
but positive feedback on GPP, probably due to higher
light use efficiency and reduced water interception, and
on R, through the reduction of the living biomass. The
observation by Anthoni et al. (2004), Vesala et al. (2005)
and Granier et al. (2008) that removal of biomass from a
forest stand had no effect on NEE suggests, that GPP
and respiration responded positively to this management
treatment. Thus, a low level of harvest has a positive ef-
fect on growth of remaining trees because competition
between trees is relaxed. NEE represents the ecosystem
flux, and thus inherently it should include all feedbacks
from associated lateral fluxes, but, the interpretation of
such measurement remains weak, if lateral fluxes are ig-
nored. Thus, feedbacks remain unrecognized and are as-
sociated with other factors. Because of their effects on
multiple processes and feedbacks on other fluxes,
human-driven fluxes cannot be strictly distinguished.

Both schemes (Figs. 1a and b) are not fully consistent,
because fire and DOC losses are considered after sub-
traction of Ry, even though fire can have a profound ef-
fect on Ry,. Thus, to be totally consistent, R}, should be
considered after all lateral fluxes have been taken into
account (Fig. 1c). It also remains an open discussion, if
the fluxes of other greenhouse-gases (CHy, N,O) should
be included in NEP given their high radiative forcing.

It is interesting to note that NEP, defined as GPP - R,
— Ry, (Dolman 2019), and not as GPP — R, — harvest +
manure — Ry, does not show a timing component in Fig.
la and c. Following the seminal publication of Korner
(2003) who characterized ecosystems as “slow in, fast
out” systems where carbon stock may build up over de-
cades and are lost by disturbance or harvest within days.
This difference in time scales was not bridged in the flux
schemes. Considering disturbances and associated lateral
fluxes could change the apparent “sink” of flux measure-
ments into a “source” (Schulze et al. 2010). The appar-
ently ever-lasting sink, as measured by NEE, is
misleading, because the estimated stored carbon does
not remain in the ecosystem, but it is carried out as
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harvest in most managed ecosystems. Some of the lateral
fluxes may even have additional effects, such as the de-
ployment of manure, where is not the added carbon, but
the added nutrients -mainly nitrogen- that affect all
fluxes. Similar nutritional effects exist with other distur-
bances, such as fire, and of N inputs from air pollution.
In the case of harvested wood, carbon is respired or
emitted geographically elsewhere. Since CO, emissions
from products are part of the global natural carbon
cycle, the global carbon balance could be misinterpreted,
if NEE does not respond to lateral fluxes, even though,
there is the chance of double counting of CO, at global
scale.

We are aware that when considering the importance
of lateral fluxes, NEP contributes little to understanding
the global carbon balance because it does not include
the carbon-emissions that are geographically displaced.
Sure enough NBP would be the advanced parameter, but
a linear flux scheme of carbon decay (Schulze et al.
2000), does not account for feedbacks on ecosystem
fluxes. To make this clear we might start with different
land uses.

In agriculture, “dead” material of grain and straw is re-
moved after harvest, which should lower heterotrophic
respiration as compared to a situation where grain and
straw remain on site. The carbon in grain and straw is
respired geographically elsewhere, maybe on a different
continent. Thus the net flux balance should be NEE =
GPP — R, — Ry onsite — Rh narvest- There is little feedback
on GPP but a feedback on R}, should exist, but manure
and mineral fertilizer should ideally compensate the ef-
fects of biomass removal. Double counting of carbon
would be possible, because emissions from harvested
biomass would also be measured at the consumer level.

In grasslands, NEE = GPP — R, — Ry, onsite — Rh grazers-
In this case, the removal of green biomass has profound
positive feedback on GPP that could balance the export.
For rangelands, respiration of grazing animals would be
included, but in case of hay-meadows R}, of domestic an-
imals would not be included. Again, double counting of
C would be possible at global scale.

In forests, NEE=GPP — R, — Ry, — Carbonj, stand
growth- Forests are complicated due to the fact that most
of the harvested wood is physiologically dead material
that was photosynthetically assimilated decades ago. The
physiologically active component of wood is the sap-
wood that results from a balance of growth and forma-
tion of dead hardwood (Thurner et al. 2019). In addition,
trees would be lost by self-thinning of up-growing stands
(Luyssaert et al. 2011). Thus changes in stand wood bio-
mass and not tree growth would be the appropriate par-
ameter. “Stand wood biomass increment” would be
potentially the amount of wood that can be harvested
and exported under sustainable management, or it



Schulze et al. Forest Ecosystems (2021) 8:15

would remain on site under protected conditions. In the
case of protection, the accumulated dead wood would
contribute to Ry, at a later point of time. The removal of
wood has profound feedback on R, and thus on GPP
and on Ry, feeding back on NEE. For understanding
these feedbacks, the incorporation of “stand wood bio-
mass increment” into NEE would be desirable. Again
double counting of emitted carbon would be possible.

We suggest to make this variable distinct from NEP
and NBP. We suggest to introduce a new variable
NEPH, which would be Net Ecosystem Productivity with
harvest. NEPH would be different from NBP, because
the focus is on harvest due to its global importance.

Our suggested change in the calculation of NEE would
make ecosystem services visible (Fig. 2), and it would
make a management of the feedbacks possible. On the
other hand, a global disadvantage would emerge that
emissions are associated with the producer of biomass
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without any regulation of consumption at the biomass-
user side. We want to understand the feedbacks of har-
vest on ecosystem fluxes as well as the consumption at
the same time. Thus, we may have to live with double
counting at global scale. This would not be harmful, and
could be corrected, if it remains visible and known.
Given the range of flux definitions, IPCC took a differ-
ent venture. The IPCC guidelines (2006) consider carbon
stocks only, and calculate net fluxes from repeated mea-
surements of stocks. This can be done across large land-
scapes, but it would require harmonization of stock
sampling methods (Barreiro et al. 2016), a challenge that
national forest inventories are currently lacking
(Tomppo and Schadauer 2012). Nevertheless, the tem-
poral resolution of stock surveys is at best annual, and
generally based on 5- to 10-year cycles for large-scale in-
ventories, with a modest capacity to quantify conse-
quences of particular or episodic events (storm/fire).
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Fig. 2 Schematic flow of carbon through the ecosystem and the chain of users, illustrating the geographic displacement of Ry, by harvest
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The global carbon balance

The global terrestrial sinks and sources of greenhouse-
gases need to be quantified in the context of a global
flux balance, including all fluxes because the inter-
national agreements consider not just CO, but a GHG-
balance. Thus, it is NGB and not NEP nor NBP that is
desired. Based on NGB, CarboEurope summarized that
forests and grasslands balance emissions from agricul-
ture (Schulze et al. 2009). Thus NGBgyope is close to
zero, ie. the land surface is about neutral. However,
changes by management are possible with Land-Use
Change (LUC) in direction of a larger sink by more for-
ests and by changes in Land Use (LU) in direction of
lesser emissions of other greenhouse gases from grass-
land and agriculture.

Politically a sustainable management of the land sur-
face is wanted on a long-time scale. In this case, harvest
would balance biomass increment as a measure of
growth, and under ideal conditions stocks should remain
about constant at landscape scale (von Carlowitz 1732;
Schulze et al. 2020). Increasing or decreasing stocks (e.g.
in forests) would not be captured by NEP unless feed-
back effects were be captured, which has not been sup-
ported by data. Indeed, cuttings do not necessarily result
in sizable changes in fluxes despite their impact on the
stocks (Granier et al. 2008; Wilkinson et al. 2016). Since
heart wood of living trees is mainly dead material, fluxes
are not related to stocks.

At larger scale, European forests showed a sensible in-
crease of their stocks during the last 50 years (Ciais et al.
2008) along with positive trends in their increment
(Pretzsch et al. 2014) despite intense use of wood re-
sources. This increase of stocks was mainly due to a
regulation of the age class structure, but also a response
to atmospheric nitrogen deposition. Therefore, this in-
crease in stocks is only temporary and large mortalities
are already being reported in Europe, due to repetitive
drought stress (DeSoto et al. 2020). Given the expected
increase in disturbance rates (Millar and Stephenson
2015), increasing stocks seems unlikely in the long-term
and a potentially dangerous management scheme where
stand collapse could happen more frequently and at
large scales. The effects of these stock changes on NEE
remain unclear.

In addition, at the Durban Conference of the Parties
(UNFCCC-COP17 2011), it was decided that products
should be included in the stock-taking process. Thus,
carbon pools outside the ecosystem become important.
Schulze et al. (2020) pointed out that this extension is
not sufficient to understanding the role of forests in cli-
mate mitigation. Indeed, products are transient pools
and must be followed to their end of use, where about
50% of the carbon in products is decomposed by micro-
organisms and 50% is used for energy production,
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replacing fossil fuel. In short, wood used for material
and construction largely ends up combusted, and the
dominant contribution to mitigation remains the energy-
and product-substitution which directly result in re-
duced fossil fuel consumption, but this is not accounted
for in the forest sector. Rather, total harvest is accounted
for as immediate combustion. Thus, the global carbon
cycle must be extended up to the point where the CO,
fixed by GPP is released again as CO, to the atmosphere
by decomposition or by burning.

The new EU-Legislation (2018) has taken the pro-
cesses up to the use of products into account.

A seminal example: the German wood balance

There are major gaps of information along all account-
ing schemes, which result in unintended wishes and false
interpretations. We like to demonstrate the accounting
problems taking the German forest carbon balance as
example which shows that estimating even large fluxes
from the wood compartment such as harvest remain
challenging. In Germany, the aboveground wood growth,
which is a sub-quantity of biomass growth (wood
growth = NPP minus litter) has been quantified by re-
peated grid-based inventories across the country to be
120 + 0.4 million m® per year (BWI-3 2012). The harvest,
as accounted for by the statistical bureau based on wood
sales, sums up to only 56 million m> per year. The re-
ported harvest increased in recent years, but a full bal-
ance will only available with the new National Forest
Inventory in 2021. Thus there is a gap of about 60 mil-
lion m® per year compared to growth, and 20 million m>
per year deficit to timber harvest as measured by the in-
ventory (estimated to be 117 million m? per year (+ 2.8%
sampling error), BMEL 2014). This gap was used as ar-
gument, that not all wood is needed, and that without
harm a major proportion of land can be put under na-
ture protection (BMU 2008). However, it was shown by
Schulze et al. (2020) that this gap does not exist, because
bark and oversize tree parts are unaccounted removals.
In addition, small land holders use their forest only for
harvesting domestic fuel without entering into a com-
mercial wood market. Taking all these un-recorded
fluxes into account the total fellings were estimated to
be 86 million m>yr~'. But even this number may be an
underestimate. Friderichs (2020) estimates that total fell-
ings in Germany are as high as 99 million m®yr~'. This
is close to the measured growth rate. Additional nature
conservation activities would be balanced by imports
from other regions of the globe enlarging the ecological
footprint (Schulze et al. 2016). This, however, is not cap-
tured by NEP and a fraction of harvest below the pre-
scribed diameter threshold likewise escapes the
inventory-based estimations.
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Conclusions

Eddy covariance methods deliver high frequency mea-
sures of land-atmospheric exchange fluxes. Its contribu-
tion to the understanding of ecophysiological and
meteorological drivers of the carbon balance is tremen-
dous. The integration of these measures provides esti-
mates of productivity and respiratory losses, but not of
storage and not of harvest. When they occur, lateral
fluxes escape the flux monitoring with potentially detri-
mental effects on the ecosystem balance considered. The
different time constant for fluxes and management ac-
tions depends on the type of land-use, and range be-
tween decades for forests to continuous losses with
grazing. In addition, the return fluxes through respir-
ation and through combustion of wood products are act-
ing on a much longer time scale than photosynthesis.
Hence, producing annual carbon balance estimates is
more a conceptual exercise than a reality in forests, and
both flux-based or inventory-based approaches require
complements and modeling to deliver estimations.

At this point NEE and NEP are quantities that helps
understanding interactions with climate, but do not sup-
port the global needs for establishing a carbon balance.

Lateral fluxes, dominantly harvest, need to be
accounted for in the carbon budget. However, estimates
of harvest prove difficult and they are probably consist-
ently underestimated, regardless of the method. Further-
more, extending the carbon flow to wood products only
partly solves the problem since wood products represent
a transient pool. Long-lasting forms of retention are use-
ful in buying time, and have a particular social and cul-
tural value, but after use, about 50% of the wood
products and about 30% of wood growth are used to
produce energy, which otherwise would have been pro-
duced by fossil fuels energy. This ultimate use returns
photosynthetic C back to the atmosphere as CO, at a
time-frame similar to decomposition which would other-
wise release the same carbon to the atmosphere. Based
on these considerations we conclude:

e NEP is a quantity that helps to understanding
interactions with climate, but it does not support
the global needs for establishing a carbon balance.

e NEP alone, without considering lateral fluxes at
ecosystem level, is not an adequate basis for
assessing the carbon balance of ecosystems.

e Since the national wood balances are incomplete, a
flux-based C balance (flux + export) would be a
great progress even at the geographic scale of flux
measurements.
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