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levels within the historic range of variation and enables managed 
forests and plantations to transition to longer harvest rotations (see 
the Supplementary Materials). We assume that extensive natural 
forests on private lands can all undergo harvest extension, with 
the temporary loss of timber supply replaced by reforestation and 
thinning for fire risk reduction (12) or with thinning or select har-
vest practices that still provide timber but maintain carbon levels 
(Supplementary Materials) (13, 14). We further constrain our analy-
sis to avoid impacts on biodiversity. This biodiversity constraint pre-
cludes both the conversion of natural habitat to energy crops and 
the afforestation of native grasslands.

RESULTS
We find a maximum additional NCS mitigation potential of 1.2 Pg 
CO2e year−1 [95% confidence interval (CI), 0.9 to 1.6 Pg CO2e year−1] 
in the year 2025 (Fig. 1 and table S1). This is 21% of the 5794.5 Tg 
CO2e of net emissions in 2016 (15). The majority (63%) of this po-
tential comes from increased carbon sequestration in plant bio-
mass, with 29% coming from increased carbon sequestration in soil 
and 7% coming from avoided emissions of CH4 and N2O. At the 
USD 10, 50, and 100 price points, 25, 76, and 91%, respectively, of 

the maximum mitigation would be achieved. This means that 1.1 Pg 
CO2e year−1 are available at USD 100 per Mg CO2e, which equals 
the emission reductions needed to meet the U.S. NDC under the 
Paris Agreement (see the Supplementary Materials). If NCS were 
pursued in combination with additional mitigation in the energy 
sector, then it would therefore enable the United States to exceed its 
current NDC ambition. This is important because, globally, current 
NDCs (7 to 9 Pg CO2e year−1) would need to be dramatically in-
creased (by an additional 10 to 16 Pg CO2e year−1) to limit warming 
below 2°C (16).

This estimate of maximum NCS potential is similar to or higher 
than several previous syntheses of mitigation opportunities in the 
land sector. For example, the United States Mid-Century Strategy 
for Deep Decarbonization estimated a potential land sink of 912 Tg 
CO2e year−1, 30% lower than our estimate (5). While other efforts 
have focused on the forest sector (7) or the agricultural sector (6), 
this analysis presents a comprehensive and up-to-date synthesis of 
NCS opportunities in the United States. For example, this analysis 
considers potential additional mitigation from tidal wetlands and 
seagrass (“blue carbon”), which has been comprehensively analyzed 
for its current status in the United States (17), but not its potential 
for additional mitigation.

Fig. 1. Climate mitigation potential of 21 NCS in the United States. Black lines indicate the 95% CI or reported range (see table S1). Ecosystem service benefits linked 
with each NCS are indicated by colored bars for air (filtration), biodiversity (habitat protection or restoration), soil (enrichment), and water (filtration and flood control). 
See the Supplementary Materials for detailed findings and sources.
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Carbon Accounting

example:  sucrose

(a.k.a. table sugar)

C12H22O11

84,000,000,000,000,000,000,000

(or 84 sextillion)









Photosynthesis

6 CO2 + 6 H2O + light   ⇌ C6H12O6 + 6 O2

or…

…in the presence of water,
sunlight provides the energy

to drive the conversion of
carbon dioxide into sugar

and produces oxygen
as a by-product.
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Figure 3. Key climatic and stand characteristic inputs to the regional 3-PG simulations: (a) mean annual temperature (1979–2011) as a
summary of the gradient in monthly temperature inputs used in simulations, (b) maximum available soil water for the top 1.5 m of soil from
SSURGO, (c) mean annual precipitation (1979–2011) as a summary of the gradient in monthly precipitation inputs used in simulations, and
(d) site index. The area shown is the natural range of loblolly pine (Pinus taeda L.).

that applied nutrients at regular intervals to remove nutrient
deficiencies (RW18, SETRES, Waycross). FR was directly
estimated for fertilized plots in two of the studies either be-
cause nutrients were only added once at the beginning of the
study (PINEMAP), thus potentially not removing nutrient
limitation, or because nitrogen was the only element added
(Duke FACE), thus allowing the potential for nutrient limita-
tion by other elements. For these plots, we also assumed that
the FR of the fertilized plot was equal to or larger than the
control plot. Throughfall exclusion experiments were simu-
lated by decreasing the throughfall by 30 % in the treatment
plots. The SETRES irrigation experiments were simulated by
adding 650 mm to ASW between April and October. CO2
enrichment experiments were simulated by setting the atmo-
spheric CO2 input equal to the treatment mean from the el-
evated CO2 rings (570 ppm). One plot (US-NC2) included
a thinning treatment during the period of observation. We
simulated the thinning by specifying a decrease in the stem
count that matched the proportion removed at the site, with
the biomass of each tree equivalent to the average of trees in
the plot.

2.3 Data assimilation method

We used a hierarchical Bayesian framework to estimate the
posterior distributions of parameters, latent states of stocks
and fluxes, and process uncertainty parameters. The latent
states represented a value of the stock or flux before uncer-
tainty was added through measurement. The approach was as
follows.

Consider a stock or flux (m) for a single plot (p) at time t

(qp,m,t ). qp,m,t is influenced by the processes represented in
the 3-PG model and a normally distributed model process
error term,

qp,m,t ⇠ N
�
f

�
✓ ,FRp

�
,�m

�
, (1)

where ✓ is a vector of parameters that are optimized, FRp is
the site fertility, and �m is the model process error. Not shown
are the vector of parameters that were not optimized (Supple-
mental Table S1), the plot ASW, an array of climate inputs,
and the initial conditions because these were assumed known
and not estimated in the hierarchical model. The process er-
ror assumed that the error linearly scales with the magnitude

www.biogeosciences.net/14/3525/2017/ Biogeosciences, 14, 3525–3547, 2017

(Thomas et al., 2017)
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Figure 7. (a) Regional predictions of stem biomass stocks for a 25-year-old stand planted in 1985. Parameters used in the predictions were
from the Base assimilation approach described in Table 5. (b) The width of the 95 % quantile interval associated with uncertainty in model
parameters.

removal of nutrient limitation (by setting FR to 1) (Fig. 8a, c).
The median change associated with elevated CO2 for a given
HUC12 unit ranged from 19.2 to 55.7 % with a regional me-
dian of 21.7 % (Fig. 8a). The change associated with the
removal of nutrient limitation ranged from 6.9 to 303.7 %
for a given HUC12 unit, with a regional median of 24.1 %
(Fig. 8b). The response to elevated CO2 was more consis-
tent across space than the response to nutrient addition. The
largest potential gains in productivity from nutrient addition
were predicted in central Georgia, the northern extent of the
region, and the western extents, areas with the lowest SI
(Fig. 3).

Stem biomass was considerably less responsive to a 30 %
decrease in precipitation than to nutrient addition and an
increase in atmospheric CO2. The median change in stem
biomass when precipitation was reduced from the 1985–
2011 levels ranged from �11.6 to �0.1 % for a given HUC12
unit with a regional median of �5.1% (Fig. 8c). Central
Georgia was the most responsive to precipitation reduction,
reflecting the relatively low annual precipitation and warm
temperatures (Fig. 3).

For a given location, the predicted response to elevated
CO2 had larger uncertainty than the predicted response
to precipitation reduction and nutrient limitation removal
(Fig. 8c, d, f). The uncertainty, defined as the width of the

www.biogeosciences.net/14/3525/2017/ Biogeosciences, 14, 3525–3547, 2017

(Thomas et al., 2017)







“The taproot of this longleaf 
pine stump in Mississippi has a 
diameter of 14 inches at a depth 
of 10 feet below the surface.”
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This	 study	 predicted	 the	 community-	level	BGB	 from	 the	AGB	 using	
the	MB	versus	MAOLS	regression	formula	across	the	entire	database.	It	
was	found	that	the	allometric	relationship	reasonably	estimates	BGB 
(Figure	5a).	The	percentage	error	of	the	BGB	predicted	by	AGB	using	
OLS	regression	formula	decreased	as	AGB	increased	(Figure	5b).	That	
is,	the	reliability	of	the	OLS	regression	formula	increased	with	AGB (or 
plant	size)	across	global	forest	communities.	The	precise	estimation	of	
allocation	patterns	is	essential	for	predicting	global	carbon	budget	and	
climate	change,	and	for	ecosystem	modeling.	Although	many	carbon	
allocation	schemes	were	constructed	in	the	last	few	decades,	none	of	
them	accurately	described	the	long-	term	allocation	dynamics	in	vari-
ous	environments.	The	allometric	theory	empirically	evaluates	global	
root	biomass	but	its	scaling	components	vary	with	environmental	con-
ditions.	It	also	indicates	that	it	will	be	possible	to	trace	biomass	alloca-
tion	and	determine	when	it	reaches	homeostasis.

5  | CONCLUSION

Using	a	large	database	of	global	forest	ecosystems,	the	root:shoot ra-
tios	and	their	responses	to	environmental	factors	were	investigated	in	
this	study.	Both	aboveground	and	belowground	biomass	in	the	forests	
of	China	were	 lower	than	those	of	global	 forests.	Nevertheless,	 the	
root:shoot ratios	were	not	significantly	different	from	each	other.	They	
were	determined	primarily	from	the	inherent	allometric	relationships	
of	plants,	but	they	were	significantly	affected	by	developmental	pa-
rameters,	climate	variables,	altitude,	and	soil	(p < .01).

The root:shoot ratios	 responded	 to	changes	 in	mean	annual	 tem-
perature,	mean	 annual	 precipitation,	 and	 the	 potential	water	 deficit	
index.	They	were	 negatively	 correlated	with	mean	 annual	 precipita-
tion,	mean	annual	temperature,	and	potential	water	deficit.	Soil	 tex-
ture,	 developmental	 parameters,	 and	 climatic	 conditions	 influenced	

the	magnitudes	of	the	root:shoot ratios.	The	allometric	theory	aligned	
with	 the	 trends	observed	 in	 this	 study	and	correctly	estimated	BGB 
based	on	AGB	for	the	entire	database.

F IGURE  4 Allometric	plots	of	log-	
transformed	data	for	(a)	leaf	and	stem	
biomass(Sig.	p	=	0),	(b)	root	and	stem	
biomass	(Sig.	p	=	0),	(c)	root	and	leaf	
biomass	(Sig.	p	=	0),	and	(d)	below-		and	
aboveground	biomass	(Sig.	p	=	0).	Solid	
lines	represent	OLS	regression	curves	for	
the	Niklas	(2005)	and	Niklas	and	Enquist	
(2002)	and	community-	level	data	sets.	All	
correlations	are	significant	at	p < .01.	Sig.	
p	indicates	the	significance	of	difference	in	
the	slopes	of	the	linear	regression	between	
two	data	sets.	Sig.	p	>	.05	means	no	
significant	difference	in	regression	slopes;	
Sig.	p	<	.05	means	significant	difference	in	
regression	slopes

F IGURE  5 Accuracy	of	OLS	regression	formulas	in	predicting	
BGB	based	on	AGB.	(a)	correlation	analysis	between	measured	and	
predicted	BGB,	and	(b)	variation	in	percentage	prediction	error	with	
AGB
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(adapted from Litton et al., 2007)

used by different components, and may yield more
realistic estimates than assuming a whole plant carbon
use efficiency suggested by Waring et al. (1998) or
Gifford (2003). We, therefore, recommend that when
necessary, forest autotrophic respiration be estimated
by component (Rfoliage, Rwood, and Rroot) because com-
ponents differ in their relationship between respiration
and production.

Partitioning to respiration

Hypothesis (iv): Partitioning to respiration is constant
across a wide range of GPP in forest
ecosystems and does not vary with
resource availability, competition, or
stand age

Despite numerous studies on forest production, little
information is available on stand-level autotrophic re-
spiration (Rtotal), a key component of annual carbon
budgets (Sprugel et al., 1995; Ryan et al., 1996a; Waring
et al., 1998). Previous studies have suggested that Rtotal

can consume 30–90% of GPP in forests (Ryan et al.,
1997b; Waring et al., 1998; Amthor & Baldocchi, 2001;
Gifford, 2003), yet measurements are sparse and tech-
niques laborious.

Based on data for sites where measurements exist for
all components, Rtotal used an average of 57% of GPP
(Fig. 7), and the relationship had low variability among

sites (R2 5 0.95; SE 5 2.3%), which supports our hypoth-
esis. Our estimate of partitioning to respiration (57%)
agrees well with a 5-year average for a northern hard-
wood forest (58%, Curtis et al., 2005) and is similar to,
but higher than average values compiled in other studies
(53%, Waring et al., 1998; 53%, Gifford, 2003). Our results,
however, differ from those of DeLucia et al. (2007), where
partitioning to respiration averaged 0.47 across a range
of sites, possibly because GPP was estimated indepen-
dently with models for many of the studies.

Partitioning to Rtotal did vary across sites – the range
for studies analyzed was 42–71%. Three ecosystems
used in this synthesis exhibited substantially higher
partitioning to Rtotal than the average (57%), for un-
known reasons: 71% for boreal spruce (Ryan et al.,
1997b); 66% for boreal pine (Ryan et al., 1997b); and
68% for a primary tropical forest (Chambers et al., 2004).
DeLucia et al. (2007) also report a range of values for
partitioning to respiration (17–77%).

Partitioning to Rtotal did not vary within a site with
changes in stand age (P 5 0.60; n 5 4) or resource avail-
ability (P 5 0.77; n 5 7), which supports the second part
of our hypothesis. Other studies, some of them included
in our compilation, have also shown that partitioning to
Rtotal did not vary with stand age (Law et al., 1999; Ryan
et al., 2004), resource availability (Ryan et al., 1996a,
2004; Keith et al., 1997; Waring et al., 1998; McDowell
et al., 2001; Giardina et al., 2004), aboveground biomass
(Ryan et al., 1997b), or competition (Ryan et al., 2004).

Partitioning in response to stand age, competition, and
resource availability

Hypothesis (v): Partitioning to aboveground production
increases and to total belowground flux
decreases with increasing stand age,
decreasing competition, and increasing
resources

Stand age and tree density. Changes in partitioning with
stand age generally supported our hypothesis. For most
studies, partitioning to ANPPfoliage and ANPPwood

increased with stand age (Fig. 8a and b), together with
a decrease to TBCF (Fig. 8c). One exception was
lodgepole pine stands in Wyoming, where partitioning
to ANPPfoliage decreased in older stands (Litton et al.,
2003a, 2004). Another exception were the Eucalyptus
saligna stands in Hawaii, where partitioning to
ANPPwood decreased and to TBCF increased with age
(Ryan et al., 2004).

Intraspecific competition (tree density) had no large
or consistent effect on partitioning (Fig. 8d–f), which
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Fig. 5 Across forests, carbon flux to belowground (TBCF)

increased with total aboveground net primary production

(ANPPtotal). TBCF was estimated as soil-surface CO2 efflux

minus aboveground litterfall plus any measured changes in soil

carbon pools for all studies except those indicated with gray fill,

where TBCF was estimated as BNPProot 1 Rroot. Triangles are

needleleaf evergreen forests, circles are temperate deciduous

forests, and squares are broadleaf evergreen forests. TBCF, total
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SOM. 
Living roots and soil biodiversity. 
Organic compounds exuded from living roots and associated 

mycorrhizal fungi are essential for soil biodiversity. Although leaf litter 
was long assumed to be the principal fuel for the belowground 
ecosystem, it is now evident that a substantial fraction of soil biota are 
directly dependent on recent photosynthate from the tree canopy 
(Högberg et al., 2010; Chomel et al., 2019). Carbon-labeling trees has 
demonstrated that within days, much of the C fixed in leaves is trans-
ported to roots, exuded from living roots and/or mycorrhizal fungi, and 
processed through the belowground food web. For example, in a mature 
temperate forest in Switzerland in which trees were labelled with 13C- 
depleted CO2, the label was found in most soil invertebrates (earth-
worms, chilopods, gastropods, diplurans, collembolans, mites and 

isopods), indicating that most soil invertebrates obtain carbon from 
living roots, probably via mycorrhizal fungi (Pollierer et al., 2007). In 
contrast, only juvenile millipedes obtained most of their C from leaf 
litter. In a boreal pine forest, Högberg et al., (2010) found that C from 
tree photosynthesis was transferred through roots within a few days and 
then rapidly distributed through the mycorrhizal fungal mycelium to the 
soil food web. Even fungal feeders such as Collembola became labelled 
within days, suggesting they preferentially feed on live mycorrhizal 
fungal mycelium and consume recent photosynthate (Johnson et al., 
2005; Högberg et al., 2010; Kanters et al., 2015). Similarly, significant 
13C enrichment in mites and enchytraeids were detected 4–6 days after 
injecting 13C-labeled aspartic acid into the stems of Sitka spruce trees, 
indicating an association of these organisms with recent photosynthate 
(Churchland et al., 2012). 

Rhizosphere and hyphosphere bacteria also take up organic com-
pounds exuded from roots and fungal mycelium (Treonis et al., 2004; 
Kaštovská and Santruckova, 2007). These bacteria are grazed by various 
protists (Gao et al., 2019; Ceja-Navarro et al., 2021) which may then be 
consumed by other invertebrates and further transformed through the 
food web. Several studies have detected recent (C-labeled) plant 
photosynthate in predators (Ruf et al., 2006, Eissfeller et al., 2013); 
within 72 h, glucose-C propagated through the food web to the highest 
trophic level - predatory mesostigmatid mites (Strickland et al., 2012). 
Microarthropods derive a substantial proportion of their C from recently 
photosynthetically fixed C and are themselves an important food source 
for aboveground predators. Thus, recent photosynthate exuded from 
roots or mycorrhizal fungi supports both belowground and aboveground 
food webs (Strickland et al., 2012; Fig. 1). 

Living roots also promote soil porosity and aggregation. Pores, 
especially those in the 30–150 µm radius size range, are especially 
important in converting new C inputs from fine plant roots into micro-
bial necromass and decomposition products that are transported and 
protected within the soil matrix surrounding pores (Kravchenko et al., 
2019; Buckeridge et al., 2022). Mucilage and exudates from living roots 
and associated mycorrhizal hyphae also facilitate formation of 

Table 1 
Estimates of abundance and diversity of several types of soil organisms.  

Taxon Abundance Diversity 

bacteria & archaea 4–20 billion /cm3 100–9,000 /cm3 

AM hyphae 20–111 m /cm3 10–20 /m2 

ECM hyphae 1.75 km /cm3 100–400 /ha 
protists 10,000–10 million /m2 600–4800 /g 
nematodes 2–90 million /m2 10–100 /m2 

enchytraeids 12,000–311,000 /m2 1–15 /ha 
collembola 100,000–500,000 /m2 20 /m2 

oribatid mites 100,000–1 million /m2 100–150 /m2 

isopods 10 /m2 10–100 /m2 

diplopods 110 /m2 10–2500 /m2 

earthworms 300 /m2 10–15 /ha 

Diversity may be based morphology, genome equivalents, operational taxo-
nomic units or genome sequences. Numbers are approximate as most soil species 
have not yet been described, and most estimates are based on a single ecosystem 
or region. Sources: Richard et al., (2005); Bardgett and van der Putten, (2014); 
Brabcova et al., (2016); Kranabetter et al., (2018); Almeida et al. (2019); See 
et al., (2022). Anders Dahlberg, personal communication 10/19/2022; Marty 
Kranabetter, personal communication 10/19/2022; Petr Baldrian personal 
communication 10/23/2022. 

Fig. 1. Living roots and associated mycorrhizal fungal hyphae support a complex belowground food web. (A) Root-feeding nematodes pierce roots and extract 
photosynthate. (B) Mycorrhizal fungal hyphae are grazed by micro-arthropods such as collembola. (C) Root and fungal exudates are absorbed by bacteria which are 
consumed by protozoa. These organisms are in turn consumed by predatory microarthropods (mites, collembola, nematodes), which are consumed by predatory 
arthropods such as pseudoscorpions, centipedes and beetles. Clearcut harvesting eliminates the belowground fluxes of carbohydrates that sustain this web of life. 
©Lewis K. Fausak (MSc.). 

C.E. Prescott and S.J. Grayston                                                                                                                                                                                                              

(Prescott and Grayston, 2023)
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Figure 1. Overview of the pools and fluxes of C and N in MIMICS-
CN. Black outlines indicate pools that contain C; green outlines in-
dicate pools that contain N. Litter inputs (I ) are determined based
on site-specific net primary productivity and partitioned between
metabolic and structural litter pools (LITm and LITs) using a site-
specific litter quality metric (fmet) calculated using litter lignin and
N content. Temperature-sensitive forward Michaelis–Menten kinet-
ics (Vmax and Km; red lines) determine the flux of litter pool C
and N and available SOM C and N (SOMa) into microbial biomass
(MICr and MICK). Fluxes of C into microbial pools result in res-
piration losses according to a defined carbon use efficiency (CUE).
Microbes maintain biomass stoichiometry by spilling excess C as
overflow respiration or excess N into the dissolved inorganic ni-
trogen pool (DIN) based on a prescribed biomass C : N. Microbial
biomass turnover (⌧ , blue) varies by functional type (MICr and
MICK) and is proportional to the square of microbial biomass. Mi-
crobial biomass turns over into available (SOMa), physicochemi-
cally stabilized (SOMp), and chemically stabilized (SOMc) soil or-
ganic matter pools. Inorganic N (DIN) leaks from the model at a
first-order rate. Numbers in parentheses indicate the equations in
Appendix A that correspond to each depicted flux. Parameter val-
ues, units, and descriptions are given in Table 1.

2 Methods

2.1 Model formulation

MIMICS-CN builds upon the previous C-only version of
MIMICS, described in Wieder et al. (2014, 2015b), using
the same pool structure for N as for C plus an additional
pool for dissolved inorganic nitrogen (DIN; Fig. 1). In-depth
discussion of the reasoning behind the development of the
C-only version of the model is available in these previ-
ous publications, but the general intent behind the devel-
opment of MIMICS was to incorporate a simplified repre-
sentation of the important aspects of microbial communi-
ties (biomass-dependent control of process rates, diversity in
life history strategies, and physiological parameters) into a
soil model that stabilizes organic matter through both physi-
cal (mineral-associated, protected from microbial decompo-
sition) and chemical (recalcitrance-based, vulnerable to mi-
crobial decomposition) means. The C-only version of the
model represents C flows through seven pools (Fig. 1): two
litter pools, two microbial pools, and three SOM pools. Litter
inputs to the model are partitioned into structural litter (LITs)

and metabolic litter (LITm) pools based on estimates of litter
quality for different biomes (Brovkin et al., 2012).

Temperature-sensitive forward Michaelis–Menten kinet-
ics determine the flux of litter and SOM through microbial
biomass pools that determine rates of organic matter decom-
position, SOM formation, soil respiration, and nitrogen min-
eralization fluxes. The microbial functional groups are in-
tended to broadly capture tradeoffs in microbial growth rates
and growth efficiency, with rapidly growing microbial de-
composers – low efficiency, r strategist (MICr) – and slower-
growing microbial decomposers – higher efficiency, K strate-
gist (MICK; Wieder et al., 2015b). In MIMICS-CN we ex-
tend these microbial physiological traits to include microbial
stoichiometry and assume that the higher metabolic capacity
of MICr also requires more nitrogen and, thus a lower micro-
bial biomass C : N ratio. Fluxes of C into microbial pools re-
sult in respiration losses according to a defined carbon use ef-
ficiency (CUE) that varies by microbial functional group and
substrate quality (e.g., structural or metabolic litter). Micro-
bial pool sizes are moderated by inputs, CUE, and biomass-
specific turnover rates. We implemented density-dependent
microbial turnover (sensu Georgiou et al., 2017; see Ap-
pendix A) for this iteration of the model to make microbial
pools behave realistically in response to small changes in C
inputs (Wang et al., 2014b, 2016). The density-dependent
turnover of microbial biomass dampens the oscillatory re-
sponse of microbial biomass to perturbations.

Microbial biomass turns over into physicochemically sta-
bilized (SOMp), chemically stabilized (SOMc), and a pool
that is “available” for microbial decomposition (SOMa). We
consider the SOMp pool to mostly consist of low C : N or-
ganic matter that is primarily composed of microbial prod-
ucts that are adsorbed onto mineral surfaces (e.g., mineral-
associated organic matter, MAOM; Grandy and Neff, 2008).
By contrast, the low-quality SOMc pool consists of decom-
posed or partially decomposed litter that has more structural
C compounds, such as lignin, and a higher C : N ratio (e.g.,
particulate organic matter, POM). Finally, SOMa is the only
SOM pool that is available for microbial decomposition; it
contains a mixture of fresh microbial residues, products that
are desorbed from the SOMp pool (e.g., Jilling et al., 2018),
as well as depolymerized organic matter from the SOMc
pool. We do not specifically consider soil aggregates, but we
recognize that in some soils they are an important component
of accruing and maintaining persistent organic matter.

The current representation of N cycling in MIMICS-CN is
based on the threshold element ratio idea described in Sins-
abaugh et al. (2009) and Mooshammer et al. (2014) whereby
organisms maintain biomass stoichiometry by spilling excess
C or N on either side of a threshold ratio. We modified the C-
only iteration of MIMICS to include N by adding a parallel
set of pools and fluxes for N, as well as a pool for inorganic
N (Fig. 1). The C cycle drives decomposition with fluxes
from litter and SOM pools to microbes based on biomass-C-
based forward Michaelis–Menten kinetics. Parallel N fluxes
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Figure 1. Overview of the pools and fluxes of C and N in MIMICS-
CN. Black outlines indicate pools that contain C; green outlines in-
dicate pools that contain N. Litter inputs (I ) are determined based
on site-specific net primary productivity and partitioned between
metabolic and structural litter pools (LITm and LITs) using a site-
specific litter quality metric (fmet) calculated using litter lignin and
N content. Temperature-sensitive forward Michaelis–Menten kinet-
ics (Vmax and Km; red lines) determine the flux of litter pool C
and N and available SOM C and N (SOMa) into microbial biomass
(MICr and MICK). Fluxes of C into microbial pools result in res-
piration losses according to a defined carbon use efficiency (CUE).
Microbes maintain biomass stoichiometry by spilling excess C as
overflow respiration or excess N into the dissolved inorganic ni-
trogen pool (DIN) based on a prescribed biomass C : N. Microbial
biomass turnover (⌧ , blue) varies by functional type (MICr and
MICK) and is proportional to the square of microbial biomass. Mi-
crobial biomass turns over into available (SOMa), physicochemi-
cally stabilized (SOMp), and chemically stabilized (SOMc) soil or-
ganic matter pools. Inorganic N (DIN) leaks from the model at a
first-order rate. Numbers in parentheses indicate the equations in
Appendix A that correspond to each depicted flux. Parameter val-
ues, units, and descriptions are given in Table 1.

2 Methods

2.1 Model formulation

MIMICS-CN builds upon the previous C-only version of
MIMICS, described in Wieder et al. (2014, 2015b), using
the same pool structure for N as for C plus an additional
pool for dissolved inorganic nitrogen (DIN; Fig. 1). In-depth
discussion of the reasoning behind the development of the
C-only version of the model is available in these previ-
ous publications, but the general intent behind the devel-
opment of MIMICS was to incorporate a simplified repre-
sentation of the important aspects of microbial communi-
ties (biomass-dependent control of process rates, diversity in
life history strategies, and physiological parameters) into a
soil model that stabilizes organic matter through both physi-
cal (mineral-associated, protected from microbial decompo-
sition) and chemical (recalcitrance-based, vulnerable to mi-
crobial decomposition) means. The C-only version of the
model represents C flows through seven pools (Fig. 1): two
litter pools, two microbial pools, and three SOM pools. Litter
inputs to the model are partitioned into structural litter (LITs)

and metabolic litter (LITm) pools based on estimates of litter
quality for different biomes (Brovkin et al., 2012).

Temperature-sensitive forward Michaelis–Menten kinet-
ics determine the flux of litter and SOM through microbial
biomass pools that determine rates of organic matter decom-
position, SOM formation, soil respiration, and nitrogen min-
eralization fluxes. The microbial functional groups are in-
tended to broadly capture tradeoffs in microbial growth rates
and growth efficiency, with rapidly growing microbial de-
composers – low efficiency, r strategist (MICr) – and slower-
growing microbial decomposers – higher efficiency, K strate-
gist (MICK; Wieder et al., 2015b). In MIMICS-CN we ex-
tend these microbial physiological traits to include microbial
stoichiometry and assume that the higher metabolic capacity
of MICr also requires more nitrogen and, thus a lower micro-
bial biomass C : N ratio. Fluxes of C into microbial pools re-
sult in respiration losses according to a defined carbon use ef-
ficiency (CUE) that varies by microbial functional group and
substrate quality (e.g., structural or metabolic litter). Micro-
bial pool sizes are moderated by inputs, CUE, and biomass-
specific turnover rates. We implemented density-dependent
microbial turnover (sensu Georgiou et al., 2017; see Ap-
pendix A) for this iteration of the model to make microbial
pools behave realistically in response to small changes in C
inputs (Wang et al., 2014b, 2016). The density-dependent
turnover of microbial biomass dampens the oscillatory re-
sponse of microbial biomass to perturbations.

Microbial biomass turns over into physicochemically sta-
bilized (SOMp), chemically stabilized (SOMc), and a pool
that is “available” for microbial decomposition (SOMa). We
consider the SOMp pool to mostly consist of low C : N or-
ganic matter that is primarily composed of microbial prod-
ucts that are adsorbed onto mineral surfaces (e.g., mineral-
associated organic matter, MAOM; Grandy and Neff, 2008).
By contrast, the low-quality SOMc pool consists of decom-
posed or partially decomposed litter that has more structural
C compounds, such as lignin, and a higher C : N ratio (e.g.,
particulate organic matter, POM). Finally, SOMa is the only
SOM pool that is available for microbial decomposition; it
contains a mixture of fresh microbial residues, products that
are desorbed from the SOMp pool (e.g., Jilling et al., 2018),
as well as depolymerized organic matter from the SOMc
pool. We do not specifically consider soil aggregates, but we
recognize that in some soils they are an important component
of accruing and maintaining persistent organic matter.

The current representation of N cycling in MIMICS-CN is
based on the threshold element ratio idea described in Sins-
abaugh et al. (2009) and Mooshammer et al. (2014) whereby
organisms maintain biomass stoichiometry by spilling excess
C or N on either side of a threshold ratio. We modified the C-
only iteration of MIMICS to include N by adding a parallel
set of pools and fluxes for N, as well as a pool for inorganic
N (Fig. 1). The C cycle drives decomposition with fluxes
from litter and SOM pools to microbes based on biomass-C-
based forward Michaelis–Menten kinetics. Parallel N fluxes
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Figure 1. Overview of the pools and fluxes of C and N in MIMICS-
CN. Black outlines indicate pools that contain C; green outlines in-
dicate pools that contain N. Litter inputs (I ) are determined based
on site-specific net primary productivity and partitioned between
metabolic and structural litter pools (LITm and LITs) using a site-
specific litter quality metric (fmet) calculated using litter lignin and
N content. Temperature-sensitive forward Michaelis–Menten kinet-
ics (Vmax and Km; red lines) determine the flux of litter pool C
and N and available SOM C and N (SOMa) into microbial biomass
(MICr and MICK). Fluxes of C into microbial pools result in res-
piration losses according to a defined carbon use efficiency (CUE).
Microbes maintain biomass stoichiometry by spilling excess C as
overflow respiration or excess N into the dissolved inorganic ni-
trogen pool (DIN) based on a prescribed biomass C : N. Microbial
biomass turnover (⌧ , blue) varies by functional type (MICr and
MICK) and is proportional to the square of microbial biomass. Mi-
crobial biomass turns over into available (SOMa), physicochemi-
cally stabilized (SOMp), and chemically stabilized (SOMc) soil or-
ganic matter pools. Inorganic N (DIN) leaks from the model at a
first-order rate. Numbers in parentheses indicate the equations in
Appendix A that correspond to each depicted flux. Parameter val-
ues, units, and descriptions are given in Table 1.

2 Methods

2.1 Model formulation

MIMICS-CN builds upon the previous C-only version of
MIMICS, described in Wieder et al. (2014, 2015b), using
the same pool structure for N as for C plus an additional
pool for dissolved inorganic nitrogen (DIN; Fig. 1). In-depth
discussion of the reasoning behind the development of the
C-only version of the model is available in these previ-
ous publications, but the general intent behind the devel-
opment of MIMICS was to incorporate a simplified repre-
sentation of the important aspects of microbial communi-
ties (biomass-dependent control of process rates, diversity in
life history strategies, and physiological parameters) into a
soil model that stabilizes organic matter through both physi-
cal (mineral-associated, protected from microbial decompo-
sition) and chemical (recalcitrance-based, vulnerable to mi-
crobial decomposition) means. The C-only version of the
model represents C flows through seven pools (Fig. 1): two
litter pools, two microbial pools, and three SOM pools. Litter
inputs to the model are partitioned into structural litter (LITs)

and metabolic litter (LITm) pools based on estimates of litter
quality for different biomes (Brovkin et al., 2012).

Temperature-sensitive forward Michaelis–Menten kinet-
ics determine the flux of litter and SOM through microbial
biomass pools that determine rates of organic matter decom-
position, SOM formation, soil respiration, and nitrogen min-
eralization fluxes. The microbial functional groups are in-
tended to broadly capture tradeoffs in microbial growth rates
and growth efficiency, with rapidly growing microbial de-
composers – low efficiency, r strategist (MICr) – and slower-
growing microbial decomposers – higher efficiency, K strate-
gist (MICK; Wieder et al., 2015b). In MIMICS-CN we ex-
tend these microbial physiological traits to include microbial
stoichiometry and assume that the higher metabolic capacity
of MICr also requires more nitrogen and, thus a lower micro-
bial biomass C : N ratio. Fluxes of C into microbial pools re-
sult in respiration losses according to a defined carbon use ef-
ficiency (CUE) that varies by microbial functional group and
substrate quality (e.g., structural or metabolic litter). Micro-
bial pool sizes are moderated by inputs, CUE, and biomass-
specific turnover rates. We implemented density-dependent
microbial turnover (sensu Georgiou et al., 2017; see Ap-
pendix A) for this iteration of the model to make microbial
pools behave realistically in response to small changes in C
inputs (Wang et al., 2014b, 2016). The density-dependent
turnover of microbial biomass dampens the oscillatory re-
sponse of microbial biomass to perturbations.

Microbial biomass turns over into physicochemically sta-
bilized (SOMp), chemically stabilized (SOMc), and a pool
that is “available” for microbial decomposition (SOMa). We
consider the SOMp pool to mostly consist of low C : N or-
ganic matter that is primarily composed of microbial prod-
ucts that are adsorbed onto mineral surfaces (e.g., mineral-
associated organic matter, MAOM; Grandy and Neff, 2008).
By contrast, the low-quality SOMc pool consists of decom-
posed or partially decomposed litter that has more structural
C compounds, such as lignin, and a higher C : N ratio (e.g.,
particulate organic matter, POM). Finally, SOMa is the only
SOM pool that is available for microbial decomposition; it
contains a mixture of fresh microbial residues, products that
are desorbed from the SOMp pool (e.g., Jilling et al., 2018),
as well as depolymerized organic matter from the SOMc
pool. We do not specifically consider soil aggregates, but we
recognize that in some soils they are an important component
of accruing and maintaining persistent organic matter.

The current representation of N cycling in MIMICS-CN is
based on the threshold element ratio idea described in Sins-
abaugh et al. (2009) and Mooshammer et al. (2014) whereby
organisms maintain biomass stoichiometry by spilling excess
C or N on either side of a threshold ratio. We modified the C-
only iteration of MIMICS to include N by adding a parallel
set of pools and fluxes for N, as well as a pool for inorganic
N (Fig. 1). The C cycle drives decomposition with fluxes
from litter and SOM pools to microbes based on biomass-C-
based forward Michaelis–Menten kinetics. Parallel N fluxes
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advances in terrestrial ecology and improve our ability to predict soil
responses to changes in climate, vegetation or management. Here we
articulate key insights into soil carbon cycling synthesized from research
of the past decade, and describe the research challenges they pose for the
coming decade.

Molecular structure and decomposition
The initial decomposition rate of plant residues correlates broadly with
indices of their bulk chemical composition, such as the nitrogen content or
the fraction of plant residue that cannot be solubilized by strong acid
treatments (often operationally defined as ‘lignin’)14. Accordingly, the
molecular structure of biomass and organic material has long been
thought to determine long-term decomposition rates in the mineral soil.
However, using compound-specific isotopic analysis, molecules predicted
to persist in soils (such as lignins or plant lipids) have been shown to turn
over more rapidly than the bulk of the organic matter (Fig. 1)12,15–17.
Furthermore, other potentially labile compounds, such as sugars, can
persist not for weeks but for decades. We therefore cannot extrapolate
the initial stages of litter decomposition to explain the persistence of
organic compounds in soils for centuries to millennia—other mechanisms
protect against decomposition. Perhaps certain compounds require co-
metabolism with another (missing) compound, or microenvironmental
conditions restrict the access (or activity) of decomposer enzymes (for
example, hydrophobicity, soil acidity, or sorption to surfaces18).

Soil humic substances
The prevalence of humic substances in soil has been assumed for
decades19. Previous generations of soil chemists relied on alkali and acid
extraction methods20 and observations of the extracted (or residual)

functional-group chemistry to describe the presence of operationally
defined ‘humic and fulvic acids’ and ‘humin’. Humic substances were
thought to comprise large, complex macromolecules that were the
largest and most stable SOM fraction. However, we now understand
that these components represent only a small fraction of total organic
matter13,21–23: direct, in situ observations, rather than verifying the
existence of these large, complex molecules, in fact find smaller, simpler
molecular structures, as visualized in Fig. 2 (refs 13, 22, 23). Some of
what is extracted as humic acids may be fire-derived24,25, although these
compounds are rare in soil without substantial fire-derived organic
matter. In any case, there is not enough evidence to support the hypo-
thesis that the de novo formation of humic polymers is quantitatively
relevant for humus formation in soils.

Fire-derived organic matter
Fire-derived organic matter (also called char, black carbon or pyrolysed
carbon) is found in many soils, sediments and water bodies, and can
comprise up to 40% of total SOM in grasslands and boreal forests26. It is
not inert, but its decomposition pathways remain a mystery. Fire-derived
carbon was suspected to be more stable in soil than other organic matter
because of its fused aromatic ring structures and the old radiocarbon ages
of fire residues isolated from soil27. However, fire-derived carbon does
undergo oxidation and transport, as we now know from archaeological
settings28, soils29,30, and from breakdown products in river31 and ocean
water32,33. In a field experiment, fire-derived residues were even observed
to decompose faster than the remaining bulk organic matter, with 25% lost
over 100 years (ref. 29). Spectroscopic characterization shows that com-
bustion temperature affects the degree of aromaticity and the size of
aromatic sheets, which in turn determine short-term mineralization
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Figure 1 | Molecular structure does not control long-term decomposition of
soil organic matter (SOM). Certain plant-derived molecules (classically, long-
chain alkanoic acids, n-alkanes, lignin and other structural tissues) often persist
longer than others while plant biomass is decaying. In mineral soil, however,
these relatively persistent components appear to turn over faster than the bulk
soil (top row), except for fire-derived organic matter (bottom row). Even
components that appear chemically labile, including proteins and saccharides
of plant and microbial origin (‘Different biological sources’), instead seem to
turn over (on average) at rates similar to those of bulk SOM, that is, on the order
of years or even decades. Thus, over time, the importance of initial quality fades
and the initially fast-cycling compounds are just as likely to persist as the

slow12,15. This figure compiles data from surface horizons of 20 long-term field
experiments (up to 23 years) in temperate climate, using 13C labelling to trace
the residence time of bulk SOM and of individual molecular compounds. The
variation in turnover time is also seen in the compounds of microbial origin
analysed for 13C content, phospholipid fatty acids (PLFA) produced by Gram-
negative and Gram-positive bateria and amino sugars (hexosamines). Redrawn
from ref. 15 (with permission); for clarity, we have excluded outliers, and we
have added the tentative data on fire-derived organic matter. Data points: thin
horizontal lines, 10th and 90th percentiles; box, 25th and 75th percentiles;
central vertical line, median.
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Abstract Wood products are considered to contribute to
the mitigation of carbon dioxide emissions. A critical gap in

the life cycle of wood products is to transfer the raw timber

from the forest to the processing wood industry and, thus, the
primary wood products. Therefore, often rough estimates are

used for this step to obtain total forestry carbon balances. The

objectives of this study were (1) to examine the fate of timber
harvested in Thuringian state forests (central Germany),

representing a large, intensively managed forested region,

and (2) to quantify carbon stocks and the lifetime of primary
wood products made from this timber. The analyses were

based on the amount and assortments of actually sold timber,

and production parameters of the companies that bought and
processed this timber. In addition, for coniferous stands of a

selected Thuringian forest district, we calculated potential

effects of management, as expressed by different thinning
regimes on wood products and their lifetimes. Total annual

timber sale of soft- and hardwoods from Thuringian state

forests (195,000 ha) increased from about 136,893 t C
(*0.7 t C ha-1 year-1) in 1996 to 280,194 t C (*1.4 t C

ha-1 year-1) in 2005. About 47% of annual total timber
harvest went into short-lived wood products with a mean

residence time (MRT) \ 25 years. Thirty-one per cent of the

total harvest went into wood products with an MRT of
25–43 years, and only 22% was used as construction wood

and glued wood, products with the longest MRT (50 years).
The average MRT of carbon in harvested wood products was

20 years. Thinning from above throughout the rotation of

spruce forests would lead to an average MRT in harvested
wood products of about 23 years, thinning from below of

about 18 years. A comparison of our calculations with esti-

mates that resulted from the products module of the CO2FIX
model (Nabuurs et al. 2001) demonstrates the influence of

regional differences in forest management and wood pro-

cessing industry on the lifetime of harvested wood products.
To our knowledge, the present study provides for the first

time real carbon inputs of a defined forest management unit

to the wood product sector by linking data on raw timber
production, timber sales and wood processing. With this

new approach and using this data, it should be possible to

substantially improve the net-carbon balance of the entire
forestry sector.

Keywords Harvested wood products !
Carbon sequestration ! Product lifetime !
Thinning from above ! Thinning from below

Introduction

Wood products are important for the analyses of the miti-

gation potential of the forestry sector for climate change
(Eriksson et al. 2007; Nabuurs et al. 2007). In wood

products, carbon is bound until the products decay or until

they are burned as waste. In addition, the substitution of
manufactured materials (for example steel and alloys) by

wood is associated with less emissions of CO2 and other

pollutants and less waste during the whole product life
cycle compared with alternative materials (Petersen and

Solberg 2005; Gustavsson et al. 2006). An important
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Discussion

To our knowledge, this study presents the very first data-

based approach that allows for the quantification of carbon

inputs of a defined forest management unit to the wood
product sector. It also presents for the first time a link

towards the lifetime of resulting wood product by con-

necting data on raw timber production, timber sale, wood
processing, and product-specific MRTs. Furthermore, our

scenarios on various thinning regimes revealed the poten-

tial of silvicultural practices to increase the lifetime of
wood products.

Carbon storage and lifetime of wood products
from Thuringia’s forests

Similar to previous estimates in Germany (Burschel et al.
1993), only about 53% of total timber harvested in Thu-

ringian state forests is processed to wood products with an

average lifetime of 25 years and longer. The relatively
long-lived products were mainly furniture, parquet wood,

and wood-based panels (e.g. fibreboard, particle board)

from hardwood and construction wood from softwood.
There are many factors influencing this relatively low yield

of long-lived products. Initially, a high proportion of

softwood and hardwood timber of Thuringian state forests
is sold as industrial wood because of its low quality. The

main reasons for low quality are former harvesting tech-
niques (e.g. whole tree skidding; 8% of all trees in

Germany are damaged by harvest operations; BMVEL

2004b) and deer damage (17% of all trees in Thuringia are
damaged by deer, TLWJF 2005); both are factors that

cause the faster spread of wood-destroying fungi.

Despite the relatively high proportion of spruce timber
that was sold to the sawmill industry (about 80% of total

timber harvest), only 40% was actually processed to long-

lived products (raw data are not shown in this publication,
but given on the internet: http://www.forestandclimate.

net/service/profft_et_al.php). The remainder (waste mate-

rial from wood processing and industrial short wood) was
used for pulpwood and energy production. The processing

of beech timber is dominated by the wood-based panel

industry that produces fibreboard and particle board. Thus,
a high proportion of beech is finally processed to products

with a long lifetime, even though it is sold as industrial

wood (Tables 1, 2).
The high proportion of oak in products with MRT C 25

years should be interpreted with care because of its small

total volume. Nevertheless, two aspects underline the use
of oak timber for long-lived products:

– High proportions of oak timber even those of small
dimension (C25 cm central diameter) and medium

quality can be sold as parquet wood, a product class

with a long lifetime.

– Because of its chemical composition, oak wood cannot
be used for pulpwood. Therefore, production residues

are mainly used for wood-based panels (fibreboard,

particle board, plywood), and only small amounts for
energy production.

Considering carbon stocks in wood products and in the

forest ecosystem, timber use would result in higher total
carbon stocks of the entire forestry sector only when the

MRT in living trees and wood products is higher than

the MRT in living trees and dead wood. A comparison of the
MRTs of wood products from Thuringian forests with MRTs

estimated for dead wood indicates a slight advantage of

carbon storage in forest ecosystems compared with wood
products (Table 7). However, as the thinning scenarios have

shown there is still the potential of increasing the proportion

of long-lived wood products and thus, the mean storage of
carbon in wood products. Furthermore, considering substi-

tution effects and wood recycling, that were not included in

this study, the CO2-mitigation potential of carbon-orientated
forest use may exceed that of unused forests under favour-

able site conditions (Freibauer et al., submitted).

As mentioned in Sect. ’’Methodological considerations
and data quality’’, a number of assumptions had to be made

in this study. However, the data on sold timber and its sale
assortments in combination with information on wood

buyers allowed for a sound regional and data-orientated

quantification of carbon stocks and lifetimes of wood
products. To obtain a second, independent estimate, we

recalculated our data using the products module of the

‘‘CO2FIX’’ model (version 2.0, Nabuurs et al. 2001;
Table 8). The user-friendly, widespread and acknowledged

forest carbon model CO2FIX is mainly designed for cal-

culations at stand level, but in the adjacent products
module it also provides default values for carbon analyses

Table 7 Average mean residence time (MRT), and average total
residence time of wood products from timber harvested in Thuringian
state forests (this study) and of dead wood in temperate forest eco-
systems (Wirth et al. 2004)

Species group MRT (total residence time) (years)

Wood products Dead wood

Beech 19 (56) Deciduous trees, 14 (41)

Oak 20 (59)

Spruce 21 (62) Coniferous trees, 34 (103)

Pine 24 (73)

Mean Thuringiaa 20 (62) 28 (84)

a Weighted by area. MRT = t63 = 63% of the initial amount of a
wood product is decomposed or burned, total residence
time = t95 = 95% of the initial amount of a wood product is
decomposed or burned

Eur J Forest Res (2009) 128:399–413 409

123





C
6

CARBON

12.011
Carbon:

Seeing the Forest 
(and Products)
for the Trees
Brian D. Strahm

Department of Forest Resources
and Environmental Conservation

College of Natural Resources
and Environment

Virginia Tech


