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Abstract

Thermonuctear 'bomb’ “C can serve as a pollution-induced tracer for the depth penetration, migration and
turnover of organic matter in soils, Thus, measurement of bomb *C in soils potentially allows soi! carbon (C)
movernent and turnover to be modelied and global climate change, land-use change and CO, fertilisation effects to be
assessed. We assess here a simple model of soil C turnover developed by O'Brien (1984, Soil Biol. Biochem. 16,
115-120). This mode! is used to estimate soil C inputs, turnover times and downward diffusivity in a soil profile from
soil "C measurements. An extension of this model is described and analytical solutions are derived for the model
equations. A recent compilation of MC in New Zeatand soils provides the opportunity to test the model in different
soils, and to examine the distribution of 'old' C in soil profiles. In this work, two adjacent sites under mountain beech
and tussock grasstand are examined. The model equations, which describe the distribution and movement of '( in
soils, may be useful for linking processes that occur on widely differing temporal and spatial scales.

1. Imiroduction

Armospheric CO4, enriched by thermonuclear 'bomb’
l4C, has caused a marked increase in the YC
concendration of soil organic matter. The ‘homb’ effect
is a major obslacle in the “C-dating of topsoil layers,
but can serve as a valuable tracer for the depth
penetration, migration and turnover of soil organic
matter, This effect, in conjunction with measurements
of BC and C in soil and plant components, has
provided an opportunily to model carbon movement
and turnover in soils {OBrien and Swout, 1973;
O'Brien, 1984}, with global climate change (Becker-
Heidmann and Scharpenseel, 1992), land-use change
{(Harrison, er af., 1993a) and CO, fertilisalion effects
(Harrison, et af., 1993b).

This paper assesses the simpie model of soil C
urnover developed by O'Brien (1984) where data on
soil “C, total C and soil density is used to estimate the
soil C input rate into the scil, its decornposition time
and the carbon diffusivity down a soil profile. An
extension of the model which includes separate
litter and mineral secil compartments is given.
Further, analytical solutions are derived for the
maodel equations. A recent compilation of C in New
Zealand soils (Lassey e al., 1996) has provided the
opportunity to test the model in different solls, and to
examine the distribution of 'old’ C in soil profiles.
Two adjacent  sites  under mountain  beech
(Nathofagus  solandri  var.  cliffortioides)  and
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tussock grassiand (Chionochloa pallensy in the
same climo-edaphic environment at the timberline
in Craigicburn Forest Park, Canterbury, New
Zeatand, are examined.

2. Model
2.1 Mode} Description

Tt is assumed that there exists a steady state in
which fresh C continually enters the soil surface at
a fixed rate, that C is transported down the soil
profile at a steady rate and, finally, that CO,-C is
lost from the soil by respiration at a fixed and
steady rate (see Fig 1),

Litterfall-C | £, TF, CO,-C
i

F, | organic C At steady state:
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Figure 1: Movement of organic C into the litter
and soil




2.2 Model Assumptions

The mode! is based on the diffusion of "*C down a

soil profile (see (O'Brien, 1984) with the following

assumptions for litter and mineral soil:

&  The specific activity of plant material entering
the litter layer is the same as that of the
atmospheric CO,.

e Available 'bomb "YC measured at Makara,
(Wellington, New Zealand) expressed as an
annual average is representative for New
Zeatand. Dilution of *C, "C isotopes by fossil
carbon is ignored.

s Loss of YC by "C decay is ignored, or not
distinguishable from respiration.

e There is no isotopic fractionation within the
systermn by physical, chemical or biological
Processes.

»  The decomposition rate of litter-C and of soil-
C is proportional to their respective C
contents, i.e. first order kinetics is obeyed.

= All vertical movement of C in the soil is due
to simple diffusion with a constant mean
diffusivity, 0, over each depth increment.

2 The distribution of 'old C is more or less
constant throughout the soil profile and the

distribution  of ‘'modern’ C, which falls
markediy with depth, is in a steady state.
2.3 Model Equations
Total C
The made! equation for litter-C, C; (1) s
dC, (n \
= By -k O (), (h
df
with the initial condition C,(1;)=C,, and of
‘modern’ soil-C, C{1,z) this is
Co(1,2) _ 2*Co(1,7)
JC ., ne C, (r ~k O ), 2)
at

for at time ¢ and depth, 0 < z < {, with the initia
condition  C (4,71 =C{z) and the boundary

conditions C,.(t.0)=C, (1), C(t.Hh=6. [y is the

input rate of C into the litter layer, [ the depth of

the soil column, D 1s the diffusivity, & is a first-
order litter-C decay rate coefficient, and &, is a
first-order soil-C decay rate coefficient.

The full solution of the transient problem is, for
constant input rate, fy, given for fp= 0, by
Cotty= Crpe™ +k[ U= "E, (3)

Jr;{’ anD
dz'+

7 e
Cs(l,z)——!—}:, ~@ (g 2 {j} e )sin {
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where ¢ =k, +Dn’z" 1%, The steady state solutions

thL(r}—CL and th (t,z)= C( 7)., satisfies

Faa Lol
(1y and (2}, with the time derivative set equal to

zero. At steady state, C.(r,2) =C,(z) and
C(t.z) Eé,.(z), s0 that
EBy=k,Cplz), (5}
*Cy(z .
P28 =k 6500, )

o4

with the boundary conditions CA?_!. )= é,_ =Fyl kg
and é_‘,(i) =0 . (&) has the solution

Cso)= Fyk (14 £)e™™ — ge™") (7

a1y, and 7o = (D7 k3. For
lwrge [ (ie., if the soil column is assumed to be
infinitely loﬂg), this is

where ¢€=1/{e

Colz) = Fyky'e ™, (8)

The flux of C into the soil surface layer of the soil
{z=10)is given by

5 :m,oi{%‘- A @)
dz | _ Zg

and for farge [,
E=DCy /7, (10)

D=zk,, (1)
where €, is the concentration of “modern” C at

the soil surface.

Bomb YC enrichment, AMC

Excess "*C is measured by A'*C values. These give
the "C enrichment or depletion of the sample in
parts per thousand (%o) with respect to a **C
standard, after normalising to a fixed “C/"C ratio
to rernove any isotopic fractionation that may have
taken place. These may be calculated from

. A
AMC = (2 13 % 1000 %o | ()
by
where A, is the decay corrected, absolute
international standard activity (Stuiver and

Pollach, 1977). Positive values of A**C indicate the



presence of newer ‘bomb’ '*C and negative values
indicate that the *C has had significant time to
undergo radioactive decay. AMC = sty MRQ, where

14

Cb b
RO 13
{1 ) [ C J (13)

and "R _is the decay corrected '*C content per
gram of C of the radiometric standard (the
e/ ratio of the modern ¥C standard, taken to
be 1.176 x 1079, In some cases, “‘R0 (which is
cancelled out of the rate balance equations), will
be ignored and A™C is considered to be 5(¢).

Lirter
The total amount of "'C present in the litter at time
t, due to ‘bomb’ C photosynthesised since & is
given by

3", ()
ot

where the term s()fy is the specific activity of
Tresh’ plant inputs, taken to be the same as for
atmospheric CO,. Here, #; is the time of first
appearance of bomb carbon in the atmospheric
record and belfore this, A¥C=0. (14) has the
solution

= 5(t)Fy ~k, O, O () =0, (14)

o= R i e sty (15)

andd since s{r) is given as a series of annual
averages, s(/T) =A.'4Ci- where T=1 year, (15
may be expressed in the following discrete form
MCLRTY = Fyl Qe ™M M (k) (16)
where
k -
M, (kY= Ss(iTie F0kI (17)
i=iy
for year k, and initial year, ;. Thus, i"‘CL / @L, the
average A"C in the litter is given by
HC{,

e (J e TR, ) (18
o

At steady state, i, = &, W, , where W, is the total
mass of fitter C in kg m, so that the average level
of  Cinthe litter is given by

i4CL

L

(- M) = {19}

The mean turnover time for litter C, &,, can then
be estimated from (19} by matching “Cy/W to the
closest computed value for (I »*e_kLT)Mk(kL) .
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"¢, and W, are determined from measurements of
litter A™C and organic C. Using this value of &,
the C input rate to the litter, F;, may be calculated
from {3). The unigue maximum value and time for
its occurence rmay be calculated from (18).

Soil

The total amount of *C present in the soil at time
t, due to ‘bomb’ C from litter from time, fy, may be
obtained by considering two cases, a single
compartment model without diffusion effects and a
multilayered model with diffusion effects.

i) Single compartment model
The total ‘bomb’ carbon in the soil profile, *C, at
time ! is given hy

i4
..Q_._g;‘i"ﬂ: ‘S"-*(r)_k_\‘hic“(f}’ I4C‘_{f0}=0, {20)

where the input rate of ‘bomb’ carbon from Hiter
to soil, at time 1, is fs, (1) where 5, (z):”CL / (:‘L ,
represents the average A*C in the litter. (20) has
the solution

HC (= Fe [ My dr (22)
which may also be expressed in the discrete form
B U = RE e 1= e MR kg ) (23)
where

k .

Pelky k)= 2 MUy e 0K
_ Mgk - eI k)

- 1— & FIT '

(24)

Thus, 'C, fé_\- ., which represents the average
AYC in the soil, is given by

e KT 6T

z b= (- ™ Wl—e™ 3Bk k). (25)

&

Al steady state, f| =k W, where W is the total
mass of soil C in kg m™, so that

{] -k, T o ~& T . 146‘.!' -
—e T Hl-e VB Ak k) = Tl (26)

From4;', the mean turnover time for litter C, the
mean soil C turnover time, ', may be estimated
from (26) by matching "“CJ/W to the closest
computed value for (1-e™ y(1—e™ TP, (k, k).

M, and W oare determined from measurements of



soil AYC and organic C. Using this value of &,
the C input raic to the mineral soil, Fy, may be
calculated from £ =4 W . The diffusivity of the
mobile C in the soil profile may be approximated
from {11} if it is assumed that the soil depth [ is
very large.

i) Multi-lavered, diffusion model

The total *bomb’ carbon in the scil profile, “*C, at
time ¢ with diffusion effects, is given by

N1z _ Damc_,.(x,;—,) _

o =3 kCn. @D

with the initial condition "€, (¢, 2)="*C,e(2) =0
and boundary conditions He 0= () and
Y (1,1 =0. (27) has the solution

54C5 (t,z}=%~ i()—uu-m sin%n":’“[ﬁf—DﬂmeM e (A)dA) (28)
SES

and since s.(r) is given as a series of annual
averages, this solution may be expressed in the
discrete form

| S ety .
HCs(kT, Z):M(;—ﬁ“ﬁ- = eal!)rSin(ﬁ%)[
]
%{)M&"E{i—~e‘ﬂ)}ﬂ(a’k1‘)’ (29)

The ratio "C, / (:"_\ {ry, may be derived from (7)
and (29). k, and D are estimated sirnultaneousiy
from the exact sclution, with initial estimates
derived from the single-compartment, soif model.

3. Data description
3.1 Field daia and siles

Soil € storage, turnover and movement are
examined from soil C and A “C data at adjacent
sites under mountain beech, and tussock grassland,
in the same climo-edaphic environment at
timberline in Craigichurn Forest Parky Canterbury,
New Zeatand. The sites, soil C and A'C data are
described by Tate e al. (submitted). Values of
atmospheric A™C at Makara between December
1954 and June 1987 used in the model have been
reported by Manning er of. (1990}, The sampling
precedures and correction factors, are given by
Lassey et al. (1996).

3.2 Treatment of data

The parameters &, and F;, signifying the turnover
of litter and input rate of plant material into litter,

are estimated from the litter model. The
parameters k,, F, and D, characterising the
movement, turnover and input of soil C from litter,
can be estimated in the following way:

i) Single compartment model

1} If data on deeper soil horizons are available,
compute CAYC; for each horizons and estimate
the average -CATC . Then compute A”Cj for the
surface horizons, from CAMC}/ C, The increase
in C in the upper horizons A™C} is taken (o be
AMC; ~aMC; I it s not possible to estimate

AMCj then AMC/ is assumed to be the same as

A, tor those upper horizons, if positive.

21 Modern C % = C% —'old' C%, where percent
‘old' C is CA"C/100.

3} From the measured (sampled in year, &) AYC,
% carbon C;, density P; and depth of horizon, 1;
cin, calcufate

T, =%1,P,C,ACH07 (30
L1

This is summed over those horizons for which
positive values of A"} have been obtained.

4) Estimate the total carbon W, =.1jPJ,-Cj1{J“2 in
each horizon, j, where C; is modern C and the sum
of total C in all horizons, W

53) Estimate the steady state soil carbon moedel
depth parameter, z, = 100W / F,C;, where () and
Py are the % C and soil density in the top horizon
of the soil (O’ Brien and Stout, 1978).

7)  Estimate &, from (26) and F) from 7, =k, W.
6) The soil C diffusivity D may be calculated
from D= zgk_‘, .

The rate of CO»-C efflux from the litter, F3, may
be calculated from the difference between the litter
C input rate, &y, and the flux of C into the soil, F.
If the soil density data, P, is not available, it is
still possible to estimate the above parameters, by
assuming that P; =i for each horizon. In many
cases, the error involved in doing this wili not be
great {O'Brien, 1984). '

i) Multi-layered, diffusion model

1) and 2) and 3) are repeated, as above.

4 k, and D are estimated simultaneously, from the
exact solution using a nonlinear parameter
estimation algorithm, given estimates for k.
Earlier estimates of these parameters from the
single compartment model may be used as initial
estimates, F, is calculated from (9}.
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4. Resulis

Estimates of litter and soil € turnover {imes,
annual C inputs and soil C diffusivities for tussock
grassland and beech forest sites are presented in
Tables 1-3. Detailed calculations are given in
Table 4.

]Q:l F(! .
yry  (gem7yrh)

Tussock grassland | 49.6  4.4x107
Beech forest 245 53107

Table 1: Litter C turnover times and input rate
estimates: Litter model.

TR D

iy (gemyr)  femig)
Tussock grassland | 382 0.035 21.44
Beech forest 745 G018 9.00

Table 2: Soil C turnover times, input rates and
diffusivity estimates: Single-compartment model,

kD

ey (em'g)
Tussock grassland | 75 18
Beech forest 741 6.1

Table 3: Soil C turnover times and diffusivity
estimates: Multi-layered soil model.

Atmospheric A"C, and model A"C simulations
are seen in Figure 2.

atmosphere

jirter

soil

I i 2 L

i 3
1850 1980 1970 1980 1890 2000
time {yr)

Figure 2: Atmospheric AYC, litter and single-
compartment  scil model simulations of beech
forest A ''C

5. Discussion

The turnover time for the litter (Table 1) is only
approximate, because of the slow change in the
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level of A™C in atmospheric CO, during recent
vears, The estimate for litter C turnover time in the
beech forest is twice that for a lowland beech forest
where warmer temperatures encourage more rapid
decomposition (Tate er af., 1993). The litterfall
estimated from the single-compartment modei,
however, is smaller by a factor of 3 than estimates
given by Tate er al (submitted). The litter C
turnover time of the tassock grassland site is twice
that for a range of tussock grasslands in South
Istand, New Zealand {Tate, 1992). The wide
variation in the estimated turnover times for ltter
C can result in a range of annual C inputs into the
soil. The soil C input rate in the beech forest
(G.OI% g em® yr’f) is in agreement with other
beech forest site estimates (0.017 g om® yr',
O’Brien (1984); 0.024 g cm’? yr", Tate et al.,
(1993)). A surprising result from medelling C
turnover times for the litter and mineral soil is that
the turnover times for litter in the grassland site
exceeds that for the soil (Tables 1 and 2). The
lower input in grassland than in forest soil (Table
2) is consistent with data in Tate er af. (submitted).
The higher proportion of 'old' C in the grassland
site, is consistent with decomposition being
restricted  in this  profile by intermittent
waterlogging and the apparent accurnulation of
recalcitrant organic matter (Tate er al., submitied),
The diffusivity of the beech forest soil (Table 3) is
very similar to values reported for a lowland New
Zealand beech forest soil {Tate er al., 1993).
However, the very high diffusivity D in the
grassland soil, which indicates greater mixing or
vertical movement, is inconsistent with the slow
rate of turnever of soil C and the accumulation of
recaleitrant organic matter (Tate er gl., submitted).
Further work is required to reconcile these results.

6. Conclusions

The increase in "*C in the upper layer of soil from
the incorporation of ‘bomby C, may be used to study
the movement and turnover of soil-C and litter-C.
It may also be used to calculate the organic carbon
input rate into the litter and soil, its decomposition
times and the carbon diffusivity down a soi} profile
from data on one sail profile {including litter) on
“C, total C and soil density. We modified an
existing model, derived analytical solutions for the
model equations and tested it with data from two
adjacent sites under mountain beech and tussock
grassland.

The model equations, which describe the
distribution and movement of *C in soils, are also
valid for site-specific "*C-labelled plant decompaosition
studies and may be useful for linking processes that
oceur on widety differing temporal and spatial scales.
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soil depth | balk C Ac CAYC new’ A AT T W Tod
{em} density (%) %ol C (%tc) {gem™ {gem™) W {cm)
(gem™) () ol %o}
(hefore
bomb)
Tussock
(-3 0.04 18 1547 - 154.7 3.34 (0.022 1547
3-13 (.49 103 4785 9.44 -83.8 131.8 66.5 0.463
13-19 061 673 -589 5.87 -128.4 69.3 7.1 0.215
19-28 (.69 4,04 1673 3.8 -213.9 46.6 147 0.197
28-33 976 346 2773 <859 2.60 -249.7 -27.6 0.138
3546 .82 2.3 -387.3  -968 .64 -345.6 -41.7 0.148
46-54 1.08 2.2 -414 <014 1.34 -392.7 -21.3 0.116
54-60 0.73 1.4 -440 {-616) 0.54 -617 1771 0.047
sum, 2 Q53 1.324
mean, 4 -864 71.98 28.0
BEECH
-3 0172 361 216 - 216 281 0.13 216
2132 (1.39 138 1465 13.43 -26.7 173.2 46.6 0.262
13-19 0.45 6.4 19.3 6.03 -57.5 76.3 24.3 0,259
10-28 0.62 3.3 =339 2.93 <1183 75.6 23.2 0.272
28-35 0.98 2.2 -155 1.83 -167.2 -12.2 0.179
35-46 105 b7 2465 -419.1 1.33 -2164 =301 0.140
46-54 112 1.0 -315 =315 0.63 -367.9 -52.9 0.078
34-66 1.18 0.83 4433  -369.4 0.46 -443.3 <2.0 0,123
sum, & 94.1 1.356
mean, i -367.9 69.4 25.9

Table 4: Summary of calculations. The top 3 cm is the litter layer
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