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Abstract. Radiocarbon is an important tracer of the global of arctic peatlands, coarse woody debris, and C stocks be-
carbon cycle that helps to understand carbon dynamics iow topsoil (Jobbagy and Jacksp200Q Harmon et al.
soils. Itis useful to estimate rates of organic matter cycling as2011;, Todd-Brown et al. 2013. It is also highly debated
well as the mean residence or transit time of carbon in soilswhether climate change may destabilize current soil C
We included a set of functions to model the fate of radiocar-stocks Trumbore 1997 Schlesinger and Andrew200Q
bon in soil organic matter within thec8LR package for the Kirschbaum 2006 Davidson and JansserZ006 von Lt-
R environment for computing. Here we present the main syszow and Kégel-Knabnei2009 Conant et al.2011; Sierra
tem equations and functions to calculate the transfer and re2012).
lease of radiocarbon from different soil organic matter pools. Radiocarbon can be used as a tracer of the interactions be-
Similarly, we present functions to calculate the mean transitween terrestrial ecosystems and the atmosphere, and pro-
time for different pools and the entire soil system. This newvides information about the rates of carbon inputs and
version of ILR also includes a group of data sets describ-losses from soilsTrumbore 2009. Radiocarbon is a cos-
ing the amount of radiocarbon in the atmosphere over timemogenic radionuclide that is constantly produced in the up-
data necessary to estimate the incorporation of radiocarboper layers of the stratosphere. In the lower atmosphere, the
in soils. Also, we present examples on how to obtain param-amount of radiocarbon at any given time is given by the bal-
eters of pool-based models from radiocarbon data using inance between cosmogenic production, radioactive decay, and
verse parameter estimation. This implementation is generasources and sinks from oceans, and the terrestrial biosphere.
enough so it can also be used to trace the incorporation oAtmospheric concentrations of radiocarbon are well known
radiocarbon in other natural systems that can be representddr the past 7000-10000 years, and the continuous record
as linear dynamical systems. even extends to 50000 years into the pdxtifner et al.
2009 2013. Therefore, it is possible to know with good pre-
cision when a C atom entered the terrestrial biosphere and
for how long it has been stored in a terrestrial reservoir.
1 Introduction Radiocarbon is also used in tracer studies in which known
o i _amounts of radiocarbon label are introduced in vegetation or
To study the global carbon cycle and its interaction with gqjis and its fate is followed as it moves among different com-
climate, it is necessary to develop models that can accupartments and subsequently leaves the system. During the
rately represent the size and the amount of transfers amonge 1950s and early 1960s nuclear weapons tests consider-
different C reservoirs within the Earth system. Soils are 5y increased the amount of radiocarbon in the atmosphere,
one of the most important C reservoirs, storing betweencreating a global-scale labeling experiment that allows re-
800 to 1700Pg C in the first 1 m, and exchanging betweersearchers to follow the fate of this spike in atmospheric ra-

1 . .
53-57Pg Cyr™ with the atmosphere in the form of het- gincarhon concentrations across many different reservoirs of
erotrophic respiration3chlesinger and Andrew00Q Lal, the biosphere.

2004 Bond-Lamberty and Thomser201Q Todd-Brown
et al, 2013. However, there are large uncertainties in these
estimations, which are related to uncertainties in C stocks
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1920 C. A. Sierra et al.: Radiocarbon dynamics in soils

In soils, radiocarbon studies have proved useful for es-Both 14, (¢) and*C (1) represent the total amount of radio-
timating the residence times of carbon in organic mattercarbon in a sample in relation to an international standard
that cycles on timescales ranging from years to millen-(Stuiver and Polach977).
nia (Trumbore 2009. Organic matter is subject to different ~ The fate of radiocarbon in soils can also be described in
transformation processes in soils, it can be quickly consumedractional form as
by microorganisms once it enters the soil, it can be trans—14
formed into different compounds as a result of microbial- ~ C () = F(1) o C(1), ()

mediated reactions, or it can also react with soil mineral sur- )
faces ollins et al, 1996 Schmidt et al. 2011 Gleixner whereF (¢) is a vector of lengtlm ando represents the entry-

2013. These different processes create a heterogeneity ofise product between the two vectors. The fractiim) rep-

rates of organic matter decomposition that are of fundamen!€SeNts the activity ratio of a sample with respect to a ref-

tal importance in determining long-term carbon stabiliza- erence material (see Se@.2 for dgtails, andStuiver and
tion in soils Bosatta and Agrerl99Z Sierra et al.2017).  Polach 1977 Mook and Van Der Plicht1999. The system

With the aid of radiocarbon measurements and models OPf equations can therefore be expressed as

soil organic matter decomposition, it is possible to ASSESYY(F (1) o C(1))

this heterogeneity of decomposition rates in so@sBrien —a

and Stout1978 Bruun et al, 2004 Trumbore et al.1996

Gaudinski et al.200Q Baisden and Parfit2007 Brovkin F@OIO+ A0 (F@)oCm) = A(FHoCw),  (4)
etal, 2_008 Trumbpre 2009. ) ) where F5(¢) is a scalar value that represents the fraction of

In this manuscript, we present the implementation of the g diocarbon in the atmosphere, which is not constant and has
radiocarbon component within theo8 R package, a soft-  changed considerably over time due to the action of cosmic
ware tool developed for modeling soil organic matter dynam-raysy the storage and release of carbon from oceans and the
ics (Sierra et al.20123. First, we present the mathematics biosphere, and human activitieRdimer et al.2009 Levin
behind the new implementation. Then, we present some deg; al, 201Q Reimer 2012.
tails about the numerical implementationRand the par- In SOILR, we compute the time-dependent solution of
ticular fu_nct|ons implemented |nc8|TR. At the end of the _Eq. @), solving for F(r) using standard numerical methods
manuscript, we present some particular examples about itgsee Sect2.4.). F(r) contains the radiocarbon fraction for
use. each poot for a given time(r).

We are also interested in calculating the total radiocarbon
in soil organic matter weighted by its mass(r), and the
total amount of released radiocarbon weighted by the total
2.1 General radiocarbon model amount of released carbdfir(z). These weighted averages,

or expectations, can be related to the average radiocarbon
Previously, we have defined a general model of soil organiacontent of a soil sample and the average radiocarbon content
matter decomposition as a linear dynamical system of theof the released (respired) carbon from a sample, respectively.

2 Mathematical formulation

form (Sierra et al.20123 Mathematically, both concepts can be expressed as
dc(r) — Y(F)oCw))
—=I1@)+A@®CO), C(t=0)=Co, 1 ==_

ar O +A@Cx) ( ) 0 (1) Fe(1) SCO) (5)

where the amount of carbon in different pools is represented,q
as a vectolC(¢), with total inputs of carbon represented by
the vectorl (). The decomposition operaté(s), a square Fr() = Y (F(t)o R(l)). ©)
matrix of dimensionn x m, contains in its main diagonal > R(1)
the decomposition ratds for each pooli, and coefficients
representing the proportion of carbon transferred from on
pool to another in the off-diagonals.

Similarly, the dynamical system for radiocarbon in soil or-
ganic matter can be represented as

dn both equations the sum is over all pools at each time
2.2 Reporting radiocarbon

In reporting radiocarbon, there are different ways to refer
dtc () to the proportion of radiocarbon in a sample. Atmospheric
= Tuc(t) +AYC () — 2 MC @), (2)  radiocarbon data for the pre-bomb period is commonly re-
dr ported asA#C (Reimer et al.2013, which is defined ac-
where the amount of radiocarbon in each pba repre-  cording toStuiver and Polacl977) as
sented by the vectd*C (), with radiocarbon inputs repre- 14
sented byl (¢), and A as the radioactive decay constant. ATC=(F—1)-1000 Q)

Geosci. Model Dev., 7, 1919931, 2014 www.geosci-model-dev.net/7/1919/2014/



C. A. Sierra et al.: Radiocarbon dynamics in soils
with
AsN

F= , (8)

ApBs

whereAsgy represents the activity of a sample normalized for

13C fractionation, anddags the activity of the oxalic acid

standard normalized forC fractionation and corrected for

decay since 1950.

For post-bomb applications, radiocarbon is better ex-

pressed ag'1*C, which according tcReimer et al.(2004
is expressed as

A_S, (9)

AoN

Fl4c —

where Aoy is the activity of the oxalic acid standard with

13C normalization, but without decay correction; i.e.,

AoN = AaBs - e M(y—1950 (20)

Hua et al.(2013 report atmospheric radiocarbon values for T,

the post-bomb period a84C and asAl4C, the later ex-
pressed as

A C = (F¥C. 2071990 _1y.100Q (11)

1921

Here we provide a more general definition of mean transit
time that takes into account the more general models that
SoILR can solve and specifies the set of particles used for
calculating the average. Our formal definition states: given
a system described by the complete history of input9
for ¢ € (tstars tope) to all pools until time of observationyps
and the cumulative outpu® (7ope) Of all pools at timergps
the mean transit timd_,_ of the system at time,ps is the
average of the transit times of all particles leaving the system
at timefgps

Accordingly, we define the related density distribution:
given a system described by the complete history of inputs
I(t) for t € (tstars fope) t0 all pools until timergps and the cu-
mulative outputO (zops) Of all pools at timeryps, the transit
time densityy,,(T) of the system at timgps is the proba-
bility density with respect t@ implicitly defined by

fobs—Istart

T Yr10,(T) dT. (13)

foh:

0

Methods for calculating the mean transit time and transit
time density for the general case and the models of the form

i.e., the activity of the standard does not change with timeof Egs. () or (4) will be described in a forthcoming more

during the post-bomb period.

As both representations &f“C (Egs.7 and11) are alge-
braically similar, we take both types af'“C values and treat
them equally in our calculations.

We define an absolute fraction moddrnvalue as

AYC
= 1
1000 e
whereA14C is expressed as Eq)(for radiocarbon data pre-
vious to 1950, and as EqLY) after 1950. The system of dif-

ferential equations of Eg4J is solved using the values &f
as previously described.

(12)

2.3 Mean transit time

2.3.1 Definitions and assumptions

detailed publication. Here we will limit to describe the most
common calculation of mean transit time for the LTI case,
i.e., for models in steady state (total inputs are equal to total
outputs), constant coefficients, and constant inputs. The gen-
eral form of these LTI models, a special case of Hy, is
given by

c=-A11 (14)

2.3.2 Implementation

For the LTI case, it has been shown previously that the transit
time density distributiony (T') for a transit timeT is iden-
tical to the outputO () observed at time = T of a system
that starts with a normalized impulsive inpé} attimer =0

(Nir and Lewis 1975 Manzoni et al.2009, whereX I rep-
resents the sum of all elements of the vedtomhis implies

A commonly used metric to compare different compartmentthat we can use the numerical solution provided lyLR
models is the concept of mean transit time, also knownfor the output flux as the transit time density function.

as mean residence time&rfksson 1971 Bolin and Rodhe
1973 Nir and Lewis 1975 Thompson and Randersar®99

Mathematically, we represent the numerical solution for
the output flux as a functios,(I/x1,t =0, T), where the

Manzoni et al, 2009. In previous studies, the mean transit impulsive input becomes a vector of initial conditiogl
time of a system has been defined as the average time a pat timez =0, andS; the release flux of the solution of the
ticle of carbon spends in the system from entry to exit. Thisinitial value problem observed at time= 7'. The transit time
definition, however, has been proposed for linear time invari-density function is then

ant (LTI) systems in which the solution does not change over
time and the system is in steady state. This contrast with they (T) =

more general models that8_ R can solve (Eqsl and2) that

(15)

1
St (—,0, T>.
X1

allow time dependent input fluxes and decomposition rates. Note that from the perspective of the ode solgrde-
In addition, this definition of transit times does not specify pends only on the decomposition operafor(Eq. 14). It
the set of particles whose transit times contribute to the averis therefore possible to implement the transit time distribu-
age, suggesting an average over all particles in the system. tion as a function only of the decomposition operator and

www.geosci-model-dev.net/7/1919/2014/ Geosci. Model Dev., 7, 19834, 2014



1922 C. A. Sierra et al.: Radiocarbon dynamics in soils

the fixed input flux distribution. To insure steady-state condi- — A: a DecompOp object consisting of a matrix valued
tions, the decomposition operator is not allowed to be a true  function describing the whole model decay rates for the
function of time. We therefore implement the method only m pools, connection and feedback coefficients as func-
for the subclas€onstantDecompositionOperator , tions of time, and a time range for which this function
a new native class of @LR objects for the time invariant is valid. The dimensions of this matrix must be equal
decomposition operatex. to the number of pools. The time range must cover the
To compute the mean transit time for the distribution, we times given in thé argument.
need to compute the integral

I 1
T=/T-S,<—,o, T) dr. (16)
>1
0

However, to avoid issues with numerical integration, we
do not useco as upper limit of integration, but cut the in-
tegration interval prematurely. For this purpose we calculate
a maximum response time of the systemlass@gal980 — inputFluxes :an object of clastnFlux consisting

of a vector valued function describing the inputs to the

— ivList : a vector containing the initial amount of car-
bon for them pools.

— initialvValF an object of clas€onstFc contain-
ing a vector with the initial values of the radiocarbon
fraction for each pool and a format string describing
in which format the values are give¢ltal4C or
AbsoluteFractionModern ).

1

(17)

T =,
¥ T minGu)|
wherej; are eigenvalues of the matrk. The upper limit
of integration in Eq. 16) is replaced bytcycle in our calcula-
tions.

In future versions of 8ILR, it will be possible to com-

pools.

inputFc : an object of clas8oundFc consisting of

a function describing the fraction éfC in per mille of

the input fluxes. Objects of claBoundFc also contain

the argumentag , a value for a time lag of the atmo-
spheric radiocarbon curve. This is useful for ecosystems

pute a dynamic, time-dependent transit-time distribution for
objects of clasdodel with a time argument specifying for
which time the distribution is sought.

such as forests where C may stay in the vegetation pool
for a particular amount of time before entering the soil.

— lambda : a scalar with the radiocarbon decay constant.

2.4 Implementation of the general radiocarbon model By default, we use 0.0001209681 yr

The implementation of the general model of radiocarbon — soolljvEerfunct t_T_E_ functlonb gs_elg tol solve the
is similar to the implementation of the general decomposi- system. IS can besollR.euler or
deSolve.lsoda.wrapper or any other user

tion model presented in version 1.0 cb&R (Sierra et al.
20123. The system of ordinary differential equations is
solved using the deSolve packageSafetaert et a(2010.

In this new version, we introduced a new seRotlasses
to distinguish between the time-dependent (Bcand time-
invariant (Eq.14) versions of our general models. In partic-
ular, we use the virtual super claBecompOpfor different Once a model of classModell4 has been ini-
types of decomposition operators, and the virtual super clastalized, it can be queried with one of the func-
InFlux for different types of input fluxes. For radiocarbon tions described in Tablel. The model can also be
related objects, we use the clas€smstFc andBoundFc queried by the functiongetC , getReleaseFlux , and
to represent the radiocarbon fractions of time-invariant andgetAccumulatedReleaseFlux
time-bounded vectors, respectively. These classes must in- For models with constant coefficients, the mean
clude an argument about the format of the radiocarbon valtransit time can be calculated with the function
ues, eitheDeltal4C or AbsoluteFractionModern getMeanTransitTime() applied to an object of

classConstLinDecompOp .

provided function with the same interface.

— pass : if set to TRUEIt forces the constructor to create
the model even if it violates mass balance principles. By
default, it is set oFALSE

2.4.1 Model initialization
2.4.2 Radiocarbon data sets

All models that include radiocarbon dynamics are initialized
in SOILR by the functionGeneralModel_14() . The ar-
guments for this function are

We introduced five new data sets im&R to facilitate

the representation and analysis of soil radiocarbon dynam-

ics. These data sets contain information on the atmospheric

— t: a vector containing the points in time where the so- radiocarbon concentration over time for different spatial
lution is sought. and temporal domains. For the pre-bomb period, IntCal09

Geosci. Model Dev., 7, 1919931, 2014 www.geosci-model-dev.net/7/1919/2014/



C. A. Sierra et al.: Radiocarbon dynamics in soils 1923

Table 1. Main functions implemented in@BLR version 1.1 to calculate the radiocarbon fraction in soil organic matter.

Function name Equation Description

getF14 F(t) Calculates the radiocarbon fraction for each pool at each time step.
It returns a matrix of dimension x m; i.e., n time steps as rows
andm pools as columns.

getF14C Fc(t) Calculates the average radiocarbon fraction weighted by the mass
of carbon at each time step. It returns a vector of lemgt¥ith the
value of Fc for each time step.

getF14R FR() Calculates the average radiocarbon fraction weighted by the

amount of carbon release at each time step. It returns a vector of
lengthn with the value ofFR for each time step.

(Reimer et al.2009 and IntCal13 Reimer et al.2013 pro- 2.5 Auxiliary functions

vide global-scale atmospheric radiocarbon data on an an-

nual timescale for the period 0-50 000 years BP. AlthoughA few functions were also introduced in this version of
IntCall3 is recommended for all current analysis of radio- SOILR to help with processing of radiocarbon data. These
carbon datalntCal09 is provided in ®ILR to reproduce are

previous analyses performed with this curve.

In SOILR, these data sets are calléntCal09 and
IntCall3 . They are implemented afata.frame  with
five variables: calibrated age in years BEC age in years
BP, AC value in per mil, and corresponding uncertainty
values for each point in time. Details about the calculations
of uncertainties can be found Miu et al. (2013. For ad-
ditional details, see als@IntCal09 and?IntCall3 in
SoILR.

For the post-bomb period (after AD 1950) two additional
data sets were included. The data @&@8Atm_NHwas as-
sembled for the Northern Hemisphere using data provided
by Levin et al.(2010 and other measurements from North

— bind.Cl4curves : binds pre- and a post-bomb!4C
curves together. The result can be expressed in years BP
or AD.

— AbsoluteFractionModern . transforms aAl4C
value into absolute fraction modern using EtR)(

— Deltal4C : transforms an absolute fraction modern
value toA4C solving Eq. 12).

— turnoverFit : finds the turnover times of a soil sam-
ple using theAC value measured at a particular year,
the amount of litter inputs to soil, and an initial amount

America. This data set contains the atmospheric radiocarbon  of C.
concentration im\14C for 111 years, from AD 1900 to 2010.
We also included the data set compiled Hya et al. — PlotC14Pool : plots the output from a call to

(2013 for four different zones in the Northern and South- getF14 along with a radiocarbon curve.

ern hemispheres (Table S3 Hua et al, 2013. This data
set,Hua2013 in SoOILR, was implemented as an list
containing fivedata.frame , each representing an atmo-
spheric zone with five variables. The variables are the yeag Examples
AD, mean AYC value, its standard deviation, mean F14

For more details see the documentation of each function.

value, and its standard deviation.

3.1 Model structure and transit times

We also included a data set of observations of the

AC value of respired C® from soils of the Har-
vard Forest, MA, USA Sierra et al. 2012h. This
data set,HarvardForest1l4CO2 , was implemented as
a data.frame  with the variables: year of observation,

AYAC value of respired C§ and the site of measurement

within the Harvard Forest.

www.geosci-model-dev.net/7/1919/2014/

To interpret radiocarbon observations in soil organic mat-
ter, it is common to use models with two or three pools
that capture different cycling rates of carbd@’'Brien and
Stout 1978 Jenkinson and Raynek977 Bruun et al, 2004
Gaudinski et a].200Q Trumbore 2000. However, a multi-
pool model may have different connections among pools rep-
resenting processes related to the stabilization and destabi-
lization of organic matterSierra et al. 2017). In this ex-
ample, we show how the connections among the pools may
yield very different outcomes for interpreting soil radiocar-
bon data.

Geosci. Model Dev., 7, 198234, 2014



1924 C. A. Sierra et al.: Radiocarbon dynamics in soils

series model can be expressed mathematically as

dc@)
v v v e (19)
1 —k1 O 0 Cy
Il O |+ a1, —k2 0 Co
l vL 0 0 azx —k3 Cs3

The third model structure considers a return of carbon
residues to pools that decompose faster, mimicking processes
of carbon destabilization from slowly cycling poolsién-

— | —
<_

> > zoni et al, 2009. Mathematically, the model can be ex-
l pressed as
dc (@)
= 20
4 (20)
1 —k1 a1 0 Cy
N N 11 0 |+ ann —k2 az3 C>
4 il 0 0 azy —k3 Cs3
'\ N\
l l l To model radiocarbon dynamics under these three differ-

ent assumptions of model structure, we transfa@i) in

Figure 1. Possible structures for a three-pool model. Each box rep-EQS- (8), (19), and @0) to F(r) o C(r) and add a radiode-
resent a pool with a specific decomposition rate, and arrows repcay term similarly as in the general models of Edy.dnd
resent inputs to or outputs from the pools. In the first case, carbor(4).

enters the system and it is split among the three pools in different In SOILR, these models are imple-
proportions without any transfer between pools. In the second casemented by the functions ThreepParallel -
carbon enters the system through one reservoirs and itis transferregiodel 14 ThreepSeriesModel14 and

serially between compartments. In the third case, carbon is retumeﬁfhreepFeedbackModeI14 _ We can run simulations
back to donor pools. for the period between the years 1901 and 2009 incorpo-
rating the atmospheric radiocarbon record of the Northern
Hemisphere in the provided data f€14Atm_NH Using
We will look at three different model structures of a three- some arbitrary initial conditions and similar decomposition
pool model (Fig.1), which are special cases of the general rates for all model structures (TabB), we can observe
model of Egs. {) and @). In this example we will ignore ex- differences between the radiocarbon content of the different
ternal environmental effects on decomposition rates, therepools as well as the radiocarbon content in the bulk soil and
fore we assume(r) = 1. the respired CQ(Fig. 2).
In the first case, carbon enters the soil and it is splitamong Code to run these simulation is provided in the ex-
the three pools in different proportiong;). Decomposition ~ample of the function ThreepFeedbackModel14
occurs in each pool independently without any transfer ofof SoILR. To see the example simply type

carbon to other compartments. We call this model three-pooP ThreepFeedbackModel14 in the R

parallel, and can be written as command shell. To run the example type
example(“ThreepFeedbackModel14")

dc () The simulations show that even with the same amount

(18) of inputs and decomposition rates for the three pools, the

dr . 0 0 c temporal behavior of radiocarbon may change significantly
" e ! (Fig. 2) posing challenges for the interpretation of measured

! 2 * 0 = O C2 data.
tonr 0 0 s Ca Furthermore, the mean transit times of carbon obtained

from these three different model structures differ signifi-
In the second case, carbon enters only one of the resecantly among them. For the parallel model structure the
voirs and it is transferred to other reservoirs in a cascadanean transit time is 21 years, for the series model structure
or series structure in which the residues of decompositior?9 years, and for the feedback model structure 79 years. The
from one compartment may transfer to other compartmentdigher the complexity of the model (number of connections
with lower decomposition rateSyift et al, 1979 Manzoni among pools), the longer carbon stays in the sysmun
and Porporato2009 Manzoni et al. 2009. This three-pool et al, 2004 Manzoni et al. 2009, which has a direct effect

Geosci. Model Dev., 7, 1919931, 2014 www.geosci-model-dev.net/7/1919/2014/
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Figure 2. Predictions of pool radiocarbon, bulk soil radiocarbon, and respired carbon for three different versions of a three-pool model
(Fig. 1) with parallel (upper panels), series (middle panels), and feedback structure (lower panels). This figure can be reproduced by typing
example(“ThreepFeedbackModel14”) inR.

on the radiocarbon signature of the different pools, the bulkalso requires an initial amount of carbon for the first year of

soil, and the respired CQFig. 2). the simulation, and a radiocarbon hemispheric zone accord-
ing toHua et al.(2013.
3.2 Inverse parameter estimation: fitting a one pool The function runs an optimization algorithm that mini-
model to a radiocarbon sample mizes the squared difference between the observation and the

output ofOnepModel14 . It returns the two possible values
Soil radiocarbon data is commonly used to estimate theof turnover time ¢ = 1/k) that minimize this difference be-
turnover time ¢ = 1/k) of a one-pool model. However, this tween predictions and observations and a plot that illustrates
is generally an ill-defined parameter estimation problem be-the problem (Fig3). An example on how to run this function
cause the objective is to estimate the value of one parametdor a radiocarbon sample taken at a temperate forest soil is
from one radiocarbon value. The problem gets exacerbategresented below.
by the fact that there are always two possible solutions given )
the nature of the bomb—radiocarbon curve. turnoverFit(obsC14=115.22, obsyr=2004.5,

We introduced a function to estimate the two possible val- C0=2800, yr0=1900, In=473,

ues of turnover time that can be obtained from one radiocar- Zone="NHZonez2")
bon samplel.4Th|s functiorturnoverkit , takes as argu-  the function runs much faster if plot is not produced, i.e.,
ments theA**C value of the soil sam_ple, _the year of_mga- with the argumenplot=FALSE .
surement, and the annual amount of litter inputs to soil either
as a constant value or aglata.frame  of inputs by year. It
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Table 2. Parameter values and initial conditions used to simulate 8 1o minmax
a three-pool model with different structures as represented irlLFig. T | @ Mean+-sd
and Egs. 18)—(20).
Parameter Parallel Series Feedback N
model model model
I 100 100 100 < @
" 0.6 1 1 S
y2 0.2 0 0 <
k1 1/2 1/2 1/2 s
ko 1/10 1/10 1/10
k3 1/50 1/50 1/50 °
an 0 09 0.9k, S
aso 0 04k 0.4ko
a2 0 0 04ko .
a3 0 0 07k3 T T T T T T T
C1(t=0) 100 100 100 1950 1960 1970 1980 1990 2000 2010
Co(t=0) 500 500 500 Year
C3(t=0) 1000 1000 1000

Figure 4. Predictions of respired radiocarbon values from the model
of Eq. 21) vs. observations. Model predictions include uncer-
tainty range for the meat standard deviation, and the minimum—
Atmospheric C14 maximum range. Radiocarbon concentration in the atmosphere is
Model prediction 1 depicted in blue.

Model prediction 2
observation

A™C (%)

be achieved by performing Bayesian inverse parameter esti-
7 mation, which is described in the following example.

200 400 600 800

0

’ ‘ ‘ ‘ ‘ ‘ 3.3 Inverse parameter estimation: fitting

1900 1920 1940 1960 1980 2000 A
multiple-pool models
Year AD

The assumption that soil organic carbon can be represented

as a single, homogeneous pool is generally not supported by

theory and observations of soil organic matter cycli8wift

etal, 1979 Bosatta and Agrer1991 Trumbore 2009 Man-

zoni and Porporatd®009 Sierra et al.2011); therefore, the

use ofturnoverFit is not recommended for heteroge-

nous organic matter. To account for this heterogeneity, it is

necessary to use multi-pool models such as those inZig.

or even more complex models with more pools and connec-

tions among them (e.gQ'Brien and Stout1978 Jenkinson

Figure 3. Output of the functiorturnoverFit for a radiocar- and Raynerl977 Bruun et al, 2004 Gaudinski et a].200Q

bon sample taken at a temperate forest soil subject to annual inpUWrumbore 200Q Braakhekke et al.2014. Parameters for

of 473Mg C hatyr—1. The upper panel shows the two possible these models can be objectively obtained using inverse pa-

curves that can match the obsewed radiocarbon yalge. The bOttothmeter estimatiorSchadel et aJ2013 Ahrens et al.2014

curve showsf the squared res_lduals between predictions and Obsel‘graakhekke etal2014). SoiLR can be coupled witR pack-

vations for different values df in a one pool model. See documen- .

tation of functionturnoverFit for additional details. age FME 5°etae'_“_ and PetzoldIO]_.Q to obtain parameter
values for a specific model. We will present an example on
how to integrate both packages and use Markov chain Monte
Carlo to obtain parameter values for a simple model of soil

One important limitation of this algorithm is the lack of organic matter dynamics derived from measured radiocarbon

uncertainty estimation for the predicted turnover times. Wedata from the Harvard Forest, USA.

do not recommend this function for formal scientific analy- Radiocarbon measurements of respired,Gf@ve been

ses and reporting, but rather for preliminary exploration of collected at this site for the past decade as well as data

laboratory results. A formal estimation of turnover times canon soil carbon stocks and proportions of organic matter

Squared residuals
2000 3000
L 1

1000

0
L

0.0 0.2 0.4 0.6 0.8 1.0

k
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Figure 5. Posterior parameter distributions for the parameters of the model described BIEQN= k1, p2 = ko, p3=k3, p4=any,
p5=a31. Numbers in the lower diagonal indicate the correlation coefficient between parameters. Axes are presented in the range for each
individual parameter, with units in yrt.

in different fractions Gaudinski et al.200Q Sierra et al. optimization are used to run a Markov chain Monte Carlo
20120. These radiocarbon data are provided milSR as  estimation procedure using the functimodMCMC
HarvardForest14CO2 . In a previous study, we found The results from this inverse parameter estimation proce-
that a six-pool model can reproduce very well the observeddure show that the model agrees well with the observed data
patterns of soil radiocarbon over tim8iérra et al.20128. (Fig. 4). Furthermore, these predictions include the uncer-
However, we are interested here in finding whether a simpletainty of the estimations expressed as the meahe stan-
three-pool model containing roots, organic, and mineral car-dard deviation of the posterior distributions and the range of
bon can reproduce the temporal behavior observed over timehe posteriors.

This three pool model is expressed as These posterior values indicate possible combinations of
parameter values that agree well with the data. The distri-

dc® = (21)  bution of the parameters seem to indicate unimodal poste-
dr rior distributions and some degree of correlation among them
2! —k1 0 0 C1 (Fig.5). These correlations imply possible parameter combi-
Il v2 |+ aza —k2 O 2 |. nations that are equally likely and may lead to identifiability
0 azi 0 —k3 Cs problems. For details about this issue Seeetaert and Pet-

To implement this model in GILR, it is necessary to 20ldt(201Q and references therein.

provide the arguments described in Sectl.1to the func-

tion GeneralModel_14 . The code for this implementa- 3.4 Extrapolation of the atmospheric

tion is presented in the Supplement as well as the code for ~ radiocarbon time series

creating a cost function using package FME with the func-

tion modCost, and fitting a preliminary model to data us- Atmospheric radiocarbon data are only released at irregular
ing the functionmofFit . The mean squared residuals and intervals to the scientific community (e.d.evin et al, 2010

the covariance matrix of the estimated parameters from thidHua et al, 2013. For forward modeling of soil radiocarbon it

www.geosci-model-dev.net/7/1919/2014/ Geosci. Model Dev., 7, 19834, 2014
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Radiocarbon measurements of bulk soil organic matter
contain information about past incorporation of organic mat-
ter from plant detritus. Given the common use of radiocar-
8 - bon for dating different materials, it is always tempting to in-
terpret soil radiocarbon measurements as the age of organic
matter incorporated in soils. This interpretation is wrong
g 1 for open systems such as the soil, which are constantly ex-
posed to incorporation of radiocarbon from external sources
. (Trumbore 2009. Therefore, an average radiocarbon value
° ’\’\’\’\’»\.\,\’\_\_\ expresses only the contribution of different sources of or-
ganic matter incorporated at different points in time. To ob-
tain meaningful interpretations of radiocarbon measurements
in soil organic matter it is therefore necessary to use models
to account for the heterogeneity of incorporation and cycling
8 rates of different types of organic matter.

2000 2005 2010 sors 202 Using optimization algorithms such as the inverse

Bayesian parameter estimation procedure presented here
helps to find parameter values that minimize the difference
Figure 6. Forecast of the atmospheric radiocarbon data of thebetween observed radiocarbon data and predictions from a
Northern Hemisphere zone Higa et al, 2013, including 80  specific model. The rates of organic matter cycling and trans-
and 95 % prediction intervals, for the period 2010-2020 using thefers among different pools (elements of the decomposition
forecast ~packageflyndman and Khandaka2008. operatorA) can be obtained from these optimization proce-
dures. In this sense, radiocarbon is used to estimate turnover
times for different pools, i.e., the inverse of the decomposi-

A™C (%)

Years

is sometimes necessary to extrapolate existing data for SOME 1 rates for each pool
t?me into_thefuture. There arealarge number of tooB_f_nr To obtain an idea of the overall time that carbon spends
time series analyses and forecasting. For our specific probrn a system once it reaches steady state, it is possible to cal-
lem, theforecast  package lyndman and Khandakar

2009 off ol q Ful ext lati i culate the overall mean transit time. This is a system- wide
§ offers a simple and poweriul extrapolation routine. = ., i that accounts for the entire set of decomposition rates
The functionets in packageforecast automatically

finds the best ibl del for the ai i . . and transfers among pools. This mean transit time is not di-
inas et' (TS postsrlT € mtote orthe gIV(Ej‘nl_ lmeE;serle(;s us'?ﬁectly comparable with radiocarbon values measured in soils,
exponential Smoothing state—space modeling. based on I ; ihese radiocarbon data can in fact be used to estimate de-

I'tted rgt;del, the funcnot;ﬁo rec;ast . dpr?dl;ces prr—;dmtmns composition and transfer rates that subsequently are used to
orward for a given number of periods for forecasting. calculate transit times.

Applying this procedure to the Northern Hemisphere zone We expect that the functions provided with the new ver-

1 series irHua et al(2013, we can forecast, for example, the sion of the ®ILR package can facilitate the interpretation

concentration of radiocarbon in the atmosphere from 2010 tg : : :
) . . . of radiocarbon in soils and other open heterogeneous sys-
2020 for this region (Fig6). The results from this forecast P g y

b b " d with th qinal dat i tems that require compartment-based modeling. For exam-
can be subsequently merged with the original data se anBle, systems such as non-structural carbohydrates in plant
run simulations using GILR as described before. However, Carbone et a).2013, human eye-lens crystallines
care must be taken with the interpretation of results usi '

f ted at heric radi bon dat ng(Lynnerup et al.2008, dissolved organic carbon in oceans
orecasted almospheric radiocarbon data. (Toggweiler et al.1989, and many others, can take advan-

tage of the provided infrastructure iro& R to interpret ra-
diocarbon data.

For these different systems, the functions presented here
The new additions described here to thellR package to track radiocarbon in different compartments, the interna-
can potentially improve the identification of model structure tional standard data sets included in the package, the func-
for representing organic matter dynamics in soils. Radiocartions for inverse parameter estimation, the mean transit time
bon is a useful isotope that can provide information on thealgorithm, and the functions to extrapolate the bomb radio-
turnover times and the mean transit time of carbon in soils.carbon curve, are equally useful. The only requirement is to
However, these concepts can be easily confused and we egxpress these different systems as a linear dynamic system of
pect that the definitions provided here and the different func-the form of Egs. 1) and @).
tions available in 8ILR can potentially help to better use
radiocarbon in soil organic matter research.

4 Discussion
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5 Conclusions Bond-Lamberty, B. and Thomson, A.: Temperature-associated in-
creases in the global soil respiration record, Nature, 464, 579—

We introduced a number of functions and data sets within 582, doi10.1038/nature0893@010.

SolILR to model radiocarbon dynamics in soil organic matter. Bosatta, E. and Agren, G. I.: Dynamics of carbon and nitrogen in

With this tool it is possible to model the temporal dynamics the organic matter of the soil: a generic theory, Am. Nat., 138,

of radiocarbon in soils and respired €@sing models with 227-245, 1991. .

any number of pools and connections among them. ThesBaakhekke, M. C., Beer, C., Schrumpf, M., Bkici, A., Ahrens, B.,

models are generalizable to other systems where the incorpo- Hoosbeek, M. R., Kruijt, B., Kabat, P, and Reichstein, M.: The

fi fbomb radi bon i dtoinfert i it use of radiocarbon to constrain current and future soil organic
ration of bomb radiocarbon IS used to infer turnoverortransit ., , o tyrnover and transport in a temperate forest, J. Geophys.

times — including human tissug_s, plqnts, seQiments, etc. Ra- Res.-Biogeo., 119, 372-391, dif.1002/20131G002420014.
diocarbon data and other auxiliary information can also begrovkin, V., Cherkinsky, A., and Goryachkin, S.. Estimat-
used for model identification; i.e., to obtain parameter values ing soil carbon turnover using radiocarbon data: a case-
of decomposition and transfer rates in models of soil organic study for European Russia, Ecol. Model., 216, 178-187,
matter decomposition. This is accomplished ISR with doi:10.1016/j.ecolmodel.2008.03.01R008.

an interface tdR package FME, but other inverse parameter Bruun, S., Six, J., and Jensen, L. S.: Estimating vital statistics
estimation methods could also be used. and age distributions of measurable soil organic carbon fractions

Depth profiles of radiocarbon cannot be simulated with based on their pathway of formation and radiocarbon content, J.

. . : PO . : Theor. Biol., 230, 241-250, 2004.
this current implementation, but this dimension will be added it ’ .
in a future Version of BILR Carbone,M. S., Czimczik, C. I., Keenan, T. F., Murakami, P. F., Ped-

erson, N., Schaberg, P. G., Xu, X., and Richardson., A. D: Age,
allocation and availability of nonstructural carbon in mature red
maple trees. New Phytologist, 200, 1145-1155, 2013.
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