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16 Modeling Forest Floor Biomass 
and N Accumulations and 
Related Turnover Rates

Paul A. Arp

16.1  INTRODUCTION

Knowing wood, litter, and root turnover rates is important for determining how organic matter 
accumulates over the years on and within mineral soils. For example, the annual forest litter and 
coarse woody debris accumulations determine the depth and the layering of the forest floor in 
terms of its litter, fermentation, and humification layers (LFH layers). Within mineral soils, roots 
are the dominant soil organic matter contributors by way of die-back, humification, and mineral-
based organic-matter stabilization. As climate conditions vary, accumulations and turnover rates 
of forest organic matter (OM), including wood and roots, change as well (Bhatti et al. 2003; Deng  
et al. 2013). It is, however, difficult to know how extensive these changes will be and how they will 
accumulate over time with changing soil and site conditions across landscapes. This is because OM 
production and turnover times vary strongly by vegetation and by litter type composed of foliage, 
coarse woody debris, roots, and humus (Cou’teaux et al. 1995; Zhang et al. 2008; Jacob et al. 2010; 
Song et al. 2010; Ge et al. 2013).

Organic matter decomposition experiments generally aim to acquire specific information about 
the extent of OM loss according to prescribed experimental conditions under (i) carefully controlled 
temperature and moisture conditions, and/or (ii) under field conditions under changing weather and 
climate conditions. Such investigations vary from using bulked and unprocessed field samples to 
examining isolated organic matter fractions of interest. Fractioning involves physical and chemical 
processes, such as sample drying, grinding, and sieving, and using various solvents to isolate soluble 
from insoluble organic matter fractions (residues). The targets for isolation may refer to specific 
compound types (humin, cellulose, hemicellulose, lignin) and the extent to which these fractions 
are attached to mineral particles, especially clay particles. These determinations may also involve 
quantifying (i) the extent of organic matter mineralization, (ii) release of mineral N, Ca, Mg, K, 
etc. (McClaugherty 1985; Johnson and Lindberg 1992), (ii) the release of gases (NOx, CO2, CH4), 
(iii) the change in chemical composition within the residue, and (iv) the effect of adding chemical 
substances or biological agents to enhance or retard the decomposition process.

Field-centered litter decomposition studies done across a wide range of field and climate condi-
tions use single litter-filled mesh bags and spread these one by one across designated forest floor 
plots, and retrieve some of these each year over the course of ten years or so (Trofymow and CIDET 
Working Group 1998; Moore et al. 1999; Cusak et al. 2009). An alternative method uses 1 m2 traps 
to collect and analyze multi-year forest litter accumulation using fiberglass screens as annual separa-
tors (Jorgensen et al. 1980; Piatek and Allen 2001). Upon retrieval, the samples are then analyzed for 
(i) mass remaining, (ii) nutrients remaining, and (iii) type extent of organic matter transformations.

Field-centered wood decomposition studies involve placing wood samples of same type, size, 
and shape into or onto the ground across many stand types. Alternatively, wood already lying on the 
ground can be classified by deadwood classes, and these classes are then evaluated in terms of mass 
loss composition over time and other parameters (e.g., Jurgensen et al. 1984; Lombardie et al. 2013). 
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The wood decay experiment that was done across North America (LIDET 1995; Smith et al. 2011) 
involved wooden dowels with the lower part embedded in soil and the upper left surface exposed.

Alternative forest litter and wood studies involve (i) monitoring decomposition-generated CO2 
losses (Chiti 1999; Gaudinski et al. 2000; Song et al. 2010; Giardina et al. 2014) and (ii) radiocar-
bon dating (Pressenda et al. 2001). CO2 monitoring varies from using soil-containing enclosures 
to whole-stand net flux determinations ranging from local to regional and global projects (Deng et 
al. 2013). Radiocarbon dating involves (i) determining the 14C age of the decaying and humifying 
organic matter and (ii) tracking the decay-induced changes from the atmospheric 13C as well 14C 
concentrations (Aucour et al. 1999; Gaudinski et al. 2000; Matamala et al. 2003).

This chapter focuses on how forest floor biomass accumulation and turnover rates can be esti-
mated across climate conditions by way of an empirical model formulation that is based on:

•	 Documented mass loss of CIDET and LIDET field-placed litter bags and wood blocks,
•	 Monitored soil respiration,
•	 Radiocarbon dating, and
•	 Mass balance modeling.

The objective of this chapter is to demonstrate how the annual accumulation of forest litter on 
the forest floor can be modeled to eventually reach a steady state. This demonstration is done for 
the Integrated Forest Site locations (IFS, Figure 16.1), as described and summarized in Johnson and 
Lindberg (1992). Preceding efforts to quantify some of these processes from an ecosystem model-
ing perspective were, e.g., summarized by Larocque et al. (2008).

16.2  MODEL FORMULATION, BACKGROUND

Modeling provides a means to integrate information generated from soil, plot, and stand-specific 
flux and age determinations into C-related stand- to forest-specific mass balance models (Oja and 
Arp 1996). This can be done by quantifying (i) the accumulating C or organic matter pools as 

FIGURE 16.1  Locator points for the Integrated Forest Study Sites (IFS, Johnson and Lindberg 1992), over-
laid on USA State Borders. There are 21 plots altogether, including two plots in Norway.
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represented by foliage, wood, roots, forest floor, mineral soil and (ii) addressing the C allocations 
to each pool. For this purpose, pool sizes, net annual primary productivity, and key photosynthate 
allocations to foliage, wood, root, forest floor compartments all need to be estimated, and these need 
to be balanced with realistic estimates for turnover rates.

To quantify the decomposition process, it is generally assumed that organic matter decays in an 
exponential fashion, as expressed by Eq. 16.1:

	 SOM t  = SOM t  exp km S  t
0( ) ( ) ( )( )- 	 (16.1)

where SOM(t) is the organic matter remaining at time t, SOM(t0) refers to the SOM(t) production 
at time = 0, and km(S) is the state- and climate-dependent decomposition rate (in yr-1). Apart from 
local climate conditions, km(S) varies by

•	 OM producing species,
•	 OM type,
•	 OM size and shape,
•	 OM composition (e.g., cellulose, hemicellulose, lignin, humin),
•	 OM nutrient content, especially nitrogen (N),
•	 OM placement (air, soil, water, from aerobic to anaerobic conditions),
•	 OM concentration and extent of OM compaction,
•	 type, diversity, and succession of OM-consuming agents (bacteria, fungi, insects, earth-

worms, termites).

By focusing on organic mass (M) and N alone, Zhang et al. (2007, 2008) and Smith et al. (2011) 
developed and analyzed the following equations:
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and

	 dN

dt
kn S N= - ( ) 	 (16.3)

with km(S) and kn(S) mass and N loss coefficients further symbolized by

	 km S kmf climate( ) = ( ), 	 (16.4a)

	 kn S kn f climate( ) = ( ),	  (16.4b)

and with [N] and [Nf] referring to the N concentrations within the organic matter at time t and at 
steady state. The climate function is given by
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where ppt, TJul, and TJan refer to annual precipitation (in mm) and July and January temperatures 
(in ˚C). The activation energy Ea was determined to be 61,690 J mole-1, and the universal gas con-
stant R is given by 8.31 J mole-1 ºC-1. In detail, Eq. 16.5 implies that organic matter composition and 
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N mineralization rates increase with increasing precipitation rates and with increasing July and 
January temperatures. In addition, f(climate) = 1 when ppt = 1,000 mm, TJul = 15˚C, and TJan = 0˚C.

Over the years, each year’s litter contribution from leaves, wood, and root litter adds to the 
already existing albeit diminishing litter contributions from each of the preceding years. This real-
ization can be summed for M and N over the years by litter type as follows:

	 M age LP km S ij j
i

i age

j( ) = - ( )éë ùû
=

=

å0

0

exp 	 (16.6)

and
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j j
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,	 (16.7)

where i refers to litter age in years, j refers to litter type, and LPj
0 refers to the annual litter produc-

tion per litter type j. In addition, N j
0 refers to the initial N content of LPj

0 , and kmj S( ) and kn Sj ( )  
are the rate of mass and N loss coefficients per litter type. The mean turnover rate for each of the 
accumulating litter types can then be determined from
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and the mean turnover rate for all organic matter accumulations for all the accumulating layers 
would be given by
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Table 16.1 provides an overview for km and kn by forest litter type and whether placed above or 
within mineral soils by organic matter type and soil depth. In this, leaves, coarse woody debris, and 
roots all are part of the forest floor accumulations to the forest floor while root litter dominates the 
organic matter contributions to the mineral soil (Rasse et al. 2005). Note that litter-bag mass losses 
do not follow a single process over time but at least three climate- and location-specific exponential 
decay processes: fast, slow, and very slow (Minderman 1968). In contrast, mass losses from wooden 
dowels (no bark) follow a single exponential decay process. For root and wood litter, two fractions 
are considered, one which is generally comparable to the slow leaf litter component, and one that 
refers to the bark and suberized wood (bark) and root components (Matamala et al. 2003, Chen et 
al. 2001, Garrett et al. 2012), with the suberized portions amounting to about 10% of wood or root  
biomass. In general, coarse woody debris and root decay rates are quite similar, with, e.g., km 
(roots) = 1.4 km (coarse woody debris) according to Garrett et al. (2012). Due to increasing organic 
matter stabilization at increasing soil depth (Wang and Amundson 1996, Pressenda et al. 2001, 
Rasse et al. 2005, McFarlane et al. 2013), km needs to be adjusted by soil depth as follows:
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where the soil age component reflects cumulative retention and organo-metal stabilization of soil 
leached C. In addition, root litter production and accumulations decrease with increasing soil depth, 
as follows (Jackson et al. 1996):

	 Cumulative fraction of LProots = 1− b soil depth,	 (16.11)

with b varying from 0.914 (tundra) to, e.g., 0.943 (boreal forest) and 0.976 (temperate coniferous forest).

16.3  COMPUTATIONS

The computations, done for each IFS location and plot, were initially based on Eqs 16.1 to 16.9. The 
computational process was facilitated using the STELLA modeling software. The resulting calcula-
tions were done by year from time = 0 up to 2,000 years so that the steady-state condition for the 
forest floor biomass and N accumulations could be emulated for each location through calibration. 
The Runge-Kutta algorithm was used to ensure numerical stability. During the calibration process, 
it was realized that Eqs 16.2 and 16.3 needed to be reformulated to best capture the gradual conver-
sion of fresh forest litter toward the steady-state forest floor forest biomass and N accumulations at 
each IFS location as follows:
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and

	
dN

dt
kn S N= - ( )b ,	 (16.13)

TABLE 16.1
Parameters Useful for Estimating the Decay and Turnover Rates of Coarse Woody Debris, 
Forest Leaf Litter, and Roots in the Forest Floor and in the Mineral Soil

Forest Soil
Layers Litter Type j

Mass
Fractions Decay Parameters

N Mineralization 
Parameters Reference

Forest 
floor

Leaf litter fast 1 e km1 = 19.8 km2 kn1 = kn2 km1/km2 Zhang et al. (2007)

slow 2 g(1-e) km2 = 0.377 kn2 = 0.555 km2 
[N]initial

very slow 3 (1-g) (1-e) km3 = 0.292 km2 kn3 = kn2 km3/km2

Coarse 
woody 
debris

wood 4 1-f km4 = 0.11 kn4 = 0.35 km4 Smith et al. (2011)

bark 5 f km5 = 0.292 km4 kn5 = kn4 km5/km4

Root litter wood 6 1-f km6 = 0.175 kn6 = 0.35 km6 Matamala et al. (2003)

suberized 7 f km7 = 0.292 km6 kn7 = kn6 km7/km6

Mineral 
soil

Root litter wood 8 1-f km8 = 0.175 kn8 = 0.35 km8 Matamala et al. (2003)

suberized 9 f km9 = 0.292 km8/ 
 [1 + 0.33 depth

(soil age/15,000)0.33]

kn9 = kn8 km9/km8 Wang et al. (1996),
interpreted from graph

For leaf litter fractions and related e and g specifications, see Zhang et al. (2007); f refers to the suberized component of 
coarse woody debris (bark) and root litter. Also note: [N]initial = [N0], in %.
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where α and β serve as plot-specific biomass and N mineralization adjustment parameters. For 
example:

	 (i)	 Reducing β toward 0 lowers the expected N mineralization rate but increases the expected 
biomass mineralization rate;

	 (ii)	 Setting β kn/km = 1 or α = 0 renders the biomass mineralization process independent of 

the N mineralization process;

	(iii)	 At steady-state, the 1 1−
[ ]

−


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
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a bkn
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The process of the changing N concentrations in the forest floor would occur as follows:
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Consequently,

	 (i)	 when km = β kn, then dN/dM = 
bkn

km
N[ ] ;

	 (ii)	 when dN dM/ ,< 1  M losses exceed N losses, so that [N] increases, and C/N decreases;
	(iii)	 when dN dM/ ,> 1 N losses exceed M losses, so that [N] decreases, and C/N increases.

At steady state, the M and N additions to the forest floor equal the M and N losses from the forest 
floor. For this condition—and noting from Table 16.1 that kn/km = kn1/km1 = kn2/km2 = kn3/km3 = 
0.555 [N0]—it can be shown via Eqs 16.12 and 16.13 that

	 N
N
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- - [ ]( )1 1 0 555

0 555
0a

b
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.
	 (16.15)

and that
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Hence, a  can be inferred from steady-state forest litter [N0] and forest floor [Nf] concentrations, 
and from plot-based model-calibrated β values. In addition, β can be estimated from the steady-state 
N0, Nf (t/ha) and [N0] (%) specifications by setting

	 b
N

N f clim Nf

» ( )[ ]10 0

0

.	 (16.17)

16.4  RESULTS AND DISCUSSION

The summary in Table 16.2 demonstrates that the IFS locations represent a wide range of forest 
type by tree age, climate condition, forest litter production, forest floor biomass and N accumula-
tions, and related N concentrations and C/N ratios. Note that the C/N ratios generally decrease as 
the forest litter accumulations age, but exceptions of this occurred at the American beech (SB1, 
SB2) and red alder (RA) locations. At the CP pine location, the C/N ratio remained the same 
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while the lowest forest floor C/N ratio was recorded for the tolerant hardwood site at the Turkey 
Lakes (TL) location.
The numbers in Table 16.3 refer to:

	 (i)	 the best-fitted α and β values that account for the location-by-location variations pertaining 
to the model-emulated rates of litter decay and N mineralization,

	 (ii)	 the best-fitted forest floor biomass and N turnover times at (a) the mean turnover times and 
(b) reported tree age, and

	(iii)	 the model-inferred forest flood decomposition index, given by:

	 FFDI = 1−α (1–0.555 b N with N in %0 0[ ] [ ]),

An example of how the model-calculated forest floor biomass, N content, N concentration, and 
related C/N ratio all vary over time starting from time = 0 and by changed mean annual tempera-
ture (ΔT = −5, 0, 5 ˚C) and precipitation (ΔPPT = 0, 500 mm) is presented in Figure 16.2 for the TL 
location. As shown, the forest-floor biomass accumulations and related C/N ratios are modeled to 
decrease with increasing mean annual temperatures and precipitation rates while the N concentra-
tions would increase. In biological terms, the rate of decay of the accumulating forest floor biomass 
is modeled to decrease as the availability of digestible C sources diminishes. This therefore leads 
to increasing N concentrations and decreasing C/N ratios. Decreasing C/N ratios, however, also 
lead to decreasing N retention. As a result, reported N leaching rates increase at locations with low 
forest floor C/N ratios, as detailed for the TL location by, e.g., Foster et al. (1992), Moayeri et al. 
(2001), and Murphy et al. (2009). In comparison, the reported N leaching rates were found to be low 
at the hardwood-covered Huntington Forest (HF) and the Great Smoky Mountains beech locations 
(SB1/SB2: Johnson and Lindberg 1992). The contrast between the TL and HF hardwood locations 
is striking: both accumulate forest biomass toward the steady-state conditions with about the same 
turnover times (15.5 versus 12.3 years, respectively, Table 16.3) but not so for N content (33.1 vs. 
12.7 years, respectively; Table 16.3). Hence, forest floor N% increases slightly at HF but nearly 
triples at TL (Table 16.3, Figure 16.3). One reason for this difference could be related to the higher 
calcareousness of the TL soil parent material, which therefore implies higher biological activities 
and biomass turnover rates at TL compared to HF. In some cases, the forest litter to forest floor C/N 
ratio is about 1 (CP, white pine; RA, red alder) or increases to 1.6 (SB1, SB2, beech). This implies 
that biological activities at these locations consume forest litter N at the same or a higher rate than 
forest litter C.

The forest floor-to-forest litter C/N ratio appears to decrease with increasing forest litter C/N 
ratio from the IFS hardwood through the spruce-fir to the pine plantation locations as shown in 
Figure 16.4. In this, the forest floor-to-forest litter C/N ratio variations are largest for the hardwood 
locations (ranging from 0.4 to 1.5) and are least for the spruce-fir locations (ranging from 0.4 to 0.8). 
In contrast, the forest litter C/N ratio variations are largest for the pine plantation locations, span-
ning from 0.6 to 1.37. For the spruce-fir locations, the forest floor-to-forest litter C/N ratio appears 
to decrease with increasing tree age, but this is not the case for the hardwood and pine plantation 
locations (Table 16.2).

Figure 16.5 shows how the best-fitted N mineralization adjustment parameter α varies with the 
best-fitted biomass mineralization parameter β (left) and the Table 16.2 specified C/N ratio of the 
forest litter (right). The resulting patterns reveal again noticeable α-versus-β differences for the IFS 
hardwood, spruce-fir, and pine plantation locations. In addition, there is a significant decrease in the 
best-fitted N mineralization parameter (α) as the forest litter C/N ratio increases from the hardwood 
through the spruce-fir to the pine plantation locations, in which the TL and DL locations are recog-
nizable outlier. The patterns displayed also reveal that the plot-to-plot α and β variations for the LP, 
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NS, and SB Plot 1 and Plot 2 locations are considerably smaller than the wider location-to-location 
variations. This is also true for the DL19 and DL40 locations of the Jorgensen et al. (1980) report but 
not so for the IFS-reported DL location (tree age = 23 years). For the latter, the forest floor C/N ratio 
is exceptionally high while the parameters for biomass and N mineralization are exceptionally low.

Figure 16.6 shows that the results so achieved are in general agreement with the sequential 8-year 
forest floor biomass and mineralization results reported by Jorgensen et al. (1980) for the DL19 and 
DL40 loblolly pine locations within the Duke Forest of Northern Carolina. Similar agreements were 
achieved for the loblolly pine forest floor biomass and mineralization results reported by Piatek and 
Allen (2001).

The scatterplot in Figure 16.7 shows that IFS-reported forest floor biomass at IFS-reported tree 
age generally exceeds modeled forest floor biomass by 36% and does not fall below the 1:1 line. 
Greater than modeled forest biomass accumulations are likely due to antecedent forest floor biomass 
prior to forest cover reestablishment. In contrast, the model calculations start at zero forest floor 
biomass at zero forest age.

FIGURE 16.2  Modeled forest floor biomass (A) and nitrogen accumulations (B) along the y-axis in tonnes/
ha for the Turkey Lakes (TL) location over 200 years (x-axis), assuming constant forest litter input from year 
to year as specified in Table 16.1. Also shown for the same location: related changes in C/N ratio (C) and N% 
(D) for the forest floor. For comparison, the corresponding forest floor biomass and N% concentrations are 
shown for the Huntington Forest location (HF) at bottom left (E) and right (F).



428 Ecological Forest Management Handbook

The turnover times of the accumulating forest floor biomass and N are plotted in Figure 16.8 for 
each IFS location, grouped by forest type. These times are similar for the pine plantations and the 
tolerant hardwood sites while the reported tree age range is much wider for the latter. In contrast, 
the modeled turnover times are widest for the spruce-fir locations, likely due to the higher spruce-
firlignin content.

Figure 16.9 shows how the forest biomass and N accumulate over time at the three DL locations 
overall and at modeled turnover times. In general, the biomass and N accumulations so derived 
amount to 66.2 ± 2.3% and 64.7 ± 4.6% of the biomass and N accumulations at steady state (see 
Table 16.3).

FIGURE  16.3  Modeled forest floor N% changes (y-axis) over time (x-axis) at the Turkey Lakes (TL), 
Huntington Forest (HF), and Great Smoky Mountains Beech (SB) locations, as implied by the low C/N = 17.8 
ratio at TL (where N% increases), the CN = 42.3 ratio at HF (where N% stays the same), and the CN = 58.3 at 
SB (where N% decreases).

FIGURE 16.4  Dot plot showing the ratio of the forest litter C/N ratio over the forest floor C/N ratio (y-axis) 
against the forest floor C/N ratio (x-axis) at each IFS location. These dots are joined by polygons to reveal the 
dot-implied pattern by forest type, i.e., tolerant hardwoods (thick solid line, mostly at left), spruce-fir combina-
tions (thin solid line, at center), and pine plantation (thick stippled line, mostly at right). Also overlaid is the 
best-fitted y-versus-x regression line (dotted points).
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FIGURE  16.5  Dot plotting the biomass-adjustment parameter α versus (i) the N-adjustment parameter  
β (Panel A) and (ii) versus the forest litter C/N ratio (Panel B) for the IFS locations, polygon-joint by hard-
wood, spruce-fir, and pine plantation locations, as in Figure 16.4. Also shown are the best-fitted y-versus-x 
regression lines.

FIGURE 16.6  Actual (black dots) and modeled (heavy black lines) forest floor N concentrations (Panel A) 
and percent of N remaining (Panel B) within the sequentially accumulated forest litter at the Duke Forest 
DL19 and DL40 loblolly pine plantations (y-axes), plotted over the course of eight years (x-axis). Black dots: 
taken from Jorgensen et al. (1980); open dots with point-stippled lines: best-fitted y-versus-x regression model 
through the black dots.

FIGURE 16.7  Dot plot of actual (y-axis) versus best-fitted (x-axis) forest floor biomass at reported tree age 
for each IFS location, with best-fitted regression equation and 1:1 line overlaid. On average, the reported bio-
mass at tree age exceeds the modeled biomass by 36%.
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Based on the report by Berg (2000) and the earlier results, there appears to be a general associa-
tion between the forest floor decomposition index FFDI, litter lignin % and litter N % by forest type 
(Figure 16.10). While not in exact correspondence, the FFDI and lignin % versus forest plots have

	 (i)	 the widest variations across hardwood litter,
	 (ii)	 the least variations across spruce-fir litter, and
	(iii)	 generally the lowest litter N% levels across the pine plantations.
	 (iv)	 a high 20–50% lignin range which, in part, refers to the final lignin content of decomposed 

forest litter, i.e., [Nf].

FIGURE 16.8  Log-log plot of forest-floor biomass (grey dots) and N turnover (black dots) times (y-axis) ver-
sus reported tree age (x-axis), with dots polygonized by forest type, i.e., tolerant hardwoods (thick solid line), 
spruce-fir combinations (thin solid line), and pine plantations (thick stippled line).

FIGURE 16.9  Line plots for modeled forest floor biomass (Panel A) and N% (Panel B) along the y-axes 
versus year along the x-axes at the Duke forest DL, DL19 and DL40 pine plantation plots, assuming con-
stant litter production rates, initially falling on bare ground and at model-generated arrow-indicated turn-
over times.
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Figure 16.10 therefore implies that the 0.2–1.8 N% range is in part due to increasing N retention 
with increasing lignin %, but with hardwood litter exhibiting wider initial and final N% ranges than 
spruce and pine litter (Berg 2000; Kreutzweiser et al. 2008; Wang et al. 2021).

16.5  CONCLUDING REMARKS

At the base of tracking changes in forest floor biomass and nitrogen accumulations over time is the 
CIDET-generated parametrization of fast, slow, and very slow forest litter decaying processes, as 
affected by litter type and climate (Table 16.1). While it is assumed that annual per hectare forest 
litter productions remain the same year after year, they differ substantially across the IFS locations 
(Table  16.2). The assumption of constant litter production per year is, however, not mandatory, 
because the model formulation can accommodate changing forest litter production rates if tracked 
or projected over time based on actual or projected climate and forest disturbance patterns.

To further generalize, the model can be applied to many more forest locations for which summa-
ries regarding forest litter production, forest floor biomass (e.g., Reichle 1981) and N accumulations 
are also available. In addition, the formulation can be used to track other nutrients such as Ca, Mg, 
K, P, and S, and there is the need to address wood and root decay above and within the mineral soil  
as well. In this regard, Tables 16.1, 16.2, and 16.3 provide a starting point for quantifying long-term 
forest type and location-specific production and related above- and below-ground decay differences 
at the per hectare level.

As illustrated, the proposed model provides an efficient means to ascertain forest floor biomass and 
N turnover times: only one parameter (b) needs to be calibrated once reported or expected forest litter 
production and forest floor biomass and N accumulations are specified. The resulting model-estimated 
turnover rates are generally but not always somewhat slower for N than for biomass. Over time, the 
model consistently projects 62% to 64% of the tree-age reported biomass and N accumulations. This 
difference is in part due to setting modelled biomass and N content to 0 at time 0.
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