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ABSTRACT

Nitrogen often limits the productivity of loblolly pine in the southeastern United States.
The amount of nitrogen available to roots depends on organic-matter decomposition on the
forest floor and in the soil, on influx by rain and fertilization, and on uptake by roots.
Nutrient concentrations have been observed in tree parts, forest floor, and minéral soil, and
growth rates of stems, branches, needles, and roots are well known. Synthesis of this
information has led to a simulation model, which integrates rates of nitrogen transfer
between and changes within several compartments in the nitrogen cycle. The model
calculates growth of trees from basic processes where nitrogen limits assimilation. Critical
areas for further research in relation to plantation productivity are indicated.

One problem impeding the improvement of forestry practices is the long time
delay before the effects of certain management practices can be measured by
changes in yield. Except for young stands, yearly weight increments seldom
exceed 10% of the standing crop, and the natural variation in tree size severely
limits the detectability of small, but nevertheless important, changes in growth
rates and yield. The interrelations of physiological, microbiological, and
silvicultural aspects of productivity of plantations add another dimension to the
problem. Therefore, little of the knowledge concerning the physiology and the
nutrient requirement of forests has been of use in forest-productivity predic-
tions.

Simulation techniques provide a tool to integrate the knowledge of basic
processes in a system, such as a plantation, and to study growth and productivity
as a function of cultural measures. Simulation methods, which have been applied
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successfully in many fields of scientific research, have been used to describe the
behavior of the total system from knowledge of individual basic processes which
could not be derived otherwise (De Wit and Goudriaan, 1974).

To summarize the many individual processes and point out how they may
affect productivity over many decades, we have made a simulation model of
even-aged pure loblolly pine (Pinus taeda) plantations. Loblolly pine is a major
source of timber and pulp in the southeastern United States. In significant areas
loblolly pine production is limited by the availability of nitrogen in the soil
(Wells, 1970). Such production systems are suitable for simulation because the
even-aged stands have a relatively simple growth pattern. Annual nitrogen input
by rain is well known. The amount of basic information available for loblolly
pine should allow the model to more precisely predict the behavior of this
system in response to cultural practices. Another important function of the
model is that it indicates more clearly than any other method the most relevant
areas for future research.

With our model we try to describe growth in even-aged loblolly pine
plantations from seedlings to mature trees on sites where nitrogen availability is
limiting. Such sites are characterized by a site index of 50 to 90 (height of
dominant trees in feet at 25 years of age) where rotation occurs every 25 to 40
years. Although nitrogen is the growth-limiting factor over a 2- to 3-year period,
severe droughts can also limit growth in some years. We define growth as the
increase in dry matter in aboveground and belowground parts of the vegetation.

Nitrogen is present in the soil, forest floor, and trees, and a variety of
processes are responsible for its flux in the system. Dropping of needles,
branches, and stem bark carries nitrogen to the forest floor, as does thinning and
harvesting. Decomposition returns nitrogen to the soil, and artificial fertilization
may also be used. The annual influx of nitrogen by rain amounts to 6 to 10 kg
ha™ year? in the Piedmont area of North Carolina, while efflux by drainage is
10 to 50 times less. Rates of fixation of gaseous nitrogen and denitrification are
small (Wells and Jorgensen, 1973), while burning causes about 7% of the
nitrogen in the biomass to move out of the forest.

Only those plantations will be considered in which the number of trees and
shrubs in the understory is kept low. In such forests normal practices include
thinning and prescribed burning; artificial fertilization is currently under
consideration. Duration of a rotation and the intensity and frequency of the
above-mentioned measures can be manipulated by the forester in accordance
with various production policies.

Two standard situations will be used in the modeling effort. These include
plantations managed as described above with a 25- or 40-year rotation. Trees 25
years old are harvested mainly for pulpwood, and trees 40 years old, for timber.
The growth rate of a forest with a stocking density that is optimized for timber
production and the density of trees (Fig. 1) was taken from Wahlenberg (1960).
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Fig. 1 The annual biomass production and the number of surviving trees at
different ages in an optimally stocked plantation. (Adapted from Wahlenberg,
1960.)

THE MODEL

Mineral soil, forest floor, and the loblolly pine trees are the major
components of the system. The rooted layer of the mineral soils of pine forests
is often shallow (0.5 to 1 m) and contains 40 to 100% of the nitrogen in the
forest (800 to 3000 kg/ha). Most of the nitrogen is in organic compounds, which
need decomposition before becoming available to the root system (roots plus
mycorrhiza). About 4% of the total nitrogen annually becomes available to the
trees (Wells' and Jorgensen, 1973). The amount of this fraction is affected by the
physical structure and the water content of the soil, probably via its aeration. In
areas with well-distributed rainfall, as in the Piedmont, this fraction is relatively
constant. Rapid root turnover (Harris, Kinerson, and Edwards, 1973) and
chemical absorption to lignin (Beek and Frissel, 1973) annually fix 30% of the
available nitrogen into dead roots and humus.

Nitrogen in rain and fertilizer is predominantly in the form of NO3 and NH;
and should be available for uptake within 1 year. Nitrogen moving from the
forest floor into the soil is predominantly unavailable to the trees and requires
alteration before uptake -occurs. Little nitrogen is present in stemflow and
throughfall. Unlike nitrogen in rain, stemflow and throughfall cause only a
redistribution of nitrogen in the system.
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Beek and Frissel (1973) constructed a model from basic principles to
simulate decomposition processes in soils. This model simulates decomposition
processes over periods of months, but its authors already indicate that the
knowledge is still lacking for extrapolation to longer periods or greatly different
soil or climatic conditions.

The forest floor consists of dead needles, branches, and stem bark normally
less than 15 years old. The forest floor contains 0 to 15% of the total nitrogen in
the plantation. Its decomposition results largely from microbial activity. Conifer
litter has a very low nitrogen content (a carbon/nitrogen ratio up to 100), which
supposedly limits microbial activity. The rate of decomposition of total biomass
is greater than the nitrogen release; so its carbon/nitrogen ratio decreases. The
carbon/nitrogen ratio is assumed to be the key factor that controls the rate of
decomposition and nitrogen release. In addition to what is expected on the basis
of its carbon/nitrogen ratio, 5 to 15% of the freshly fallen litter decomposes in
the first year on the forest floor. This is probably due to degradation of easily
accessible material, such as protoplasm.

Wells and Jorgensen (1973) observed forest-floor decomposition and
nitrogen contents of soil and tree fractions in experiments carried out over more
than a decade in Duke Forest and more recently in the Eastern Deciduous Forest
Biome—International Biological Program at the forest stand at Saxapahaw
(Murphy et al., 1973); both sites are in the Piedmont region of North Carolina.
Our study draws heavily from their results, most of which are annual
observations. The rate of decomposition and nitrogen release of the forest floor
is simulated by treating 20-year classes of litter separately. In each class the
amount of biomass and nitrogen is simulated. Decomposition rates are calculated
from the ratio of total carbon and nitrogen per layer, rather than treating
needles and branches separately. To avoid the detailed calculation of the water
status of the litter, we ignored the effect on decomposition of increasing
humidity in lower layers. In a stable climate, errors resulting from this
simplification are small over the time scale used. With these simplifications,
decomposition and forest-floor buildup are simulated quite well in the Piedmont
area, but the model eventually needs to include effects of temperature and
humidity on decomposition for application in other climatic regions.

Trees were subdivided into roots, stem wood, stem bark, branches, and first-
and second-year needles. Total dry weight and nitrogen content are simulated
for each of these fractions. Needles have a life span of 1% years. Before needles
fall, 30 to 50% of the nitrogen of second-year needles is stored in the tree for
next spring’s growth. Branches in the bottom of the crown grow only a few
needles and soon die. It was assumed that 50% of the branches older than 5
years are removed by self-pruning. The self-pruning rate of branches decreases
somewhat if the individual tree grows faster than the average. It is assumed that,
once the bark for 1 year is laid down, it begins to slough off at a rate that results
in a 25% loss of the bark at age 10, 50% by age 20, 75% by age 30, and the loss
of the remainder of the 1-year bark increment by age 40.
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We obtained the growth rate of the simulated plantation by subtracting the
respiration for maintenance of cell integrity from the total-stand assimilation.
Annual forest assimilation is thought to be dependent on the total amount of
nitrogen in the needles, thus accounting for changes in assimilation by changes in
biomass and nitrogen content of the needles. A simple description of annual
maintenance respiration relates its rate to the nitrogen content of the living tree
parts. The biochemical composition of the biomass produced annually changes
little with age or site so that growth respiration is a constant fraction of growth
rate (Penning de Vries, 1974). At the present stage of knowledge of tree
assimilation and dissimilation and the general level of detail in this model, it is
not appropriate to make more refined calculations of tree growth.

In our model the limiting effect of nitrogen is on assimilation, rather than on
growth as such. Some observations support this assumption (Kozlowski and
Keller, 1966}, but this very important relationship requires further investigation.
The rate of photosynthesis per unit of surface of loblolly pine needles is low.
However, photosynthesis per gram of nitrogen in needles is high (Higginbotham,
1974), which also suggests that nitrogen limits photosynthesis.

Observations by Wahlenberg (1960), Ralston (1974), and others provide an
estimate of the distribution of the total biomass increment over the tree
fractions (Fig. 2). In young trees most of the annual growth goes to branches
and needles, whereas in mature trees stem wood gets the largest share of growth.
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Fig. 2 Distribution of annual biomass production to the various tree fractions
for the standard case as a function of age.
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The difference in the distribution of biomass among tree organs and the
relationship of this distribution to tree density suggest that growth per tree is an
important variable. Tree growth pattern can be simulated by dividing actual tree
growth by the growth per tree in the optimally stocked situation. If the resulting
ratio is greater than 1, stem and branch growth are stimulated more than other
factors, but, if the ratio is less than 1, these fractions are reduced the most
(Fig. 3). For the calculated growth rate to be met in conditions where the
relative growth per tree is not equal to unity, the growth of needles and roots is.
given first priority, and the remainder of tree growth is distributed over stem
wood, stem bark, and branches. Because a larger share of the assimilates in
young trees is used for needle formation than in older ones, the relationships
between relative growth of stem wood, stem bark, and branches depend on the
age of the trees.

The concentration of nitrogen in the annual increment of each of the tree
fractions is related to the relative availability of nitrogen in the soil (Fig. 4). The
relative availability of nitrogen is expressed as the amount of soil nitrogen
available for uptake divided by the amount taken up in a well-stocked stand of
the same age. It is assumed that the effect of nitrogen availability on nitrogen
content does not change with age. Data to construct Figs. 3 and 4 come mainly
from careful, but subjective, observations of forest growth since existing data
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Fig. 3 The relationships for distributing growth over tree fractions for
nonstandard cases as a function of available assimilates, expressed as relative
growth per tree, Both axes are normalized with respect to the standard case.



76 DE VRIES, MURPHY, WELLS, AND JORGENSEN

0.016 p—
Needles

Stem bar|7

Branches

0.009 —

NITROGEN CONTENT, g N/g dry matter

Stem wood

| 1 | | |
0 1 2 3 4 5
AVAILABILITY OF NITROGEN

Fig. 4 The relationships between the relative availability of soil nitrogen with
respect to the standard case and the nitrogen concentration of the tree
fractions.

usually concern growth alterations due to change of these factors simulta-
neously.

Simulation of the number of trees per hectare includes removal by thinning;
a natural death rate of 2% per year for the first 10 years and 0.8% thereafter.

The present model can be adapted easily to simulate distribution of other
nutrients and growth when these nutrients limit tree assimilation. Also,
simulation of these processes on plantations containing other: tree species will
change little of the model’s basic structure. For these changes, ﬁowever, we must
have adequate knowledge about the species and nutrients.

SIMULATION PROGRAM

The model describes the physiological, microbiological, and mechanical
processes relevant to nitrogen distribution and forest growth. Its computer
program is formulated in the simulation language Continuous Simulations
Modeling Program (CSMP; IBM, 1972). This user-oriented language provides
many input and output facilities and allows a deductive style of program writing
which improves its readability. A preprocessor is used, which expands a
shorthand notation of repetitive features into CSMP (De Wit and Goudriaan,
1974). This program integrates the rates of change over 1 year and reports
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resulting amounts of nitrogen and biomass in the various parts of the system.
Further integration occurs from the recalculation of the rates of processes
resulting from the amounts of biomass and nitrogen in the various parts of the
system. The cycle is repeated until the required time span has elapsed. Sudden
modifications of distribution caused by cultural practices are taken into account.
Rates are calculated on an annual basis to avoid more detail in input and output
than is useful. A listing of the program is available on request.

MODEL BEHAVIOR IN SITUATIONS WITH
AND WITHOUT OBSERVATIONS

When the parameters of the model are set to simulate growth in the standard
situation, the predicted values correspond well with observed rates (Wahlenberg,
1960), and the distribution of biomass over tree organs agrees well with reality
(Ralston, 1974). Since many of the basic inputs were taken from the standard
situation, agreement is to be expected. Thus the consistency of the model is
emphasized. Weights of the tree fractions change over time in the standard
situation, where growth was permitted to continue for 100 years (Fig. 5). Few
observations are reported on growth rates of needles, branches, and roots in
plantations; so even in the standard situation a thorough evaluation of model
behavior is impossible. Decomposition of litter and buildup of the forest floor
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Fig. 5 Simulated 'growth of biomass of tree fractions in a standard situation
with thinnings at age 15 and 25 years.
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corresponds closely to that reported by Wells and Jorgensen (1973). Nitrogen
content of needles increases significantly after thinning (Boggess, 1959), and the
simulation program calculates a similar pattern in response to the smaller
number of trees that take up nitrogen.

The model was tested under more extreme conditions. The tests included
growth in rotations as short as 10 years with whole-tree harvests and as long as
100 years; plantations on soils with two and one-half times as much nitrogen as
the standard plantations and with five times less; and four times as many trees
per hectare initially as in the standard case and four times less. Various
short-term perturbations, for example, heavy thinning, heavy fertilization, and a
hot fire each 5tb year in plantations older than 15 years were imposed to check
model stability. The constancy of the total amount of nitrogen in the system,
corrected for the nitrogen added by rain and fertilization or lost by fire and
harvesting, was checked after each integration. Many of the results of such tests
cannot be validated objectively because of the lack of observations. In such
situations the experience of a forester is very valuable in judging the simulated
results. The behavior of the model in these situations seemed realistic, although
growth after age 60 was often too high. At soil-nitrogen contents of 600 kg/ha
or less, the calculated annual nitrogen uptake can approach or even exceed the
amount of available nitrogen present. Thus the assumption that rates can be
calculated for one growing season using data from the last growing season is not
correct. A time interval of about a month should be used to account for
feedback of nitrogen on growth rates within 1 year. The present version of the
simulation program is not adaptable to change in the time-step interval.

Assuming that the structure of the model is a legitimate simplification of the
real world, we made sensitivity analyses of those parameters for which numeric
values were estimated. These analyses indicate that parameters of major
importance are:

(1) The amount of energy consumed in biochemical maintenance processes.
A consumption rate of 50 kg of carbohydrates for maintenance for 1 year of 0.5
kg of nitrogen in needles, 1 kg of nitrogen in bark and branches, 1.7 kg of
nitrogen in roots, or 3 kg of nitrogen in stem wood has been used in most
simulations. The resulting maintenance respiration rate resembles that in actual
plantations. Predicted forest growth is sensitive to this parameter, and the
partitioning, which has little fundamental basis, is important. Only physiological
and biochemical research will result in better estimates and improved model
structure. '

(2) The fractions of soil nitrogen that are transferred between the available
and unavailable pool. The numeric value used is an educated guess, but it is an
important number to relate absolute soil-nitrogen contents to nitrogen uptake
and growth rates. Its constancy at all nitrogen contents may be questioned.
Microbiological and physiological research can provide better data for the
description of these processes.
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(3) The fraction of the nitrogen in biomass lost by burning. Its value is about
0.7. When burning of the forest floor is included in the management practices,
hundreds of kilograms of nitrogen are lost from a plantation per rotation, which
makes. it a very important parameter in the long run. A better knowledge of its
variabi‘lity should prove rewarding in terms of this simulation model.

(4) The fraction of nitrogen in second-year needles that is transferred back
into the tree before needles fall. This fraction is set to the constant 0.3, but it
may vary between years. If stems drop green needles, very little is recycled into
the tree. This parameter determines largely the carbon/nitrogen ratio of
forest-floor layers and thus litter decomposition and forest-floor buildup.
Productivity of harvestable wood is calculated to be 5% larger than that in the
standard simulation run if the fraction transferred amounts to 0.6; it drops by
6% if this fraction is 0. In both cases the nitrogen from old needles is recycled to
the tree, but the fastest recycling gives the best growth response. However, if the
forest floor is burned, much of the nitrogen is not recycled. Making further
observations about this fraction seems relatively simple and useful, particularly
for situations where forest-floor burning is intensive.

(5) The amount of nitrogen added by rain. Numerically this amount is
similar to the net influx of nitrogen when rain and drainage are important.
Varying this number over a twofold range affects stem-wood formation little for
one or two decades but becomes of major importance when accumulated over
one or two rotations. Predictive values for the annual amount of nitrogen added
by rain or lost by drainages are therefore important numbers for long-term
forest-productivity predictions.

Results of simulation of growth at sites with different soil-nitrogen contents
are plotted in Fig. 6 and show a positive response in productivity up to a
soil-nitrogen content of about 3000 kg/ha, followed by a slight decrease, if any,
above this number. The productivity is calculated as the weight of stem wood
and harvestable roots (supposedly 50% of root weight) obtained in thinning and
final harvest divided by the duration of the rotation and amounts of 4000 to
7400 kg dry matter ha™ year (about 110 to 205 ft® acre™ year) in a 25-year
rotation. Wahlenberg’s volume table (1960) at age 40 was converted from a site
index of 50 years to a site index of 25 years and added to the ordinate of Fig. 6.
The productivity is about 500 kg ha™ year™ (14 ft*/acre) higher in a 40-year
rotation where wood formation is emphasized (Fig. 2) during a larger fraction of
the rotation. The productivities at soil-nitrogen levels below 2200 kg/ha were
obtained by keeping the pool of unavailable nitrogen constant to prevent soil
exhaustion.

The highest rate of productivity in Fig. 6 is about 7800 kg ha™® year (218
ft> acre™ year™) and slightly exceeds Wahlenberg’s maximum. In the model the
maximum results from the assimilation and dissimilation rates for which numeric
values are not well established may have been too high and too low, respectively.
Recent observed rates of CO, exchange in plantations (Higginbotham, 1974)
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Fig. 6 The effect of soil nitrogen on the mean annual harvest for rotations of
25 and 40 years. The arrows indicate the effect on soil nitrogen of three
treatments carried out during four rotations of 25 years: (1) complete removal
of trees from thinnings and harvests (—1860 kg/ha); (2) removal of stems with
harvests followed by slash burning (—1770 kg/ha); (3) removal of stems only
at thinnings and harvests (—1610 kg/ha); (4) represents nitrogen influx by rain
(+800 kg/ha).

will provide a basis for improvement of this part of the model. The small
decrease in stand productivity at the highest soil-nitrogen levels in Fig. 6 results
from high maintenance cost of the biomass, which is a response to the nitrogen
concentrations in these situations (Fig. 3). A plantation with a site index of
about 70 has a nitrogen level of about 1400 kg/ha in a 0- to 60-cm layer of the
forest floor. This point is below the curve in Fig. 6, suggesting that more
nitrogen per year becomes available from the unavailable pool than was assumed.
The response of simulated productivity to fertilization, however, agrees very well
with observed stem growth (volume inside bark) in loblolly pine plantations at
poor sites. The growth in a 5-year period was increased up to 10,000 kg dry
matter at a fertilization rate of 4001b of nitrogen per acre and decreasing
beyond this rate (Wells etal., 1974). In Wells’ model less than 0.3 of the
nitrogen added to the soil ends up in stem wood within 5 years, but in our
model the effect of fertilization persists for 6 to 10 years. A small backlash in
productivity was calculated after heavy fertilization owing to the increased load
of maintenance respiration and diminishing assimilation.

In Fig. 6 the amount of nitrogen removed in four rotations of 25 years is
shown with three alternative management practices: the standard situation
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where slash is left at the forest floor to decompose, burning of the slash at the
plantation, and removal of whole trees from the plantations. In each case the
nitrogen influx by rain is smaller than that of nitrogen removal, and the
soil-nitrogen content drops significantly.

Figure 6 could have been constructed without a computer program.
However, accounting for effects of a multitude of factors in a dynamic situation
is possible only with the use of a predictive computer model. Some examples of
productivity and the amount of nitrogen removed from plantations with various
harvesting procedures or stocking densities are summarized in Table 1. Burning
in particular causes large amounts of nitrogen to be lost. Frequent burning of the
forest floor removes only slightly more nitrogen than burning once before a new
rotation (standard case). Although burning removes much nitrogen in the long
run, its effects are small in terms of the change of productivity within one
rotation. The increased rate of cycling of a part of the nitrogen opposes the
decrease of the total nitrogen in the system, leading to a small and temporary
productivity increase. Frequent burning of the forest floor in actual loblolly pine
plantations for 10 or 20 years has not shown any clear effect on tree growth
(Ralston, 1974). Slash burning or whole-tree harvests remove slightly more
nitrogen from a plantation than forest-floor burning. Fertilization increases the
nitrogen content of the biomass, thus increasing nitrogen losses at harvest.
Productivity (in kilograms per hectare) at high stocking densities without thinning
is almost equal to that in the standard case, and the rates of nitrogen removal are
similar. Although the weight of the standing crop is larger just before the final
harvest in these stands, no intermediate yields have been obtained by thinning.
This makes plantations less productive at lower stocking densities without
thinning.

Woodmansee and Innis (1973) simulated growth of a lodgepole pine forest
for sites where productivity is limited by potassium. Their study has much in
common with the present model. They describe the growth rate of the forest as
a function of age and potassium availability. Less attention is paid to the
distribution of biomass of tree organs. Their conclusions about the rate of
removal of nutrients from a plantation are numerically smaller but essentially
similar to the ones reported here.
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TABLE 1

PRODUCTIVITY AND RATE OF NITROGEN REMOVAL IN LOBLOLLY PINE
PLANTATIONS RESULTING FROM VARIOUS TREATMENTS

25-year rotation 40-year rotation
Nitrogen Nitrogen
removal,® Productivity,t Density, 1 removal, Productivity, Density,
kg/ha kg/ha wees/ha kg/ha kg/ha trees/ha

Standard treatment 21.0 6960 850 15.6 7550 550
Burning slash 25.0 6960 850 18.0 7550 550
Whole-tree harvests 26.7 6960 850 19.1 7550 550
No forest-floor burning

before next planting 8.4 6960 850 8.0 7550 550
Moderate forest-floor

burning§ 228 7040 850 21.8 7575 550
Fertilization,{

kg N ha™ year™

200 229 7150 850 16.6 7675 550

400 24.6 7240 850 17.5 7750 550

600 ) 18.1 7800 550
Planting density,**

trees/ha

2250 232 7080 1700 15.6 7625 1580

1500 19.6 6400 1150 15.8 7400 1050

1000 195 5320 860 15.3 6625 700

*Total nitrogen lost (kg N ha™ year') by harvesting and burning from a plantation in onc rotation divided by

the duration.

tCalculated (kg dry matter ha™ year™) as total stem- and stump-wood weight harvested at the end of a rotation

divided by the duration of the rotation.

$Productivity divided by the number of trees per hectare at the end of the rotation indicates size of individual trees.
§ At ages 15, 20, 30, 35, 40 years.
qTwo years after thinning.

*°*No thinning.
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