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Q1:	How	may	environmental	change	alter	
terrestrial	biogeochemical	cycles?	

	Q2:	How	does	an	ecologist	use	and	improve	CLM?		
	



ObservaEons	

Theory	

Models	
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•  Past		 	 	(CLM4cn)	
•  Present		 	(CLM4.5bgc)		
•  Future 	 	(CLM5	&	beyond)		

CLM	soil	biogeochemistry	



Soils	Store	Carbon	
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Soils	Store	Carbon	and	Nitrogen	
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CO2	 CO2	

Time to rethink soil biogeochemical models?

Input – Climate hypothesis 7	



k=f(T,M,S,…)	

CO2	 CO2	

Time to rethink soil biogeochemical models?

Input – Climate hypothesis

e=f(S)	

I=NPP	

Ĉ	=	I	/k	
8	



CO2	 CO2	

Time to rGlobal soil biogeochemical models?
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CMIP5	Models	=	6x	variaEon	

							Obs.						CMIP5	MODELSè         	

Todd-Brown	et	al.	Biogeosciences	2013,	Friedlingstein	et	al.	2006;	Jones	et	al.	2003		

Ĉ	=	I	/k	
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CMIP5	Models	RCP8.5	

Todd-Brown	et	al.	Biogeosciences	2014	
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Obs.	(HWSD)	1259	Pg	C	 CLM4cn	502	Pg	C,	r	= 	0.43	

g C m-2

CLM4.0-cn	(CLM	“past”	)	

Ĉ	=	I	/k	
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Theory	

Models	ObservaEons	

	Using	DATA	to	evaluate	models	
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Wieder	et	al.	Ecology	2009	

Chemistry	maHers	

Parton	et	al.	Science	2007	

Climate	maHers	
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Which	model	looks	more	like	reality?	

CLM4.0-cn	
DAYCENT	

vs.	 LIDET	
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Rapid	soil	C	turnover	in	CLM4.0-cn	

	 	 	 	 	 	Time	(y) 	 	 	 	 	 	 		Time	(y)	
Bonan	et	al.	Global	Change	Biology	2013		
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Absurd	soil	N	behavior	in	CLM4.0-cn	

Time	(y)	

Bonan	et	al.	Global	Change	Biology	2013		

ACSA, 0.81 %N

THPL, 0.62 %N

PIRE, 0.59 %N

TRAE, 0.38 %N

(a) (b)

(c) (d)

(e) (f)

(g) (h)

Fig. 11 As in Fig. 10, but for (a, b) Acer saccharum (ACSA), (c, d) Thuja plicata (THPL), (e, f) Pinus resinosa (PIRE), and (g, h) Triticum

aestivum (TRAE) leaf litter. The low N simulation for CLM-cn segregates along three separate lines representing fpi = 0.20, 0.10, and

0.05 (used in tropical forest, deciduous forest, and all other biomes, respectively).

© 2012 Blackwell Publishing Ltd, Global Change Biology, 19, 957–974
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	 	 	 	Mass	remaining	(%)	 	 	 	 	 	Mass	remaining	(%)		
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g C m-2

 C

 A  B

 D

g C m-2

 C

 A  B

 D

Obs.	(HWSD)	1259	Pg	C	 CLM4cn	502	Pg	C,	r	= 	0.43	

g C m-2

Soil	C	improved	w/	DAYCENT?	
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g C m-2

Obs.	(HWSD)	1259	Pg	C	

DAYCENT*§	978	Pg	C,	r	=	0.61	

 Microbial	1299	Pg	C,	r	=	0.71	

 CLM4cn*	746	Pg	C,		r	=	0.61	

*	AnalyEcal	SoluEon	
			“observed”	liger	inputs	

§Modified	to	simulate	soil	0-1	m	

Wieder et al. GBC 2014	

Soil	C	improved	w/	DAYCENT?	

20	



CONCLUSIONS	

CLM4-cn:		Anemic	soil	C	pools	
	 	 	 		Rapid	liger	turnover	
	 	 	 		Bizarre	soil	N	dynamics	

	

DAYCENT:	Beger	liger	turnover	
	 	 	 			Beger	soil	C	pools*	

*with	modificaEons	for	depth	
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CLM4.5bgc	&	5.0	(CLM	“present”	)	

www.fedre.org	
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Permafrost	C	“observaEons”	

www.fedre.org	

NCSCD	from	Hugelius	et	al.	2013	
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Todd-Brown	et	al.	Biogeosciences	2013	

		Obs									CMIP5	MODELSè        m   m	

Permafrost	C	in	models	

www.fedre.org	
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Permafrost	soils	CLM4.5bgc	&	5.0	

www.bio.anl.gov	

Carbon	rich	
VerRcally	complex	

Koven	et	al.	Biogeosciences	2013	

CENTURY-like	soil	biogeochemistry	
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Permafrost	soils	CLM4.5bgc	

Koven	et	al.	Biogeosciences	2013	

7120 C. D. Koven et al.: CLM4 Vertical soil C and N model

Fig. 5.Maps of soil C. (a, b) Observed soil C databases: (a) IGBP-DIS dataset (Global Soil Data Task Group, 2000); (b) NCSCD, (Tarnocai
et al., 2007; Hugelius et al., 2013). (c–g)Modeled soil C for various cases: (c) base CLM4.0-CN; (d) CLM4.5-biogeophysics; (e) single-level
biogeochemistry (BGC), Century-based decomposition; (f) multi-level BGC, Century-based decomposition, C N denitrification; (g) multi-
level BGC, Century-based decomposition and nitrification/denitrification (CLM4.5-biogeophysics/biogeochemistry). For observations and
multi-level model, data here is for upper 1m of soil. Note quasi-logarithmic scale bar.

– to observations from sites where C and 14C depth pro-
files have been measured and reported: Voronazh, Russia
(Torn et al., 2002); Thule, Greenland (Horwath et al., 2008);
Paragominas, Brazil (Trumbore et al., 1995); Mattole, Cal-
ifornia (Masiello et al., 2004); La Reunion, South Pacific
(Basile-Doelsch et al., 2005); Harvard Forest, Massachusetts
(Gaudinski et al., 2000); Gydansky, Western Siberia (Kaiser

et al., 2007); and Judgeford, New Zealand; Riverbank, Cal-
ifornia; and Turlock Lake, California (Baisden and Parfitt,
2007).
These site-level comparisons show that C and 14C pro-

files can be reasonably well simulated across a variety of
ecosystems using the new vertically resolved Century-like
C decomposition, imposed additional vertically resolved C

Biogeosciences, 10, 7109–7131, 2013 www.biogeosciences.net/10/7109/2013/
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20th	century	land	C	sink	

7126 C. D. Koven et al.: CLM4 Vertical soil C and N model

(a) (b)

Fig. 12. Schematics of N cycle in base and updated versions of CLM4; numbers refer to the global mean slow N cycle source and sink terms
for an 1850 control scenario.

(a) Terrestrial GPP (b) Terrestrial NPP (c) Change in total terrestrial C

Fig. 13. Changes to global integrated carbon cycle quantities during a transient late-20th-century (1955–2005) model simulation forced by
reanalysis meteorology and observed atmospheric CO2 concentrations. (a) Gross primary productivity (GPP). (b) Net primary productivity
(NPP). (c) Change from initial total terrestrial carbon stocks. Observations in (c) are the sum of the land sink and land-use fluxes from the
Global Carbon Project (Le Quere et al., 2013), with errors calculated assuming that within each year the land error equals the root-sum-
of-squares of the ocean and fossil fuel errors, and that errors are correlated interannually, so are additive in time. Model versions are the
CLM4.0-CN, CLM4.5-biogeophysics, and CLM4.5-biogeophysics/biogeochemistry.

The set of changes between the CLM4.0-CN and
CLM4.5-biogeophysics lead to sharply reduced terrestrial
gross primary productivity (GPP), from ⇥ 160 PgC yr�1 to
⇥ 110 PgC yr�1 (Fig. 13a). Most of this reduction occurs in
the tropical forests, which in CLM4.0-CN have unrealisti-
cally high GPP values (Beer et al., 2010), as a result of re-
duced photosynthesis following the revised calculations de-
scribed in Bonan et al. (2011, 2012). Because tropical forests
in CLM have relatively low carbon use efficiency (defined
as the ratio of NPP to GPP), the reduced GPP in the tropi-
cal forests leads to a proportionally smaller decrease in the
global NPP (Fig. 13b). However, because the overall limita-
tion by nitrogen is weakened due to the intrinsically lower

photosynthetic uptake, the biosphere is more responsive to
the increased temperature and CO2 concentrations, leading
to a larger net uptake of carbon overall, which shifts the bio-
sphere from a source to a weak sink of carbon (Fig. 13c).
This shift can be seen by looking at the latitudinal profiles
of the change in C pools (Fig. 14a–b), in which the trop-
ical vegetation transient increase is higher in the CLM4.5-
biogeophysics simulation than the CLM4.0-CN simulation.
There is larger storage in the litter and soil pools as well, de-
spite the fact that the shift does not change the turnover times
to these pools.

Biogeosciences, 10, 7109–7131, 2013 www.biogeosciences.net/10/7109/2013/

Koven	et	al.	Biogeosciences	2013	
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Permafrost	soil	C	loss	

Koven	et	al	(2015)	PNAS	

leading the fully forced C−N model to behave similarly to the
C-only model for total ecosystem carbon: Carbon gains by enhanced
vegetation growth are offset by SOM losses from shallow soils
(Fig. 1C), leading to only a small residual sink (in the C-only
case) or source (in the C−N case) by 2300 (Fig. 1D).
Allowing decomposition to proceed more rapidly at depth by

increasing the value of Zτ results in less preindustrial soil carbon
throughout the permafrost region (SI Appendix, Fig. S3; 1,582 Pg
for Zτ = 0.5 m, 1,331 Pg for Zτ = 1.0 m, and 1,032 Pg for Zτ = 10 m,
compared with 29–30 Pg C in vegetation C). This reduction in
initial C is due to higher decomposition rates at depth during the
model initialization period, and the lower stock (higher value
of Zτ) is in better agreement with estimates of integrated per-
mafrost C to 3 m from observations [1,060 Pg C (7)]. As Zτ

increases, the deeper soil carbon is much more vulnerable to loss
with warming (Fig. 3A), so that by 2300, the total C loss from the
region is 164 Pg for Zτ = 10 m compared with 21 Pg for Zτ =
0.5 m (Fig. 3B).
The additional N released from deeper SOM turnover has

only a small effect on plant productivity, with <5 Pg additional
increase in vegetation C for Zτ = 10 m compared with Zτ = 0.5 m
(relative to ∼40 Pg C increase by 2300, Fig. 3C). This small
sensitivity of vegetation to deep soil N mineralization has two
causes: (i) Much of the N limitation is already relieved by in-

creased decomposition in surface soils, and (ii) the phase lag of
heat conduction shifts the deeper SOM mineralization later into
fall and winter, away from the period of peak N demand during
the high-GPP spring and summer periods (Fig. 4). This sea-
sonal offset allows a greater fraction of N to be lost via leaching
and gaseous loss pathways. These losses are consistent with
observations showing that the highest dissolved losses from arctic
ecosystems occur during the spring meltwater pulse (42). We
note that CLM4.5 does not currently represent the complexity of
soil microbial N cycling found in response to experimental winter
warming treatments (43). The large amount of N released, par-
ticularly if not used by plants, may have significant impacts, such
as on N trace gases (44) and aquatic ecosystems. We emphasize
that the representation of such N cycle processes are particularly
uncertain in models such as CLM, and thus this result serves
primarily to underscore the importance of these processes in
governing C cycle responses to warming.
At the regional scale, the projected timing of permafrost C

losses is delayed relative to physical permafrost thaw; while
about half the permafrost area has fully thawed by 2100, the
permafrost soil C losses in the fully forced scenario are only
beginning then. This regional response is the aggregate of dif-
ferent dynamics at the scale of individual grid cells (Fig. 5). Typical
trajectories for the Zτ = 10 m case are that grid cells are initially

A B CPF Domain Total Ecosystem CPF Domain Soil C PF Domain Vegetation C

Fig. 3. C response todecomposability of deepC in the fully forcedC−Ncase. (A) Soil and litterC changes over thepermafrost region. (B) Change in total ecosystemC
as a function of varied Zτ parameter. (C) Change in vegetation C. Slight increase in vegetation between cases is due to enhanced N mineralization from deep soils.

A B

DC

Fig. 4. Mean annual cycles of key ecosystem fluxes
for three time periods of the fully forced C−N case.
(A) GPP, (B) net N mineralization, (C) net ecosystem
exchange (NEE, positive = CO2 source), and (D) het-
erotrophic respiration. Relative increase in GPP be-
tween experiments is smaller than proportional in-
crease in N mineralization with deeper decomposition.
Shift in N mineralization with enhanced deeper SOM
decomposition toward autumn is due to longer
decomposing than growing seasons, and phase lag
of temperature in deep soils. The solid and dashed
lines represent Zτ = 0.5 m and 10 m, respectively. All
cases show the mean of the geographic region in
which permafrost initially occurs in the model.

Koven et al. PNAS | March 24, 2015 | vol. 112 | no. 12 | 3755
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CONCLUSIONS	

CLM4.5bgc:		VerEcally	resolved			
	 	 	 	 	Large	soil	C	pools	
	 	 	 	 	20th	century	land	sink	
	 	 	 	 	Permafrost	dynamics	
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CLM	5:	beyond	C		
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N	uptake	&	compeEEon	
CLM4.0cn	[inorganic	N]	
CLM4.5bgc	[NH4

+,	NO3
-]	

Known	Issues:	
•  High	N	ferElizaEon	effects	

Thomas	et	al	(2013)	GBC	
•  Huge	denitrificaEon	fluxes	

Thomas	et	al.	(2013)	BG	
Houlton	et	al.	(2015)	NCC	

•  No	leaching	(or	DON	losses)	
Nevison	et	al.	(2016)	JAMES		

N	Plants	

Microbes	

NitrificaEon	

DenitrificaRon	

Leaching	N	
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N	

Plants	

Microbes	

DenitrificaEon	

NO3
-	

N	uptake	&	compeEEon	
CLM5	+	ACME	 Known	Issues:	

•  TBD…	
	

N	

Plants	

Microbes	

NitrificaEon	

NH4
+	

Leaching	Zhu	&	Riley	(2015)	NCC	
Zhu	et	al.	(2016),	BG	

ECA	approach	
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Soil	Biogeochemistry	in	CLM	5+	

Adding	funcEonality	&	reality	
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Soil	Biogeochemistry	in	CLM	5+	
Integrate	the	TAN	model	

Riddick	et	al.	(2016)	BG	 36	
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N	uptake	&	compeEEon	
CLM5	+	ACME	 Known	Issues:	

•  TBD…	
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ECA	approach	
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[Greater]	Sub-grid	heterogeneity	
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ObservaEons	

Theory	

Models	
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CO2	 CO2	

Time to rethink soil biogeochemical models?
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The	catalyst	&	condiRons	mager	

CO2	

Microbes

Microbes
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	FuncRonal	traits	and	the	global	C	cycle	
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Linking	models	&	
measurements	
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SOM

a

POOLS
SOMp = generic physicall protected pool
SOMa = metabolically available SOM
SOMc = chemically “protected” SOM

FLUXES
what controls partitioning of turnover?
what controls transfers to SOMa?

SOM
p

Clay	
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Moving	forward?	

Functional diversity 
& physiological traits

Landscape variation 
& response to 
perturbations

Global evaluation & 
projections
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Building	confidence	

by considering life
45	


