
Abstract

The net ecosystem productivity (NEP) of a
sequence of three monoaged Norway spruce stands
located in southeast Norway is modelled using the
biogeochemical model Biome-BGC. For calibra-
tion, we use estimated biomass stocks at the plot
level and Leaf Area Index measurements. The
model is run for 30 years of historical temperature
measurements as well as for a regional climate
scenario. It is shown that under current conditions,
NEP develops from negative values for a young
stand (30 years) to clearly positive for a middle-
aged (60 years) to slightly negative again for a very
old and decaying stand (120 years). However, the
old stand benefits substantially from the predicted
increased temperatures in the climate scenario,
rendering NEP positive again. For the 30 and 60
years stands, almost no change is predicted from
Biome-BGC.

Keywords
Net Ecosystem Productivity, Chronosequence,
Norway spruce, Carbon dynamics, biogeochemical
models, climate change

Introduction

The importance of forest soils for carbon storage
has long been recognized. They comprise the single
most important C stock of all terrestrial ecosys-
tems. Understanding of C accumulation into and
release from these systems is thus of primary
importance. It is known by now that the question
whether forests and their soils provide net carbon
sinks or rather act as sources has no simple answer.
It depends on, among others, forest type,

geographical location, geological substrate, and
not the least previous forest management. Usually,
there is also the additional obstacle that the net
carbon balance is the small difference between two
or more large numbers, which is plagued with high
uncertainties, to the extent that even the sign of the
difference may be difficult to obtain correctly
(Houghton 2003).
To constrain the number of items impacting on

the net carbon balance, homogeneous monoaged
single-species forest stands may be investigated.
Here, we would expect that stand-level upscaling
from a sufficient number of sampled trees (plus
understorey vegetation) should be possible.
However, the source or sink strength depends also
on age or developmental status of the stand. It is to
be expected that very young stands with little
productivity and non-established crown cover
release carbon to the atmosphere (e.g. due to high
soil respiration). Middle-aged stands close to
maximum productivity have a tendency to accu-
mulate C, whereas very old and ultimately decom-
posing stands release carbon again.
A thorough validation of these educated guesses,

i.e. to follow the time course of carbon exchange,
would require a monitoring over decades. As this is
rarely possible in a consistent manner, a conven-
tional workaround is to use a space for time substi-
tution, i.e. working with chronosequences where
available. This approach was used in this study.
Some details of the Norway spruce chronose-
quence exploited are given in the next section.
Chronosequences, if investigated for a couple of

years only as is typical for scientific projects,
provide a number of snapshots onto these systems.
To interpolate between these snapshots, and to
evaluate system behaviour under changed condi-
tions, we used a biogeochemical model at the

Greenhouse-gas budget of soils under changing climate and land use (BurnOut) • COST 639 • 2006-2010 63

Modelling carbon dynamics in forest ecosystems using
Biome-BGC

H. LANGE

Norwegian Forest and Landscape Institute, Ås, Norway



Greenhouse-gas budget of soils under changing climate and land use (BurnOut) • COST 639 • 2006-201064

appropriate scale (plot level). Using measurements
and estimates for aboveground- and belowground
biomass as well as a geometric property, i.e. the
Leaf Area Index, together with site descriptors and
meteorological data, we calibrated the model to the
chronosequence. If successful, this calibration then
leads to estimates for carbon-cycle related quanti-
ties, such as the Net Ecosystem Productivity
(NEP), as output from the model. In addition, the
model may be run with changed meteorological
conditions, such as predicted from regional climate
models, leaving model parameters and site descrip-
tors unchanged, in order to conclude on the
possible consequences of climate change on a
decadal scale.

Site description

The study site is located at Nordmoen, SE Norway
(11°09’E and 60°15’ N, 200 m a.s.l.), 3 km north of
Gardermoen international airport. This is a rela-
tively homogenous flat sandy plain, developed on
glaciofluvial and aeolian deposits, with weakly
podsolized soils classified as at the borderline
between Typic Udipsaments and Entic or Typic
Haplorthods (Soil Survey Staff 1999), or as Cambic
Arenosols (FAO-Unesco 1990; FAO 1990). The
forest stands in the area can be classified as
belonging to four different age classes , labelled 10,
30, 60 and 120 years stand which is a rough indica-
tion of the respective ages. Apart from the youngest
stand, these are almost pure Norway spruce stands,
which is the dominant tree species in the whole
area besides some Scots pine. On the “10” years
stand, which has been clearfelled in 1987 and
replanted in 1993, also birch trees developed in the
course of natural regeneration. The “30” years
stand has been left unmanaged from the start; in
both the “60” and the “120” years, low-level thin-
ning as well as occasional fertilization has
occurred. The oldest stand is not monoaged in the
proper sense; it is very open due to dieback, and is
in a decaying status.
The area has been under investigation in

ecosystem research since the 1970ies (Abrahamsen
et al. 1994). In the context of this work, a set of
three rectangular plots with a size of 21x21 m2 have
been selected in 2000 for each age class as repli-
cates, and standard descriptors for them have been
determined such as tree diameters, tree heights,
amount and type of ground vegetation, physical

and chemical characteristics of the soils. In addi-
tion, root and soil respiration has been measured,
root growth was estimated using a set of minirhi-
zotrons, leading in total to upscaled estimates on
above-ground and belowground biomass (stocks)
as well as a rough (temporally coarse) calculation
of the corresponding carbon fluxes. During a field
campaign in 2003, an optical Leaf Area Index
(LAI) determination has been performed using a
Li-Cor LAI2000 instrument, with high spatial reso-
lution within each stand.
The youngest stand, which is a mixed and very

heterogeneous forest, is very open. It was not
possible to reliably estimate its LAI due to high
local variation, but it was surely well below 1. Like-
wise, biomass estimates and fluxes have to be
considered as rather uncertain. As this stand also is
difficult to consider as part of a chronosequence of
Norway spruce stands, it was exlcuded from the
modelling described in the next section.

The model Biome-BGC

The information gathered on the 9 plots of the 30-,
60- and 120-year stands has been utilized to cali-
brate and test a process-oriented model. The
model chosen is one out of the family of the “BGC”
(BioGeochemical Cycles) models (Waring and
Running 1998), which are designed to assess the
cycling of energy, water, carbon and nutrients
within a given ecosystem. Some of them allow for
the inclusion of ecosystem manipulation, in our
case forest management, in the course of simula-
tion, and can be parameterized to capture the
broad ecophysiological characteristics of plant
functional types (e.g. Churkina et al. 2003; White
et al. 2000), or to represent the observed character-
istics of particular species such as in this context.
This study uses Biome-BGC (Thornton et al.

2002), originally developed in 1999 at the Numer-
ical Terradynamics Simulation Group at the
University of Montana, USA, in the version 4.1.2
which was released in 2004 (Fig. 1). Using daily
time steps, the model simulates the cycling of
energy, water, carbon and nitrogen, typically on the
stand level, which is appropriate here. The stand is
considered as a homogeneous landscape unit. The
approach is basically ecophysiological: the tree
species selected determines most of the 39 parame-
ters used to describe the vegetation. Once cali-
brated, they are typically left unchanged even if



moving to other locations. Here, we used the
“lowland Picea abies” calibration of (Pietsch et al.
2005). Geography, geology and soil propeties are
described in Biome-BGC with 11 parameters, all of
which are known for Nordmoen and were taken as
they are.
The model is driven by daily standard meteoro-

logical parameters (air temperature, radiation and

precipitation) which where available from the
meteorological station at Gardermoen, approx. 3
km south of Nordmoen. Data on nitrogen deposi-
tion are sparse and only coarsely resoluted (yearly
averages), but the values available indicate that
there is no obvious trend and a typical value would
be 6 kg N /ha /year; this was used as constant input
in the past as well as for the future scenarios. No
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Figure 1:
A conceptual flow diagram of the C and N dynamics implemented in Biome-BGC. In particular, manage-
ment decisions and a variety of disturbances can be included in the simulation.
Diagram taken from the model’s website http://www.ntsg.umt.edu/models/bgc/
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significant change in intensity or extent of agricul-
ture occurred in the past 30 years, and we simply
assumed this to continue.
The output from the model comprises more than

500 parameters or time series. In this study, only a
very small fraction of them was considered. To
make contact to the field campaign in 2003, the
LAI series was used. LAI is calculated by multi-
plying carbon allocated to leaves times the specific
leaf area (a parameter of the model held fixed). As
conventional target variable in the context of
carbon flux models, we chose the Net Ecosystem
Productivity (NEP). NEP may be calculated from
the photosynthetic production (PP) minus respira-
tion (R) losses. PP is the difference between
biomass production (Gross Primary Productivity,
or GPP) and biomass losses (L); the latter is due to
“natural” tree death, tree removal, root dieback,
windfall etc.; if wanted, explicit management
schemes may be implemented here. Wind and fire
damages are simulated in a stochastic fashion (we
set the fire probability to zero since no reports on
fire incidences are known). Respiration is the sum
of autotrophic and heterotrophic respiration;
autotrophic respiration contains terms for mainte-
nance and growth respiration. All these quantities
are calculated by the model. In summary,

NEP = GPP - L - RA - RH

and this equation implies that our sign conven-
tion is that we haveNEP > O if the forest stand is a
net carbon sink, and a source if NEP is negative.
It is important to note, however, that this does

not refer to the sign of the atmospheric sink or
source, which would be an important quantity for
climate change issues. The reason is that the
biomass losses do not necessarily (and in particular
not instantaneously) deliver carbon to the atmos-
phere; they could be stored as nearly immobile
pool of organic matter in the soil. To judge on its
fate, one needs further assumptions on its decom-
posibility and the time scales involved. The valida-
tion of such assumptions was beyond the scope of
this investigation. Nevertheless, a comparison of
NEP time series between the stands gives impor-
tant insights into the role the different age classes
play with respect to the carbon cycle.
As is usual for such models, Biome-BGC needs

“spin-up” simulations to achieve equilibrium
conditions where the initial soil and plant
compartment pools actually match the mass
balance equations. This is performed by exposing

the model to the same set of meteorological condi-
tions again and again, where one simulation run
typically spans a couple of decades, each time
starting with a vegetation of the same initial age,
until virtually no more changes (according to the
value of an objective function) in the initial condi-
tions occur. In our case, we used the available
meteorological series from Gardermoen for the
period 1957 to 2004; around a hundred iterated
simulations were necessary to obtain equilibrium
conditions.
The calibration against our biomass estimates

were performed in a rather parsimonious manner;
all but two of the input parameters were fixed to
their estimated values, either site-specific or taken
from (Pietsch et al. 2005). The two remaining ones,
related to the initial carbon content of the soil and
the C/N ratio of the labile pool of soil organic
matter, are experimentally less well determined and
were considered as free calibration parameters.
These reconstruction runs, using historical data

for 30 years (1975-2004), then tried to match the
estimations for both the living biomass (above-
ground and belowground taken together) and the
LAI. The consequences of a changed climate
regime was then investigated using regional climate
scenarios as described in the next section.

Climate Change Scenarios

In a Norwegian climatological research project
(Iversen et al. 2005), a few Global Circulation
Models have been used to downscale daily time
series of meteorological data from the grid cell
level to the level of individual measurement
stations. This so-called REGClim procedure is
described in (Skaugen and Tveito 2004). From the
scenarios available, we have chosen an interme-
diate emission level one, the B2 scenario, run with
the model AGCM from the Hadley Centre, UK.
This scenario predicts an overall increase of the
annual mean temperature of 2.5 for the whole
country; however, there is large spatial and within-
years variation; temperature trends are stronger in
the winter period than in the summer, and more
pronounced in the northermost regions. For the
case of the Gardermoen station, the simulated
series contains a trend of +0.4° C per decade for a
30 year period (2071-2100); it happens to be that
the actual trend value for the historical series from
1957-2004 is nearly the same. Since we need a



simulated series from the 30 year period immedi-
ately following the reconstruction (2005-2034),
this coincidence can be exploited by simply supple-
menting the measured time series with an offset
and trend value needed to smoothly interpolate
between the two series (Fig. 2).

Results

Calibration
Calibration of Biome-BGC to the 30-, 60- and 120-
year old stand was successful (Tab. 1). After having
obtained equilibrium, we started with a fresh plan-
tation and simulated 30 years to end up with the
values for the 30 year stand, then used that stand to
simulate the 60-year old stand; two further runs
using the same meteorological data then gave the
120-year old stand. Thus, we took the idea of a
chronosequence completely serious.
Given that only two parameters have been

changed to reproduce both total living biomass

and LAI, the accuracy obtained is rather satisfying.
There is a tendency to underestimate the biomass,
which is possibly due to neglect of understorey
vegetation; this is in particular obvious for the old
stand where already quite a bit of younger vegeta-
tion has developed in small openings. LAI is typi-
cally overestimated; however, we have chosen the
maximal LAI value predicted by the model during
the year, and could have matched the LAI measure-
ments perfectly for each of the stands, although for
different periods of the year (the actual measure-
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Figure 2:
The temperature series used in this study. For the sake of clarity, only annual means are shown; the model
uses daily values. For the measured data as well as the original Hadley B2 predictions (2071-2100), a
simple linear trend estimate is overlaid.

Table 1:
Calibration of the Biome-BGC model for the
Nordmoen site. Comparison of total living
biomass and Leaf Area Index as estimated and
simulated (end values of a 30-year simulation).

Forest

Biomass (kg C/m2) LAI

estimated simulated
meas-
ured

simulated

30 yrs 9.7 8.6 3.9 4.5

60 yrs 14.6 14.3 3.5 4.2

120 yrs 19.8 15.6 2.2 2.2



ments were performed in late August). For the
oldest stand, LAI is rapidly declining in the simula-
tions, which matches expectations from visual
inspection at the site.

Net Ecosystem Productivity
The time series for NEP are shown in Fig. 3. It is
obvious that the young plantation has a negative
NEP for the first 27 years, an observation well-
known from other investigations also (e.g. Law et
al. 2003). The interannual variability indicates the
varying meteorological conditions from year to
year; however, there is a clear positive trend which
leads to slighlty positive values at the end of the
simulation period. The middle-aged stand is
productive and in good shape, with a mean NEP of
+39 g C/m2/year over age 31 to 60 years, and a
maximum of roughly +200 g C/m2/year towards
the end of the simulation (Fig. 3, Tab. 2).
Conditions are less favorable for the 120 year

stand, where in the course of simulation the NEP
turns negative, and also the biomass stocks are
rapidly collapsing. This is less well-known from

other applications; however, it is also very much
tree-species dependent, and spruce forests higher
than 100 years in age have rarely been investigated
since they are not common, in particular at
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Figure 3:
Time series of NEP from the Biome-BGC simulations for the three stands. The age refers to the final simu-
lation year. Average values from these curves are reported in Tab. 2.

Table 2:
Estimates for Net Ecosystem Productivity (NEP)
from the Biome-BGC model. “Equilibrium” refers
to the would-be long-term NEP under stationary
climate conditions (spin-up simulations). The
most obvious alteration is the conversion of the
declining very old stand to a still productive one
with a markedly positive NEP. For the climate
scenarios, the Hadley B2 scenario was used (see
discussion in the main part of the paper).

Scenario NEP (g C / m2 / year)

Equilibrium +75

30 years -172

30 years under changed climate -156

60 years +39

60 years under changed climate +29

120 years -13

120 years under changed climate +133
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managed sites. (Law et al. 2003) observed and
predicted negative NEP values for ponderosa pine
stands at much higher ages only (around 300
years).

Climate Scenarios
Continuing the runs another 30 years (2005-2034)
with “scenario-inspired” meteorological data as
discussed above sheds light on possible reactions of
the forest systems with respect to the carbon cycle.
We do not consider these results as predictive in
the quantitative sense, not the least because for the
sake of comparison, we intentionally set back the
stands to their ages at the beginning of the
previous simulation, whereas soil conditions and
pools are unchanged and continued. As an
example, this would mean for the 60 year stand
that we would clearcut now, including a total
biomass removal, and replant a 30 year old stand
with an intact rooting system instead, and then run
for another 30 years.
For the 30 year and 60 year old stands, there is

virtually no change under the new conditions. The
young stand achieves a positive NEP just two years
earlier, and continues to have a negative mean NEP
for the whole period. The mean NEP for the 60
year old stand is slightly less positive (Tab. 2), for
reasons which remain to be investigated.
However, for the old stand, a rather dramatic

change occurs: not only turns the NEP sign posi-
tive, it is the whole trend which is reversed, and the
stand is still very productive at the end of the simu-
lation. Considering that the yearly mean tempera-
ture is roughly just 0.7° C higher in the climate
scenarios, this could imply that the observed as
well as modelled decline of the old stand, although
being factual under current circumstances, is not a
stable property of these systems. To the contrary,
the system could be close to a threshold value,
above which their role as carbon sink is dramati-
cally altered.

Discussion and Conclusions

This model application demonstrates that Biome-
BGC is able to reproduce the basic elements of the
carbon cycles in monoaged single-species forest
stands. The individual plots were considered as
homogeneous units; it is also possible to couple
such units (cells) to simulate larger landscape areas
(Lefsky et al. 2005). Using chronosequences seems

to be the most feasible method to validate the
model behavior over long time periods.
The results show a nonlinear development of the

stands; young stands act as net sources (negative
NEP) of carbon to the environment (not neces-
sarily to the atmosphere due to belowground
losses), middle-aged stands are most productive
with a positive NEP and thus a net carbon uptake,
whereas very old stands once again show a negative
NEP and decline (in our case rapidly).
The climate scenario calculations indicate,

however, that the latter statement is a non-robust
one: future temperature increases could easily
reverse the declining trend and switch NEP to posi-
tive values again. In other words, temperature
increases might add longevity to spruce stands in a
substantial manner. Exactly how many years of
productive development before eventually decline
sets in are added as a function of the strength of the
climate signal is a topic of further work.
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