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Although the usual description of the forest carbon cycle describes the steps
(photosynthesis, respiration, harvest, forest products) it does not give one a
sense of the losses in each step.

This diagram shows that of the net photosynthesis about half is respired by the
trees, and only a fraction of what is left goes into new growth or net primary
production. Actually a large fraction (up to 100%) of the net primary
production can go toward replacing dying parts and trees. Even in a young
forest at least 2/3 of the net primary production is allocated toward replacing
dying parts and trees.

There are further reductions in the net gain in carbon as well because the
increases in the live parts are offset by losses from the decomposing parts that
have died. This is the net ecosystem production term. This term can actually be
negative (say after a disturbance).

The net carbon balance of the forest also depends on how much is removed
either by fire, harvest, leaching, erosion, and other “lateral” transfers. In this
case all the gains in net ecosystem production (NEP) are offset by harvest of
wood.

The harvested wood is input into the forest products sector, but only a fraction
ends up as products that last more than a few years (in this case only 50%). Not
all this material results in a growth in the forest products pool, much of it goes
toward replacing older structures that have decayed, burned, or been torn
down. So only a small fraction of the harvest results in a new store.

So we really don’t have a lot of carbon to work with in a forest.



Carbon dynamics in a forest stand
Figure 4a
800
—Live —--Dead — Soil Total
700 q
T 600 -
<
= 500 -
[0
S 400 -
-— M
()
_ ]
g 300
gv 200 t
100 ] ] [ o o ]
0
400 500 600 700 800
Time [years]

Change in carbon stores following timber harvest. The live carbon probably
looks familiar: it drops to O once the trees are cut, them followed the good old
s-growth curve, the cycle repeats itself. The rate live C accumulates slows in
part because more and more C is being allocated to replacing mortality of
trees. Other major ecosystem component however do not change in sync with
tree biomass or timber volume for that matter. Dead biomass is receives a big
influx of material following harvest, and this if not just needles, tops and
branches — a large portion of it is stumps and roots. All this material
decomposes and loses C gradually over many years and decades; the dead
pools declines for a while then increases again as dead material inputs from the
new stand exceed losses from decomposition. Soil C pool changes over time as
well but those changes are relatively minor at the time scale decades and its
increase lags the dead pools which form its source. The total C pool in a forest
changes similar to live biomass but there are some notable distinctions: live
biomass is about one-half of the total C store; the other half is NOT in sync.
Because of that total the C stores decline for 10-20 years following disturbance
and this means that the forest is a source of C even as new generation of trees
actively accumulates C. The divergent dynamics of live biomass and dead
organic material is key to understanding distinction between optimal
management for timber production and the optimal management for C stores
on forest land.



Net Change in Carbon for a forest stand
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Here we can look at the net change in all the carbon stores in the forest over
time. We can see that in the old-growth forest being simulated there is a slow
loss of carbon stores over time, but it is close to being in balance.

When the forest is harvested on a 100 rotation we see a sudden drop in carbon
stores as wood is harvested and site preparation fires remove carbon. Some of
this carbon appears in the forest products sector.

This is followed by a loss of carbon from decomposition of slash, other dead
carbon, and soil carbon. Eventually these losses are offset by gains in the live
carbon part of the system. Also as the forest approaches 100 years of age there
is some accumulation in the dead pools.

When the forest is harvested the cycle repeats itself.
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I hope this visual aid will help:

While this forest certainly has growing trees (Seedlings) it is hard to envision
how they could be offsetting the losses in the larger dead stumps, roots, and
other forms of decomposing material that dominate this stage of succession.




The role of disturbance

= Transfer of material from live to dead carbon
pools and out of the forest

= Transition of forest stand from sink to source;
then back to sink as new stand develops

« for an individual stand the impact depends on the
selected time frame

= Average carbon stores are constant over a
landscape where a selected management
option is repeated indefinitely
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Forest disturbance is a major impact on C stores

It causes transfers from one type of pool to another and release to the
atmosphere.

A significant confusion in literature about the impact of forest management
practices on carbon stores is related to the fact that for an individual stand the
impact depends on the selected time frame. At the level of an individual stand
in a given year or decade it is actually impossible to evaluate the impact of
forest management.

At a landscape-scale analysis can be more meaningful because we can compare
the averages of carbon stores over a landscape where a selected management
option is repeated indefinitely and those are constant as long as the regime is
maintained. This idea tends to be a bit of a mental hurdle, let me try to explain
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Let’s now consider what happens to a stand when we harvest an old-growth
forest and put it on a repeating cycle of harvests.

The first cyan line is for a 40 year rotation. We see the stand loses carbon
initially, but eventually starts to gain carbon, then it is harvested and cycle
starts again. Notice that in time the forest moves around a mean store and that
this mean is lower than the old-growth store.

We can look at other intervals between forests. You should notice that as the
interval becomes longer the frequency decreases and the amplitude increases.
However, you can also see that the mean that the cycle moves around increases
as the interval of disturbance increases.



Landscape translation
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We can get a clearer picture if we run the model for a large population of
stands within a landscape. This gets rid of all those ups and downs and just
shows the mean trend, which by the way is the landscape average of many
stands.

Clearly rotation length makes an important difference. One can gain a 50%
increase in C stores by extending rotation from 40 to 100 years. And it makes
sense — keeping trees growing and accumulating C should lead to more C in
live biomass and in other forest C pools as well. But what about forest
products? Their output and C store will decline, right? And will lose the
benefit of substituting wood for energy intensive products on top of that? Well,
we will compare gains and losses later in the presentation.
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All the preceding was based on simulation models. These models are very
helpful, but is there any basis in reality?

This chart shows above-ground biomass inventories from 4 small watersheds
on the H. J. Andrews Experimental Forest. Notice that the watersheds that are
25 years of age have a lot less carbon aboveground than the ones that are
mixtures of 100 and 450 year old stands. If we assumed that the average carbon
store for these watersheds over time would be half of what we have here, you
can see that the forest rotation has a tremendous effect.
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Figure 5. Historic change and future projections of carbon stores in live forest biomass for private
ownerships and National Forests in the PNWW region. Units are in megagrams of carbon per hectare.

Analysis limited to live biomass show interesting differences between private
lands and national forests that are consistent with the conceptual model we
presented. While all scenarios in both ownerships project increase in C stores
the absolute values are vastly different: in NF the current level is over 200
TC/ha and pushes above 300 TC/ha 50 years into the future, on private lands
the pattern is similar but the C store values are 3 times lower — this is the scope
of long term impact of forest management on C stores.

These observations are completely in line with the predictions of our carbon
theory.
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Scaling from a stand to a landscape is absolutely essential. So we also need to
understand how the system behaves at the level of a landscape as well as a
stand. This is the ideal level to assess more policy questions. The question we
need to ask is why does one system sequester more carbon than another. In the
upper graph we see two systems, one disturbed by wind and another by timber
harvest every 50 years. Notice that carbon decreases after disturbance in each
system and that with time the system increases carbon stores. Also notice that
the negative parts of the lower graph are offset by the positive parts. This
means that for a landscape with all age classes present the landscape is
balanced. So the natural wind disturbed system removes zero carbon and so
does the harvest system. But the stores of the two systems differs. We can
also see that both disturbance regimes move about a mean, but the windthrow
mean is a lot higher. This indicates that if we move from the wind disturbance
system to the harvest system we actually lose carbon to the atmosphere. Or if
we move from the harvest system to the windthrow system one can actually
take carbon from the atmosphere.

11



15



Effect of Initial Conditions: Stand level
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Here is an example of the importance of considering the initial conditions.

In both cases we convert from a something to a plantation that is harvested
every 40 years. If we start from an agricultural field we gain carbon. If we start
from an old-growth forest we lose carbon. Notice that in time the forest is the
same regardless of the starting point.
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Effect of Initial Conditions:

Stand to Landscape translation
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Now let’s look at this from the perspective of not a single stand, but from the
perspective of a landscape that is being converted. We can see the stand level
line in red. But in a landscape we can’t convert everything at once. In this case
it takes 40 years (our harvest interval is 40 years). The blue line shows what
happens at the landscape level. As the landscape is converted it loses carbon,
but in time it comes into a balance and the stores of carbon don’t change much
over time.
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Here is a view of the effect of initial conditions at the landscape scale. As with
the stand level if we convert an agricultural field to a 40-year rotation we gain
carbon. If we convert an old-growth forest, then we lose carbon.
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Forest products sector

= Retains carbon in products
. Rates of carbon loss through decomposition and
combustion are similar to decomposition rates of coarse
woody debris on the forest floor
= Can contribute to emission reduction in other
sectors IF forest products reduce the use of fossil
fuels
« Gains are cumulative, but may saturate

= Net carbon gains (compared to no-harvest option)
take many decades (or centuries) to begin

3/25/2008 M. Harmon & O. Krankina-OSU

Trees are just so incredibly effective in capturing and storing carbon that it is
hard for our technology to compete. Because of that most measures reducing
timber harvest tend to create some increase in C stores on land.

Still we need to consider what happens to harvested carbon.



Only 20% of Harvest is Stored
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One often gets the impression that once carbon is harvested all of it ends up as
a carbon store. But there are losses in manufacturing and in use.

Based on FORPROD model, which takes in to account those losses, very little
of the carbon harvested in the PNW is currently stored. Probably on the order
of 20%. And yes this does include the stores in landfills.
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Forest Products-related parts
stand level
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This figure shows the temporal pattern of forest products-related pools over time at the level of
a stand. That is a stand is harvested, and this is what we might expect to see.

The forest products increase just after harvest as wood products are manufactured and then
used. In time this store decreases as products decay, burn, or are replaced. When a harvest
occurs this pool increases again.

Biofuels, assumed to be 12% of the harvest in this example increases each time there is a
harvest. Since this offsets fossil fuels it does not decrease and steps up each time a harvest
generates biofuels.

Since forest products take less carbon to use than other materials (e.g., concrete, steel, etc) one
might count that as a carbon offset. This effect is dependent on the proportion of the harvest
actually replacing these other materials. Here we assume that all the forest products are
replacing other materials. It is likely to be far less.

There are two lines in red. The solid line uses the assumption that there is no saturation of the
forest products substitution over time. It basically assumes that every time there is a harvest a
new set of buildings is created and that materials other than wood will always be used.

But notice the forest products line is not increasing! So in time the new harvest just replaces
the old buildings. This means in time one is just maintaining the offset, not adding to it!!!! The
dashed line shows the effect of considering whether the forest products offset exhibits
additionality (versus maintaining the status quo).
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Forest Products-related parts:
landscape level
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This is the same graph, but for a landscape. As with the forest carbon figures,
this eliminates the irregular spikes and steps caused by disturbance so you can
see the general trend.

Again the difference between assuming that forest products offsets saturate or
not is quite evident.

Something to consider. If the forest products substitution offset is not tied to
the amount of forest products then the longevity of forest products has no
effect whatsoever. This is not entirely sensible. It would make sense that the
two be related, building wooden structures that last longer should give one a
stronger, and longer forest products substitution effect.
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Stand Dynamics of Forest Products
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Now let’s consider what all the forest products-related stores would look like
over time for a stand harvested every 40 years.

We see that starting from an agricultural field that forest products-related
stores in the blue lines would increase. The amount of the increase is much
lower when additionality effects are considered.

For an old-growth conversion the system only gains carbon after the first
harvest when the additionality effect is ignored.
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“Landscape” Dynamics of Forest Products
40 year harvest interval

1200

— Ag->Plantation
1000 — OG->Plantation

— - Ag->Plantation-additionality

800 -
— - OG->Plantation-additionality

600 -

400 1

Carbon stores (Mg/ha)

T ——

200

o o — e ——m
—
——

0 50 100 150 200 250 300 350 400 450 500
Time (years)
3/25/2008 M. Harmon & O. Krankina-OSU

Here is the same set of conversions, but at the landscape scale. This gets rid of
all the spikes and steps to reveal the overall trend.

Notice that when additionality of forest product substitution effects is
considered that there is an increase associated with biofuels, but it provides a
very slow rate of increase



Stand Dynamics of Total System
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This figure shows what might be happening for the entire forest system (i.e.,
the forest itself and forest products-related stores) at the stand level.

Two sets of assumptions are presented about forest products substitution
effects.

In the case of converting an agricultural field to a plantation harvested every
40 years there is a gain in carbon, but the gain is a lot lower and persists for a
shorter time when additionality effects are considered.

In the case of the old-growth conversion case, the assumptions about
additionality become critical. When additionality is considered then the
conversion does not every surpass the store in the original forest.
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“Landscape” Dynamics of Total System
40 year harvest interval
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This figure shows what might be happening for the entire forest system (i.e.,
the forest itself and forest products-related stores) at the landscape level.

Two sets of assumptions are presented about forest products substitution
effects.

In the case of converting an agricultural field to a plantation harvested every
40 years there is a gain in carbon, but the gain is a lot lower and persists for a
shorter time when additionality effects are considered.

In the case of the old-growth conversion case, the assumptions about
additionality become critical. When additionality is considered then the
conversion does not every surpass the store in the original forest.
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What Happens If?

« We convert slow, decadent, decaying old-
growth forests that are not taking up much
carbon into:

* Young, thrifty, productive, vibrant forests
that are harvested to produce forest
products, biofuels, and substitute for
concrete, steel, glass etc.

« SOUNDS LIKE A WINNING PLAN TO
ME!

3/25/2008 M. Harmon & O. Krankina-OSU

The classic proposal to help remove carbon from the atmosphere.

27



Total Carbon Balance-totals- ideal conditions

Forest products= 75% Biofuels=12% Substitution 75% of harvest
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This figure shows the total carbon balance (forest and forest products-related)
for an old-growth conversion assuming that there is no additionality limitation
on forest products substitution.

The lines show the effect of converting an old-growth forest to one of these
systems. Each line shows a different interval of harvests. For all the intervals
considered here, there is a significant lag time before the system stores more
carbon than the old-growth system. The shorter the interval the longer the lag,
largely due to the fact it decreases the forest stores to a greater degree.

This might be a winning plan, but it would take a lot of time to win.
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Total Carbon Balance-less than ideal
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This figure shows the total carbon balance (forest and forest products-related)
for an old-growth conversion assuming that there is no additionality limitation
on forest products substitution. This is at the landscape scale.

The lines show the effect of converting an old-growth forest to one of these
systems. Each line shows a different interval of harvests. For all the intervals
considered here, there is a significant lag time before the system stores more
carbon than the old-growth system. The shorter the interval the longer the lag,
largely due to the fact it decreases the forest stores to a greater degree.

In this case the assumptions behind the forest products substitution are not as
generous, with limits on the amount of biofuels and forest product substitution
that can occur. It is half the previous figure. Noticed that none of the harvest
intervals gets back to the starting point even after 200 years.

None of these conversions seems like a winning plan.

20



Which might store more C?

» A forest left on it’'s own?

A forest that is frequently
harvested?

3/25/2008 M. Harmon & O. Krankina-OSU

It is usually assumed that harvesting forests will increase the rate of carbon
storage. After all harvested material is put into forest products and the forest
regrows etc. And if all the forest products-related stores are considered it
would appear that harvesting would increase the carbon sink.

On the other hand when we harvest, we only can tap into a small amount of the
carbon being stored. And there are losses in manufacturing and use of forest
products. Moreover, the harvest causes losses in dead and soil stores.

2N



Displaced fossil fuels

Energy for products

/ B

Short-lived products

Long-lived products

Cumulative carbon (tCfha)

0 10 20 30 40 50 60 0 &0 ag 100
Time (years)

Cumulative carbon changes for a scenario involving afforestation and harvest
(adapted from Marland and Schlamadinger, 1999)
3/25/2008 M. Harmon & O. Krankina-OSU

this graph comes from a paper that did a very detailed and thorough analysis of
the benefits associated with harvested wood. The authors are not from this
region but they actually used the Douglas-fir growth curve. The graph shows
the growth of a forest stand for 40 years followed by harvest and distribution of
harvested material is tracked — some of it goes into slash that is added to litter
pool, some becomes long-lived and short lived FP — the short-lived products
transition into landfills and decompose, some of the long-lived products are
still around at the time of next harvest. Then there are 2 pools shown in purple
that representing prevented emissions — one represents fossil fuels displaced by
the use of wood waste for energy production, the other one shows the effect of
using wood in place of alternative energy intensive materials (metals and
cement). Over time benefits of rotation forestry accumulate nicely and these
are the sort of graphs forest industry advocates will use to show how they
contribute to solving the problem of climate change. One comparison that the
authors did not make is with letting trees grow beyond 40 years. Here is my
rough reconstruction of the growth curve and it looks like it will take much
longer than the time interval on this graph for the C storage associated with
forest products to catch up with C storage in a forest stand where tree that are
allowed to grow. Exactly how much longer is an interesting question and the
answer depends on the growth curve used. The red one reflects growth as
measured on ecological plots, the black is what you will get if you use forest
inventory statistics.
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Products Substitution

Has lags relative to ecosystem
May saturate (in time one is sustaining the

effect not increasing it)

Depends on fraction of harvest going

toward buildings

May decrease if C cost of other materials

comes down

3/25/2008

M. Harmon & O. Krankina-OSU
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Does this mean no timber harvest?

* No, it does not mean timber should not be
harvested

* We need to take less more often
* OR
» We need to take more less often

» Store increases as proportion removed
decreases

» The proportion removed decreases if we take
less each time, or take less frequently

3/25/2008 M. Harmon & O. Krankina-OSU
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This figure shows the simulated effects of harvesting Douglas-fir forests at
various intervals and of taking different amounts of the live carbon each
harvest. The Y-axis shows the mean landscape store in forest and forest
products-related carbon.

We see that as the interval between harvests increases, the average amount of
carbon that can be stored increases.

We also see that as the amount we harvest decreases, the system stores more
carbon too.

We can take less more often, or more less often and get the same amount of
carbon stored.

There are a wide range of options to get the same amount of carbon stored.
And many of them include some form of harvest.
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Fire risk reduction in high
fire hazard areas

3/25/2008 M. Harmon & O. Krankina-(
Image Credit: S. Conard, USDA FS
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Fire and C balance:
the scope of the problem

= Fire risk in high fire hazard areas
o 0.2-0.3% per year
= Fire emissions :
« 5-15% of carbon on site (for severe fire!)
» Remaining biomass retains C
= Role in regional C balance
» Can eliminate all forest sinks in an
extreme fire year (e.g. 2002)
« On average — 5% of C losses from timber
harvest ; :

M. Harmon & O. Krankina-OSU
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Table 4. Carbon fluxes for Oregon. Values are state-level five-year
means and standard deviations for the period 1996-2000. Units are

- TeCm L

Flux

Net ccosystem production
Timber harvest

Crop harvest

Fire emissions

Public NBP

Harvest Removals (TgC yr')

1980 1985 2000

il
=]

AI\

Fire Emissions (TgC yr)
(=]
o

o
=

1980 1985 1990 1995 2000
Year

Fig 4. Stare-wide (a) timber harvest removals and (b) direst fire
emissions by ownership 1980-2002.
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Principles

= We want to change the carbon balance

The balance of anything depends on the inputs
versus the outputs

= NECB=C,

input”

&

output

= |In a steady-state inputs and outputs are equal
if NECB= 0 then
5 Cinou=C = Store..

input output™ out
s SN R o 1 o e
2 Storess: Cinput/kout
= K, = rate-constant or proportion being lost per time
step
3/25/2008 M. Harmon & O. Krankina-OSU

Many of the results presented above are surprizing to many. The results may
seem counter intuitive. But they are completely in line with basic theory that
has been around for decades.

When we consider the landscape average for a disturbance regime we really
are talking about a form of a steady-state. That’s because gains in one place are
offset by losses in another place. In any steady-state the inputs and the outputs
are the same. That’s why it does not appear to change. Actually the rate of
change is zero so we can rearrange the equation to have inputs on one side and
losses on the other. We can more fully describe the losses as a function of the
mass and the rate-constant of loss. The mass is the steady-state mass. So we
can rearrange further and set up a simple equation based on the input flux and
the proportion of losses.
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Determining the Losses

Kout = rate-constant or
proportion being lost
per time step

kg,=0.02 per year

2 *
£ Kdist_ I:dist Rdist

Loss rate-constant (per year)
o o o o
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Now we need to figure out what controls the proportion of carbon that is lost.

There are two things to consider. First, there are losses associated with
decomposition and other heterotrophic processes. This might be viewed as a
constant for a landscape.

The other is related to disturbances. Disturbance related losses are controlled
by the frequency of the disturbance (Fdist) and the amount removed by a
disturbance (Rdist). Note that taking 10% every 10 years is the same as taking
1% per year.
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Simple Model Predictions
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This figure shows the theoretical prediction. We can see that as the disturbance
interval increases the average amount of carbon stored in a landscape should
increase. We also see that as we take less we also have more carbon stored.
The trends match that predicted by much more complicated and realistic
simulation models. The point is that the underlying mechanism is quite simple.
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Scaling to a Landscape:100 regular
Effect of adding stands to landscape
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This figure shows how the behavior of carbon stores changes as one progresses
from a stand (1 run) to a landscape of 100 stands (100 runs). Each stand is
assumed to not be synchronized with any other stand. Gains in one stand tend
to be offset by losses in another, so with more stands in a landscape the flatter
the carbon stores curve becomes in time. With an infinite number of stands the
stores would not change.

For a regulated system of harvest, in which every age class has equal area, the
curve would become flat as soon as the number of stands equaled the number
of age classes.
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NECB at Landscape-level
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This figure shows two stands over time and the net change in carbon stores.
That is the change from one year to the next. The regulated has a disturbance
every 50 years. The natural has random intervals of harvest, but the average is
50 years.
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NECB at Landscape-level
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This figure shows two disturbance regimes over time and the net change in
carbon stores at the landscape scale. Each regime is typified by the stands in
the preceding figure.. That is the change from one year to the next. The
regulated has a disturbance every 50 years. The natural has random intervals of
harvest, but the average is 50 years. Note that the level of temporal variation is
greatly reduced compared to the stand level.
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