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Models can be powerful tools for estimating forest productivity and guiding forest management, but their
credibility and complexity are often at issue for forest managers. We parameterized a process-based for-
est growth model, 3-PG (Physiological Principles Predicting Growth), to simulate growth of ponderosa
pine (Pinus ponderosa) plantations in Northern California. We used data collected from the ‘‘Garden of
Eden’’ study, which was established in the 1980s to determine the effect of silvicultural treatments on
plantation growth. We picked three sites representing a gradient of water availability and site productiv-
ity to run 3-PG. We modified the original linear canopy closure function to a power curve to capture
observed stand dynamics in situ. We also added new functions to estimate the leaf area index and tran-
spiration of the trees’ understory competitors. These new functions restricted shrub growth with light
intensity and assumed a fix ratio of shrub/tree transpiration per leaf area index. A d13C submodel, which
estimated the ratio of stable carbon isotopes (d13C) in plant tissue, played a key role in assigning values to
gas-exchange parameters in the model. The resulting parameter values were similar to those fitted using
sap flux. We replaced the original age modifier with tree-height based functions to reflect the decreased
forest productivity as trees grew taller; tree height drove the change of maximum canopy conductance
and its responsiveness to water vapor pressure deficit in the new functions. Some key parameters dif-
fered among sites, including quantum yield, maximum canopy conductance, and leaf allocation. The
model successfully simulated the tree growth responses to fertilization and vegetation control at all three
sites. The temporal variation of simulated shrub leaf area index was similar to the observed variation in
shrub cover. These results help us to understand forest-growth responses to fertilizer and vegetation con-
trol, identify key tree and site parameters, and provide tuned model parameterizations that can predict
the results of management alternatives in a changing climate.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction understanding of physiological processes and empirical forest
Forest process-based models (PBMs) are powerful tools assist-
ing forest management (Korzukhin et al., 1996; Battaglia and
Sands, 1998; Mäkelä et al., 2000; Johnsen et al., 2001). They incor-
porate components describing biophysical, ecological, and physio-
logical processes of forests, which enables them to use
environmental factors as model drivers and predict the impacts
on forest growth in a changing world. This merit of PBMs is that
they can help forest managers to cope with current climate change
and the impacts of novel management scenarios (Korzukhin et al.,
1996; Mäkelä et al., 2000).

A simple PBM, 3-PG (Physiological Principles Predicting
Growth), is such a tool, designed to bridge the gap between the
mensuration data (Sands and Landsberg, 2002). It has been suc-
cessfully applied to forest plantations all over the world (see a de-
tailed review in Landsberg and Sands, 2011). The uses of 3-PG on
plantations, as summarized by Almeida et al. (2004), are threefold:
(1) estimating potential productivity for currently planted or fu-
ture plantations; (2) analyzing factors that impact plantation
growth; and (3) strategic planning on long-term wood supply.
Our focus in this modeling project was to estimate the productivity
of young ponderosa pine (Pinus ponderosa Lawson & C. Lawson)
plantations with or without intensive management regimes,
including fertilization and understory control.

Ponderosa pine is one of the most widely distributed pines in
the western USA (Oliver and Ryker, 1990) and also the most widely
planted tree species in northern California (Powers and Ferrell,
1996). Previous observations revealed that plantation growth
was strongly correlated to available soil water and nutrients and
that controlling competing vegetation significantly enhanced
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plantation growth (Powers and Ferrell, 1996; Powers and Rey-
nolds, 1999). However, these trends had not been rigorously tested
in experimentally designed studies across a gradient of site quality.
Therefore, the ‘‘Garden of Eden’’ (GOE) study was established in the
1980s to determine how growth could be improved silviculturally
and to develop a flexible model to predict growth response to com-
petition control and fertilization (Powers et al., 1992).

Plots of the GOE study were installed with a common design at
eight sites across northern California that covered varied geomor-
phic provinces and ranged from timbered land to brushfields
(Powers and Ferrell, 1996). Silvicultural treatments included fertil-
izer, herbicide, and insecticide. The insecticide treatment was
excluded in this study because there were no insect outbreaks at
these sites during these years (Powers et al., 1992; Powers and Fer-
rell, 1996); however, the fertilizer and herbicide treatments signif-
icantly improved ponderosa pine growth (Powers et al., 1992;
Powers and Ferrell, 1996; Powers and Reynolds, 1999; McFarlane
et al., 2009; Zhang et al., 2013).

Since establishment of the GOE study, stand growth and
development have been tracked for about 20 years. The detailed
data provide an excellent opportunity to parameterize 3-PG for
young ponderosa pine plantations across a range of treatments
and site qualities. Earlier studies have applied 3-PG to natural
ponderosa pine stands in Oregon, USA (Law et al., 2000, 2001;
Coops and Waring, 2001; Coops et al., 2005). Aside from differ-
ent geography, these studies focused on ecological and physio-
logical questions; so they did not test their simulations with
forest inventory data. This limited us from directly applying their
parameterizations to the GOE plantations in northern California.
We also faced the challenge of simulating forest dynamics with a
significant shrub understory. Because 3-PG was designed for sin-
gle-species stands (Landsberg and Waring, 1997), inter-specific
competition from understory vegetation could not be estimated
with the original formulation. Aggressive shrub species are ubiq-
uitous in both natural stands and plantations of ponderosa pine
in California. Therefore, shrub growth and water consumption
must be considered.

Besides the understory submodel, model parameterization ben-
efited from a new stable carbon isotope (d13C) submodel (Wei
et al., 2014). The d13C submodel simulated d13C in new photosyn-
thate and tree-rings based on the existing description of carbon
assimilation and canopy conductance in 3-PG. The simulations of
d13C were sensitive to key parameters controlling carbon assimila-
tion and canopy conductance, and hence errors in these parame-
ters could be detected by comparing simulated d13C to
observations (Wei et al., 2014). Because forest productivity, stoma-
tal conductance, and transpiration varied among sites and treat-
ments in the GOE study (Powers et al., 1992; Powers and Ferrell,
1996; Reynolds et al., 2000), some parameters are presumably dif-
ferent across sites and treatments for simulating carbon assimila-
tion and canopy conductance. The d13C submodel could be
valuable by facilitating parameterization and providing tests for
the parameter values across sites and treatments.
Table 1
Properties of study sites. Site index (SI) was the average dominant tree height at year 50. S
trees were available (Powers and Ferrell, 1996). Sources: �Powers and Ferrell (1996) and �

Site Coordinates Elevation
(m)�

SI
(m)�

Annual precipitation
(mm)�

Mea
tem

Elkhorn (EH) 40.05�N,
�122.44�W

1545 17 561 10.6

Whitmore
(WH)

40.38 N,
�121.541 W

756 23 1016 14.5

Feather Falls
(FF)

39.37 N,
�121.12 W

1246 30 1308 11.7
The objectives of this modeling project included: (1) extending
3-PG to simulate the effects of fertilization and competition control
on ponderosa pine growth while keeping the structure as simple as
possible; (2) parameterizing 3-PG for young ponderosa pine plan-
tations at GOE sites based on detailed field measurements; and (3)
testing the d13C submodel for young stands.
2. Methods

2.1. Site description

Ponderosa pines were planted at eight locations in northern
California in 1986–1988. Seedlings were raised in a common nurs-
ery before transplanting, and the best seed sources or families suit-
able to each specific site were used. The study was a completely
randomized design with three replications at each site. Plot size
was 19.5 � 21.9 m. Factorial combinations of herbicide (H), fertil-
izer (F), and insecticide application, each with two levels (with or
without) yielded eight combinations in total. Treatments were ran-
domly assigned to 24 plots in each site (Powers and Ferrell, 1996).
Herbicide and insecticide were applied annually for the first six
years; fertilizers were applied biennially (Powers and Reynolds,
1999). The formulations of fertilization were controlled at a rate
to provide optimal nutrition for an average stand during its expo-
nential phase of growth (Powers and Ferrell, 1996). Because there
has been no insect outbreak since the test was established, no
insecticide effect was found. We hence focused on four treatments
in this modeling study, including control (C), fertilizer (F), herbi-
cide (H), and H � F (HF).

Three GOE sites were chosen for this analysis (Table 1). Feather
Falls (FF) represented the highest productivity and Elkhorn (EH)
represented the lowest among all eight GOE sites; Whitmore
(WH) represented the intermediate productivity (Powers and Fer-
rell, 1996). Climate at all sites was classified as Mediterranean,
with wet winter and dry summer, but these sites also represented
a temperature and moisture gradient. WH was the warmest fol-
lowed by site FF and then EH. FF was the wettest and EH was the
driest based on precipitation. The daytime vapor pressure deficit
(VPD) was highest at WH and lowest at EH (Table 1, Fig. 1). The soil
series were Sheetiron (loamy-skeletal, mesic Typic Dystroxerepts)
at EH, Aiken (clayey, mesic Xeric Haplohumults) at WH, and Cohas-
set (loamy, mesic Ultic Haploxeralfs) at FF (McFarlane et al., 2010;
Powers and Reynolds, 1999). We parameterized 3-PG for four
treatments at each of these three sites; in total there were 12
site � treatment combinations.
2.2. 3-PG

3-PG is fundamentally a light-use efficiency model. It estimates
gross primary production (GPP, PG) from absorbed photosyntheti-
cally active radiation (APAR, /pa, mol m�2) and canopy light use
efficiency (ac) (Landsberg and Waring, 1997). Environmental
I at Whitmore was estimated from soil type and general climate because no suitable
McFarlane et al. (2010).

n 2006
perature (�C)

Plant
year�

Previous
vegetation�

Soil clay
content�

Soil sand
content�

1988 Plantation 18 50

1986 Brushfield 31 42

1988 Natural stand 27 41
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factors reduce the light-use efficiency from the canopy-scale quan-
tum yield (acx, mol C mol�1 photon), which is the maximum light
use efficiency restricted only by physiological processes. GPP
(mol m�2) is then estimated as (Sands and Landsberg, 2002; Lands-
berg and Sands, 2011):

PG ¼ ac/pa ¼ acxufT fF fN/pa ð1Þ

where fT, fF and fN are the modifiers for temperature, frost, and fer-
tility respectively. Equations for all the modifiers can be found in
Sands and Landsberg (2002) and Wei et al. (2014). u is a modifier
describing the effects of water status as:

u ¼ fVPDfSW ð2Þ

where fVPD and fSW are the modifiers for VPD (mBar, 1 mBar = 0.1 kPa)
and soil water respectively. We made two changes in these
equations from their original form, which was described as
min(fVPD, fSW)fage, where fage is an age modifier (Landsberg and War-
ing, 1997). We first removed fage and used tree-height based equa-
tions to estimate the change of forest productivity and canopy
conductance with tree height (see Section 2.3). Secondly, we used
the Jarvis (1976)-form equation, fVPD � fSW, instead of min(fVPD,
fSW). Communication between us and the original 3-PG authors
(Richard Waring, Peter Sands, and Joe Landsberg) encouraged us
to make this modification. Moreover, when 3-PG was coupled with
a d13C submodel (see Section 2.3), this Jarvis-form of u improved
the simulations of tree ring d13C; R2 between simulations and obser-
vations increased by 0.08 based on the data of Wei et al. (2014),
which used the old equation (unpublished data).

Otherwise, the model behaves as described previously. In
Eq. (2), fVPD is a function of water VPD (V):

fVPD ¼ expð�kg � VÞ ð3Þ

where kg (mBar�1; 1 mBar = 0.1 kPa) is a constant (Landsberg and
Waring, 1997). We assumed that one mol of carbon was equal to
24 g dry biomass and converted the units of GPP to Mg biomass
ha�1 yr�1.

The current version of the model estimates APAR from the solar
radiation input (MJ m�2):

/pa ¼ 4:6ps/scð1� e�kLÞ ð4Þ

where 4.6 converts the units of radiation from MJ m�2 to mol m�2

as 1 MJ PAR � 4.6 mol quanta PAR (PAR = photosynthetically active
radiation); ps is a factor describing the proportion of energy of solar
radiation that lies in the PAR spectrum (400–700 nm); c is a factor
describing the proportional canopy closure during stand develop-
ment (see Section 2.5 below); k is the extinction coefficient for
absorption of PAR by canopy (0.52, Pierce and Running, 1988);
and L is the leaf area index (LAI, m2 leaf m�2 ground area). We set
ps to 0.56 as indicated from measurements of two study sites (see
Section 2.7). Beer’s Law was embedded in this function to describe
the proportion of solar radiation transmitted through the canopy
(pL) as:

pL ¼ e�kL ð5Þ

Net primary production (NPP, Mg ha�1) was assumed a fixed ra-
tio of GPP (Landsberg and Waring, 1997; Waring et al., 1998); we
used NPP/GPP = 0.45 for ponderosa pine (Law et al., 1999). NPP
was then allocated among stem (branch + trunk), foliage, and root.
The allocation to roots is determined by soil fertility and growing
conditions (i.e. u in Eq. (2)) (Landsberg and Waring, 1997; Sands
and Landsberg, 2002). The remainder carbon is then allocated be-
tween stem and foliage using a DBH-related function (Sands and
Landsberg, 2002).

3-PG also describes a simple water balance. It considers the soil
as a container with the maximum volume set as maximum avail-
able water-holding capacity (i.e., maximum available soil water in
3-PG); the instantaneous volume of water pool, available soil water
(ASW), was determined by water balance. Inputs to the soil water
pool are precipitation and irrigation. Excess water leaves the sys-
tem as runoff. Water is also removed from the soil pool by evapo-
transpiration, which is estimated by the Penman–Monteith
equation.The canopy conductance (gc, m s�1) to water vapor is esti-
mated as a function of water status (Landsberg and Waring, 1997;
Sands, 2001):

gc ¼ gcmaxu minð1; L=LxÞ ð6Þ

where Lx is the LAI value at which canopy conductance attains its
maximum value, and gcmax is the maximum canopy conductance.
In this study, we changed gcmax with stand tree height.

2.3. Impacts of tree height

As trees gain height, they face more difficulty transporting
water to the canopy. As a consequence, both stomatal conduc-
tance and photosynthesis are reduced (Ryan and Yoder, 1997;
Hubbard et al., 1999; McDowell et al., 2002; Koch et al., 2004).
Height is hence the main driver of what were considered
‘‘age’’-effects in the original 3-PG formulation. Moreover, if we
used the fage in the original 3-PG to consider such ‘‘age’’-effects,
as forest productivity varied dramatically across treatments and
sites in this study, the fage had to be specifically adjusted for
every treatment. We hence removed the original fage and used
two new equations to relate the developmental changes of gcmax

and kg to the true driver, tree height. We assumed that gcmax and
kg decreased linearly with tree height as:

gcmax ¼ gcmax0 þ sgHt ð7Þ
kg ¼ kg0 þ skHt ð8Þ

where kg0 is the kg of seedlings (mBar�1), Ht is the mean stand
tree height (m), gcmax0 is of the gcmax of seedlings (m s�1), and
sk (mBar�1 m�1) and sg (m s�1 m�1) are the change rates of kg

and gcmax respectively with tree height. The response of canopy
or stomatal conductance to VPD was measured from trees of
two height classes for ponderosa pine. For ponderosa pine, in
each of three studies (Hubbard et al., 1999; Ryan et al., 2000;
Law et al., 2001), canopy or stomatal conductance was lower
for taller trees at the same VPD, and canopy or stomatal conduc-
tance declined more steeply with VPD (i.e. larger kg) in taller
trees. We hence knew that sk was positive and sg was negative.
We calibrated sk and sg at the fast-growing HF treatment of site
FF and then applied them to other treatments and sites. kg0

and gcmax0 were fitted for each treatment by the aid of the d13C
submodel (see Section 2.9).

We embedded a DBH based allometric equation in 3-PG to esti-
mate tree height as (Wykoff et al., 1982):

Ht ¼ 0:3048 eb0þb1=ðD=2:54þ1Þ þ 4:5
� �

ð9Þ

where Ht is the mean tree height of a stand (m), b0 and b1 are
species-dependent constants, and D is the mean stand DBH (cm).
We fitted b0 and b1 based on the GOE data and found that
b0 = 0.0561 and b1 = 2.488; this equation explained 93% of the var-
iation and the simulated stand mean Ht were not different from
observations at the 0.05 level.

2.4. 3PG-d13C

We modified 3-PG by extending it to calculate carbon stable
isotope ratio (d13C) of new photosynthate and tree rings (described



Fig. 1. Monthly mean temperature, mean daytime VPD, and total precipitation at
three GOE sites. Data are multi-year averages of 3-PG inputs from 2001 to 2010.
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in Wei et al. (2014)). The d13C of new photosynthate (d13Cp) in a C3

plant can be approximated as (Farquhar et al., 1982):

d13Cp � d13Ca � a� ðb� aÞðci=caÞ ð10Þ

where d13Ca is the isotopic composition of air, a is the fractionation
against d13C in diffusion (4.4‰), b is an empirical coefficient deter-
mined mostly by the enzymatic fractionation of Rubisco (27 ‰), and
ci and ca are leaf internal and ambient CO2 concentrations, respec-
tively. Parameter ci can be estimated based on the photosynthetic
gas-exchange of plants as (Farquhar and Sharkey, 1982):

ci ¼ ca �
A
g

ð11Þ

where A is the CO2 net assimilation rate in mol C m�2 s�1, and g is
the stomatal conductance to the diffusion of CO2 (mol C m�2 s�1).
3-PG treats the canopy as a big leaf (Farquhar, 1989), so we esti-
mated plant average d13Cp by combining Eqs. (10) and (11):

d13Cp � d13Ca � a� ðb� aÞ 1� A
cag

� �
ð12Þ

A was obtained from the GPP simulation of 3-PG by converting the
units from Mg ha�1 month�1 to mol C m�2 s�1; and g was calculated
from outputs of canopy conductance to water vapor by converting
units from m s�1 to mol C m�2 s�1 and applying the ratio of diffusiv-
ities of CO2 to water vapor in air (0.66, Campbell and Norman,
1998).

A constant offset (esp) was assumed between d13C in new pho-
tosynthate and wood in the annual growth ring for this version
of d13C submodel (see Wei et al., 2014 for the validation and lim-
its). The monthly ring wood d13C (d13Cs) was then estimated as:

d13Cs ¼ d13Cp þ esp ð13Þ

The d13C of a whole ring was calculated as the mean d13Cs

weighted by modeled monthly increment of stem mass over a
whole growing season.

The second modification made in our earlier work on 3-PG was
to add a linear temperature modifier (Uddling et al., 2005) to the
calculation of canopy conductance (Wei et al., 2014):
f ðTÞgc ¼min 1; k2 þ k3Tavð Þ ð14Þ

where Tav is monthly mean air temperature and k2 and k3 are
empirical constants (Table 2). This was necessary to restrict winter-
time transpiration.

2.5. New function for canopy closure

In this study, we modified a function to improve the model’s
description of canopy light interception before canopy closure.
The 3-PG model currently assumes that only a proportion of PAR,
which is described by canopy cover, c, can be intercepted by the
canopy before the age of canopy closure (tcc). In the tth year
(t < tcc), intercepted PAR is proportional to c = t/tcc. This linear func-
tion describes the light interception before the forming of the ‘‘big
leaf’’ and restricts the early growth in the simulations. Field obser-
vations (Fig. 2) indicated that the annual growth of ponderosa pine
crowns did not follow a linear pattern in most GOE treatments. We
hence modified the canopy closure function of 3-PG to a power
function as indicated from the field observations (Fig. 2):

c ¼ t
tcc

� �ncc

ð15Þ

where ncc is a constant. This function was tested with field observa-
tions and tcc was estimated (Fig. 2). The observed canopy cover was
estimated from c = Ac/4.7, where Ac is the mean crown area in m2, as
estimated for a circular crown, and, 4.7 m2 is the average crown
area when the crowns of adjacent trees first meet, as calculated
from the known spacing of the planted trees. Data from H and HF
treatments were first used to determine ncc because shrub compe-
tition delayed canopy expansion in the other plots (Shainsky and
Radosevich, 1986). This delay was especially protracted on the C
treatments at sites EH and WH (Fig. 2). For the control treatments
at these sites, we have therefore retained the linear function by set-
ting ncc = 1 (Fig. 2).

2.6. Shrub competition

Woody shrubs are regarded as the strongest competitors of
ponderosa pine (Reynolds et al., 2000). Presence of shrubs reduced
tree growth at non-herbicide treatments (Shainsky and Radose-
vich, 1986; Powers and Reynolds, 1999) and delayed the timing
of canopy closure (Fig. 2, Table 3). The dominant shrubs were
mixed evergreen Arctostaphylos spp. and deciduous Ceanothus
spp. at all sites (McFarlane et al., 2010).

To simulate the impact of shrub competition on tree growth, we
needed to determine shrub growth dynamics and subsequently the
interaction between shrubs and trees. Ponderosa pine and the
shrubs may compete for three resources: nutrients, soil water,
and light (Shainsky and Radosevich, 1986). With regard to nutri-
ents, herbicide application had either nil or negative effect on the
N pools at our sites; there were no changes in total N or C/N ratio
in the upper 20 cm of mineral soil when comparing the C vs. H, and
F vs. HF pairs; N concentration of soil was higher in the C than H
treatment at EH (McFarlane et al., 2010). Although it is risky to in-
fer nutrient availability from nutrient pool-size, these results lead
us to suggest that understory presence did not deplete soil N and
may have increased it. In any case, it seems that it should not be
a major factor in simulating shrub and tree competition at our
sites. With regard to water, Shainsky and Radosevich (1986) mea-
sured canopy conductance in mixtures and monocultures of Arcto-
staphylos and ponderosa pine seedlings with Arctostaphylos/pine
stem proportions of 0/100, 25/75, 50/50, 75/25, and 100/0. They
found that Arctostaphylos maintained constant stomatal conduc-
tance among treatments, but ponderosa pine in the mixtures
could not maintain stomatal conductance as high as in the pine



Table 2
Values and sources of identical parameters across simulations. Notations follow Sands and Landsberg (2002). Data marked ‘‘observed’’ were obtained in former GOE studies;
‘‘fitted’’ data were calibrated in this study based on measured data; and ‘‘Default’’ data were set as default in 3PGPJS model.

Parameters Symbols Units Values Sources

Biomass and volume estimation
Foliage:stem partitioning ratio @ DBH = 2 cm p2 – 1 Default
Constant in the stem mass vs. diameter relationship as – 0.0561 Observed
Power in the stem mass vs. diameter relationship ns – 2.488 Observed
Minimum fraction of NPP to roots gRn – 0.25 Default
Maximum fraction of NPP to roots gRx – 0.80 Default
Ratio NPP/GPP – – 0.45 Law et al. (1999)

Modifiers for photosynthesis
Minimum temperature for growth Tmin �C 0 Law et al. (2000)
Optimum temperature for growth Topt �C 20 Law et al. (2000)
Maximum temperature for growth Tmax �C 40 Law et al. (2000)
Days production lost per frost day kF day 1 Default

Litterfall and root turnover
Maximum litterfall rate cFx month�1 0.021 Law et al. (2000)
Litterfall rate at t = 0 cF0 month�1 0.001 Default
Age at which litterfall rate has median value tcF month 36 Coops et al. (2005)
Average monthly root turnover rate cR month�1 0.015 Default

Conductance
LAI for maximum canopy conductance Lx – 3.3 Default
Canopy boundary layer conductance gB m s�1 0.2 Default

Stem mortality
Power in self-thinning rule nm – 1.5 Default
Fraction single-tree foliage biomass lost per dead tree mF – 0 Default
Fraction single-tree root biomass lost per dead tree mR – 0.2 Default
Fraction single-tree stem biomass lost per dead tree mS – 0.2 Default

Canopy structure and processes
Specific leaf area at age 0 r0 m2 kg�1 4.2 Observed
Specific leaf area for mature leaves r1 m2 kg�1 4.2 Observed
Extinction coefficient for absorption of PAR by canopy k – 0.5 Pierce and Running (1988)
Maximum proportion of rainfall evaporated from canopy Ix – 0.15 Default
LAI for maximum rainfall interception LIx – 0 Default

New submodels
Rate of kg change with tree height sk mBar�1 m�1 0.001 Fitted
Rate of gcmax change with tree height sg m s�1 m�1 �0.00016 Fitted
Ratio of the per-LAI transpiration of the shrub/tree pST – 1 Assumed (see Section 2.6)
Temperature modifier for gc: k2 k2 – 0.244 Uddling et al. (2005)
Temperature modifier for gc: k3 k3 – 0.0368 Uddling et al. (2005)
The ratio of diffusivities of CO2 and water vapor in air – – 0.66 Farquhar et al. (1982)
d13C difference of tissue and new phophotosynthate esp ‰ 1.7 Fitted
Fractionation against 13C in diffusion through air a ‰ 4.4 Farquhar et al. (1982)
Enzymatic fractionation by Rubisco b ‰ 27 Farquhar et al. (1982)

Fig. 2. The new canopy closure function for 3-PG. Dots are canopy cover estimates from average tree crown area divided by 4.7 m2. Colored lines were fitted using new
canopy closure model for four treatments (Eq. (15)): Control (C), Fertilizer (F), Herbicide (H), and H � F (HF). When a colored line intercepts the 100% line, the value on the
x-axis is the canopy closure year (tcc). For C and F treatments at site EH and WH, solid lines were fitted using dots before stand age 10 (visually determined), and points
with arrows were not used; dash-dot lines were fitted with all points. The shrub competition may have slowed down the tree growth and hence the canopy-closing
process at C and F treatments. We applied the parameters of the solid fitting lines to the 3-PG modeling, except the C treatments at site EH and WH. We used straight
lines for C treatments at EH and WH (ncc = 1, Eq. (15)) for there two treatments, and tcc was adjusted to fit the simulated volume to the observation at these two
treatments.
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monoculture. This indicated that the Arctostaphylos was a stronger
competitor for soil water than the pine. With regard to light, trees
were taller than shrubs starting no later than age four, and the
heights of lower tree crown were either similar to or taller than
shrub heights in most treatments – except the C treatments at
EH and WH (unpublished data). The rapid emergence of trees
through the shrub canopies allowed us to infer that light may have
limited shrub growth. Therefore, we used light to describe the im-
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pact of trees on shrub growth, then estimated water consumption
by the shrubs to describe the impact of shrub competition on tree
growth.

We modeled the competition for soil water by accounting for
shrub transpiration as it draws from the soil water pool. To keep
the structure simple, we assumed first that transpiration of the
shrubs was proportional to shrub LAI/total LAI. Second, we as-
sumed that LAI of shrubs (LS) was related to tree LAI such that
shrub LAI initially increases with tree LAI (L) and then deceases
with tree LAI when light transmission through the tree canopy
decreases.

Our approach estimated LAI of shrubs from LAI of trees. As indi-
cated by field observations (comparing Figs. 2 and 3), the shrub
cover generally increased after trees were planted and then de-
creased around the year of tree canopy closure. We hence defined
two phases for shrub LAI estimation to simplify the simulation of
shrub LAI, including a linear increase early in stand establishment
and a negative exponential decrease when shrub growth was lim-
ited by light. In the linear stand-establishment phase, we assumed
that light was not a limiting factor, so the shrub growth experi-
enced the same limiting factors as trees did. We assumed that LS

is a fixed ratio (KL) of tree LAI in this phase. The function can be ex-
pressed as:

LS ¼ KLL ð16Þ

After the phase of non-limiting light, light and other environ-
mental factors limited shrub growth. The impact of environment
was represented by a parameter that describes the theoretical
maximum LAI that shrubs may reach if trees were absent and all
resources were abundant (denoted LSX). The light impact on shrub
Table 3
Parameters that differed among sites or treatments. Three non-calibrated parameters we
stocking (trees ha�1), and wood density (g cm3). Parameters tcc (year, rounding down) a
treatment different parameters are: maximum available soil water (ASWmax, mm), fertility
of shrub/tree LAI at stand establishment (KL), maximum canopy conductance of seedling
allocation to foliage when DBH = 20 cm (p20), and branch and bark fraction for young st
numbers were calibrated in 3-PG by fitting simulations to observations.

Sites EH WH

Treatments C F H HF C F

acx (SE) 0.056 (0.003) 0.049 (0.003)
Initial stocking 1374 1065 1374 1290 1402 1
Wood density 0.41 0.39 0.39 0.39 0.39 0
ncc 1 2.6 2.6 2.6 1 2
tcc 24 14 10 9 11 1

ASWmax 130 130
Fertility rating 0.6 1.0 0.6 1.0 0.5 1

LSX 0.9 1.8 – – 4.6 8
KL 1 1 0 0 1 1
gcmax0 0.011 0.013 0.013 0.014 0.009 0
kg0 0.085 0.085 0.078 0.072 0.062 0
p20 0.10 0.15 0.16 0.24 0.16 0
pB0 and pB1 0.3 0.26

Fig. 3. Shrub coverage of C and F treatme
growth was then estimated as proportional to the amount of light
passing through the tree canopy, which was estimated with Eq. (5)
(Fig. 4b). We then created a function similar to Eq. (5) to estimate
LS when light was limiting:

Ls ¼ LSXe�kL ð17Þ

We defined that the shrub LAI passed the stand-establishment
phase once the value using Eq. (16) was larger than the value of
Eq. (17), which guaranteed a smooth transition between the two
functions.

After LS was estimated, transpiration by shrubs (TS) was esti-
mated as:

TS ¼
TT

L
LSpST ð18Þ

where TT is total transpiration of the trees estimated by 3-PG, and
pST is the ratio of the per-LAI transpiration of the shrub to the tree.
This function assumes that the monthly shrub transpiration and
tree transpiration are proportional, which was supported by the
sap flow data in Fisher et al. (2007). In their study, sap flow was
measured for ponderosa pine and two shrubs (Arctostaphylos man-
zanita and Ceanothus cordulatus) for one year in northern California.
We reanalyzed their data and found a fixed pST: the monthly mean
daily sap flux data (P < 0.01). However, we could not estimate pST

based on Fisher et al. (2007) because individual observations were
not scaled up to stand level. For the present, we assumed pST = 1
in this study.

The new shrub LAI and transpiration functions avoid detailed
descriptions of shrub growth and transpiration by adding only
three new parameters to 3-PG. This approach is flexible as it al-
re determined by measurements: quantum yields (acx, mol C mol�1 photon), initial
nd ncc (unitless) were fitted with observed canopy area data (Eq. (15)). Other site/
rating, maximum shrub LAI that free growing shrubs can reach (LSX, m2 m�2), the ratio
s (gcmax0, m s�1), constant for stomatal response to VPD of seedlings (kg0, mBar�1),

and (age = 0, pB0) and mature stands (pB1) (Sands and Landsberg, 2002). Underlined

FF

H HF C F H HF

0.048 (0.004)
290 1682 1626 1682 1682 1682 1654
.36 0.36 0.36 0.35 0.30 0.33 0.30
.6 2.6 2.6 2.6
0 8 8 7 6 6 6

1000
.0 0.6 1.0 0.5 1.0 0.5 1.0

.6 – – 12.0 19.0 – –

0 0 1 1 0 0

.008 0.008 0.008 0.009 0.011 0.011 0.011

.044 0.027 0.025 0.023 0.019 0.023 0.022

.20 0.21 0.24 0.18 0.22 0.21 0.22

0.35

nts at three sites. Error bars show SE.



Fig. 4. A new function (Eqs. (16) and (17)) was added to 3-PG for estimating shrub LAI (LS) from tree LAI (L) (a). We assumed a fixed ratio (KL) of LS/L at stand establishment
(Eq. (16)). After light became a limiting factor for shrub growth, we assumed that the rate of change in LS (a) is proportional to the change of light penetrating tree canopy (b);
LS was then estimated by applying Beer’s law (Eq. (17)) (a).
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lowed for calibration of the functions to fit the actual shrub
growth. Parameter KL describes how fast the shrub LAI will reach
its maximum point, after which shrub LAI is limited by light; imag-
ine increasing the slope of the straight line in Fig. 4a as KL in-
creases. LSX delineates how the LS changes with L when light is
limiting under the tree canopy; imagine moving LSX higher and
drawing another curve higher than the old one as LSX increases in
Fig. 4a. Both KL and LSX determine peak LS. Moreover, simply setting
KL = 0 turns off the shrub function. We only had one-time measure-
ments of shrub LAI (Fig. 5p–r), so we first assumed KL = 1 and tuned
LSX; we then considered tuning KL only if necessary. By tuning, we
mean an a posteriori adjustment of a parameter to improve fit
without reference to empirical estimates of the parameter value.
We tried to minimize such tuning throughout this study.

2.7. Climate data

Climate data were available at all three sites. Short-term mete-
orology stations were installed at EH (June 2005 to August 2007)
and FF (April 2005 to October 2007). A long-term meteorology sta-
tion (NESS ID: CA20C0AA) has collected data since 1990 at WH.
Available data at the three sites include air temperature, precipita-
tion, relative humidity (RH), and solar radiation. We extrapolated
the whole climate dataset to the year of plantation establishment
(see Appendix A). We used multiple regressions with surrounding
stations to extend air temperature and precipitation, except that
precipitation data of site EH were substituted by a nearby site
(see Appendix A). Missing solar radiation data were modeled using
a temperature-based model (Bristow and Campbell, 1984) that was
well calibrated by existing data (see Appendix A). PAR data were
available at site EH and FF. PAR equaled 56% of the energy in solar
radiation at both sites (P < 0.001, R2 > 0.99). VPD was estimated
from observed temperature and RH, or from daily minimum and
maximum temperature if RH was not available (see Appendix A).

2.8. Field and lab measurements

Multiple inventories provided growth data at plantation ages 2,
4, 6, 8, 10, 15, and 20 years. Tree height, diameter, crown length,
and crown width were measured for 20 trees in each measurement
plot. When trees were smaller than 1.4 m height, diameter at
10 cm from ground was measured. Volume was estimated with
DBH and tree height if tree height was >1.4 m (Oliver and Powers,
1978). Otherwise, volume was calculated regarding the tree as a
cone. Aboveground biomass was estimated with allometric equa-
tions. These were either from Zhang et al. (2010) for trees taller
than BH (1.4 m) or from Powers et al. (2013) for trees shorter than
BH. LAI was calculated with total leaf biomass estimated from spe-
cific leaf area (SLA) (Xu et al., 2001) and an allometric equation
developed for the GOE study (unpublished data). Sapflow was
measured in the HF treatment in 2007, using six trees per stand
(unpublished data).
Quantum yields were measured for all treatments at our sites
following Nippert and Marshall (2003). Briefly, one-year-old sun
and shade foliage was collected by tree-climbing from three trees
per treatment per site, one block each. A LiCor LI-6400 portable
photosynthesis system was used to measure net CO2 assimilation
(A) of foliage at eight decreasing levels of photosynthetically active
radiation (PAR): 1500, 750, 250, 75, 50, 30, 10 and 0 lmol m�2 s�1).
Data were fitted using non-linear regression to a non-rectangular
hyperbola (Hanson et al., 1987). The slope of the resulting regres-
sion at A = 0 was used to estimate quantum yield. The slope at A = 0
was used because the quantum yield was near maximum and the
value was better constrained than at a point with unknown inter-
nal CO2 concentration (Nippert and Marshall, 2003).

Tree ring d13C was measured for each treatment and site.
Twelve trees were sampled for tree rings at each site, one per
block. Tree ring widths were measured and crossdated among
trees using program COFECHA to guarantee the dating of rings
(Holmes, 1983). Values of d13C were measured for individual rings
from 1995 (1994 at FF) to 2004 at Idaho Stable Isotopes Lab, Uni-
versity of Idaho with a NC 2500 EA (Carlo Erba Instruments, Milan,
Italy) coupled to a mass spectrometer (Delta+ IRMS, Finigan MAT,
Bremen, Germany). Results were expressed in delta notation rela-
tive to the Vienna Pee Dee Belemnite (VPDB) standard. Wood sam-
ples were pretreated to remove mobile extractives such as resins,
oils, and some inorganic salts and hemicelluloses; the holocellu-
lose and lignin remained in the sample (Harlow et al., 2006). This
method was comparable to traditional wood extraction methods,
which retain only holocellulose (HC) (Harlow et al., 2006). In a pre-
liminary test of this method, we further tested both methods using
ponderosa pine samples from one tree at WH site. The d13C values
were correlated (R2 = 0.99, P < 0.001) using the two methods; the
d13C using the traditional HC method was 1.10‰ higher than that
using the extractive-free method (paired-t test, P < 0.001). This
confirmed the earlier results of Harlow et al. (2006).

We collected phloem contents and measured their d13C at WH
site. Tree cores (1 cm in length) were extracted from three trees
per treatment in July 2011. Tree cores were separately placed in
15 mM pH = 7 phosphate-glass solution and phloem contents were
allowed to exude for 8 h (Gessler et al., 2004). The solution was
dried in the oven at 70 �C and the solid material was tested for
d13C.

2.9. Model parameterization and calibration

We used field measurements as model parameters whenever
they were available. These parameters included quantum yields,
SLA, and parameters for allometric equations. Initial biomass for
foliage, root, and stem was set to 1.5, 1.4, and 0.9 kg ha�1 respec-
tively, which was estimated from the planted seedlings (Zhang
et al., 1996). As some mortality occurred after planting (Powers
et al., 1992), the initial stocking was set as the number of surviving
trees at �14 years of stand age. One of four soil types in 3-PG was



76 L. Wei et al. / Forest Ecology and Management 313 (2014) 69–82
assigned to each site based on the sand and clay content (Table 1)
(EH, sandy loam; WH, clay loam; FF, clay).

We used both observed soil moisture and transpiration as refer-
ences to parameterize the maximum available soil water (ASWmax).
Observed soil moisture (10 cm and 40 cm depths, unpublished
data) decreased sharply in May and stabilized at a low level in
June–September at all three sites (data not shown); the low soil
moisture limited the transpiration at site EH and WH in June–Sep-
tember, but the trees at FF still transpired a significant amount of
water despite the dry soil during this period (Fig. 6c). This sug-
gested that the FF trees extract water from deeper soils than the
depth of the soil moisture sensors during this time. We hence cal-
ibrated the ASWmax at each site such that the simulations would
match the observed depletion of soil moisture and declining
transpiration.

Besides soil moisture and transpiration, we used six observed
items to calibrate or tune the model. These included: phloem
d13C, tree ring d13C, DBH, tree LAI, shrub LAI, and stand volume.
Fig. 5. Simulations and observations of DBH, basal area, stem mass, volume, tree LAI, and
each site. Lines are model simulations and points are observed field data. When trees w
either at 5 cm above ground for all trees or at diameter height for only big trees. Almost
and DBH-based estimations with open symbols when trees were small. We calibrated the
overestimated the growth near the end of the simulation at more productive plots.
We defined calibration as an a priori modification of the model
parameters to fit observations (phloem d13C and tree ring d13C);
tuning was a posteriori (DBH, tree LAI, shrub LAI, and stand vol-
ume). The d13C submodel provided a new approach to parameter-
ize 3-PG (Wei et al., 2014). When inappropriate parameters were
used for simulations of carbon assimilation and canopy conduc-
tance, incorrect d13C simulations could reveal the errors. These
model parameters included acx and gcmax0. Observed DBH was used
as the reference to tune a gas-exchange parameter, kg0. Two back-
ground parameters (pB0, and pB1, see Table 3) were tuned to fit vol-
ume simulations to observations. Tree LAI was used as the
reference to tune an allocation parameter, p20. Shrub LAI was used
to tune Lsx and KL. We also used some default values and gleaned
some parameters from earlier 3-PG simulations for ponderosa pine
(see Table 2).

The d13C submodel constrained our parameterization of the
model. The gas-exchange parameter gcmax0 was first calibrated at
site WH to fit d13C of new photosynthate to phloem d13C. The
shrub LAI for three study sites (EH, WH, and FF). Four treatments were modeled at
ere small and could not be measured at breast height, tree diameter was measured
all trees passed breast height when stand average DBH � 10 cm, so we marked DBH

model to fit simulations to observed DBH, Volume, and LAI. The model simulations
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simulation of d13C was sensitive to acx and gcmax (Wei et al., 2014).
As acx was measured onsite, only gcmax0 required calibrating. When
simulated d13C of new photosynthate fitted phloem d13C, we esti-
mated the mean annual tree ring d13C when esp = 0. The difference
between this value and mean measured tree ring d13C was used as
esp. Because d13C simulations may not be reliable when LAI < Lx

(Wei et al., 2014), we only used data in years with LAI P Lx for cal-
ibration. The phloem d13C was not measured at site EH and FF, and
hence we calibrated these two sites differently. We assumed that
esp was constant across sites, and hence used the esp estimation
from site WH. Tree ring d13C was used to calibrate gcmax0 for sites
EH and FF.

Least-squares approaches were used to tune the model. The
sum of squared residuals (SSR) between model outputs and mea-
surements,

P
(Simulation�Measurement)2, was used to find the

best parameter value, which was obtained when SSR reached min-
imum. Parameters were tuned stepwise with predetermined incre-
ments or decrements: gcmax0, 0.001 m s�1; kg0, 0.001 mBar�1; p20,
pB0, and pB1 0.01; LSX, 0.1 m2 m�2; KL, 0.1; ASWmax, 10 mm; and fer-
tility rating, 0.1 (see Table 3 for abbreviations).
2.10. Sensitivity test

We ran a simple sensitivity test to estimate the impact of pos-
sible errors in d13C calculation on biomass simulations. We tested
the responses of tree ring d13C and aboveground biomass to the
change of gcmax0 at HF treatments of site WH and FF. We changed
the gcmax0 value to create scenarios that led to d13C being inappro-
priately estimated. In these simulations, parameter gcmax0 was
changed by ±0.001 and ±0.002 m s�1 from the initial value.
2.11. Statistical analysis

We tested the effect of different treatments on quantum yields
using analysis of variance (ANOVA). We treated each site as a split
plot, and the statistical model was:

yijklm ¼ lþ ai þ gjðiÞ þ bk þ aibk þ clðikÞ þ eijklm ð19Þ

where yijklm represents an individual experimental unit response, l
is the population mean, ai is the effect of ith sites, gj(i) is the whole
plot level random error, bk is the effect of kth treatments, aibk is the
interaction of sites and treatments, cl(ik) is the effect of canopy posi-
tions, and eijklm is the split-plot level random error. gj(i) is nested in
ai, and c is nested under aibk. The statistical program SAS was used
for the test. Proc MIXED was used for ANOVA. Proc REG was used in
the linear regressions used to extrapolate the climate data.
Fig. 6. Site differences in monthly NPP, canopy conductance (gc), and transpiration
in 2007. Only data from HF treatments were shown. Lines are model simulations
and dots are sapflux-based transpiration. Trees at FF kept transpiring larger amount
of water than at other two sites, and hence had higher monthly NPP in most
months.
3. Results

3.1. Quantum yields

Quantum yields were consistent across the three sites. The
ANOVA results showed that there was no significant difference
between canopy positions or among treatments at the 0.1 level.
Interactions were also not significant at the 0.1 level. This indicated
that fertilizer did not change the quantum yield. So we turned off
the effect of fertility rating on photosynthesis, allowing the fertility
rating only to change carbon allocation. However, the quantum
yields were different among sites at the 0.1 level (P = 0.08). We
hence used different quantum yields across sites. The average
quantum yields were 0.056 (0.003 SE), 0.049 (0.003), and 0.048
(0.004) lmol CO2 mol�1 incident PAR at sites EH, WH, and FF,
respectively.
3.2. Canopy closure

The new canopy closure function reasonably fitted the observed
data of all treatments, except the C and F treatments at sites EH
and WH (Fig. 2). The fitted exponent was 2.6 and the fitted tcc val-
ues are shown in Table 3. The observed canopy cover after the 10th
year slightly diverged from the trajectory that was determined
using observations before the 10th year at the F treatment at site
EH and WH (Fig. 2). We still used the 2.6-power curve for these
two F treatments as the discrepancies were minor.

3.3. d13C measurements and simulations

The measured phloem d13C values at WH were �27.3‰ (0.3 SE),
�27.4‰ (0.2), �27.1‰ (0.2), and �26.5‰ (0.1) for treatment C, F,
H, and HF respectively for July 2012. The value at the HF treatment
was significantly higher than in the other treatments at the 0.05
level.

We calibrated gcmax0 to fit the simulated d13C of new photosyn-
thate to measured phloem d13C. Using d13C data when tree
LAI P Lx, the mean esp (Eq. (13)), which describes the difference be-
tween tree rings and phloem contents, was determined to be 1.7‰

based on simulations at the H and HF treatments.
Observed and simulated d13C are shown in Fig. 7. Observed tree

ring d13C variations were small among our study sites: EH, �25.3
(0.1 SE); WH, �25.3 (0.06); and FF �26.5 (0.1) (N = 119, 120, and
132 individual tree ring respectively). For all years when LAI P Lx,
the mean absolute difference ranged from 0.23‰ to 0.83‰ be-
tween simulations and measurements across all treatments at sites
WH and FF. Because LAI did not exceed Lx in the C, F, and H treat-
ments at site EH and d13C submodel did not function well under
these conditions, we did not show d13C data for EH.

3.4. Model parameterization and calibration

Parameters that were identical across all simulations are shown
in Table 2. Table 3 shows site- and treatment-specific parameters.



Fig. 7. Simulated and observed annual tree ring d13C. d13C values were marked differently for the period that tree LAI < Lx or tree LAI P Lx. Error bars show SE.
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Parameters differed among sites and treatments for shrub growth
(LSX and KL), canopy conductance (kg0 and gcmax0), and carbon allo-
cation to foliage (p2 and p20). LSX was related to site index, with
higher LSX values at the more productive sites or treatments. Her-
bicide treatments (H and HF) were generally more productive
and less sensitive to VPD change (i.e., lower kg value) than non-her-
bicide treatments. This indicated that trees maintained higher can-
opy conductance, transpired more water, and hence maintained
higher productivity at herbicide-treated plots than controls. Only
the F treatment at site FF was an exception. This site had a lower
kg0 value and higher productivity than all other treatments at site
FF, including HF.
Fig. 8. Comparison of the DBH simulations with (modified) and without (original)
gcmax and kg changing with tree height. All other parameters were identical between
two simulations. Dots show the observed DBH.
3.5. Simulations vs. observations

After calibration, the model reasonably simulated the forest
growth of each treatment in terms of DBH, stem mass, basal area,
and volume (Fig. 5). We also fit leaf and shrub LAI simulations to
the single observation at each treatment. The variations of simu-
lated shrub LAI were similar to observed shrub coverage (Fig. 3).
Simulated shrub LAI and observed shrub coverage peaked at simi-
lar times for the F treatments. The biomass accumulation was near
zero before tcc (Fig. 5). The new canopy closure function allowed
less light for trees than the original linear function at any given
tcc value. The low-growth periods matched the observations and
validated the canopy closure function. It was possible to use 3-
PG to simulate the growth of fertilizer and herbicide treatments
with the new shrub and canopy closure functions and still keep
the model simple.

We compared the simulations with and without changing gcmax

and kg with tree height (Fig. 8). We picked the highly productive HF
treatment at site FF to demonstrate the difference, and we used
identical parameters for both simulations with and without the
change. The simulations without the change had much higher sim-
ulation for DBH than with the change, especially toward the end of
the simulations.

Simulated transpiration was 19%, 0%, and 20% lower than sap-
flux observations at the HF treatments of site EH, WH, and FF
respectively (Fig. 6c). Recall that the simulations of transpiration
were calibrated against d13C, but not against sap flux. If we cali-
brated transpiration against sap flux, the value for gcmax0 would
be only 0.001, 0, 0.002 m s�1 higher at site EH, WH, FF respectively.
Therefore, this agreement serves as a successful test of calibration
using the d13C submodel in situations where sapflux data are not
available.
3.6. Site differences

The three sites differed in NPP, canopy conductance, and tran-
spiration. We presented simulations of HF treatments to avoid
the confounding of differences in soil fertility and understory con-
ditions among sites; we took 2007 (stand age 20 at site EH and FF,
and 22 at site WH) as an example because transpiration was mea-
sured this year (Fig. 6). The simulated annual NPP was 18.7, 23.9,
and 33.6 Mg ha�1, and annual transpiration was 212, 282, and
518 mm at site EH, WH, and FF, respectively. The most productive
site FF transpired far more water and kept higher canopy conduc-
tance and NPP throughout the summer of 2007 (May–September).
In contrast, NPP, transpiration, and canopy conductance all ap-
proached zero in mid-summer at the two less productive sites,
EH and WH (Fig. 6). Although these NPP values seem high, it is
important to note that these stands were accumulating as much
as 200 Mg ha�1 of stem mass within twenty years (Fig. 5i); this is
far more than is typical for unmanaged ponderosa pine stands.



Fig. 9. Results of the sensitivity test. We tested the responses of tree ring d13C and
aboveground biomass to gcmax0. gcmax0 was changed by ±0.001 m s�1 and
±0.002 m s�1 from the finalized values of HF treatments at site WH and FF,
respectively. Presented data were the changes from the simulations using original
parameter values. The changes of both parameters were significantly correlated
R2 > 0.99 and P < 0.01 at both sites; WH: y = 0.032x; FF: y = �0.002 + 0.035x; x is the
change of d13C (‰) and y is the percent change in aboveground biomass. Therefore,
in the tested range, 1‰ error in the tree ring d13C was related to 3.2% and 3.5% of
error in aboveground biomass at site WH and FF respectively. We believe it is very
easy to detect a 1‰ error in the tree ring d13C, but not easy to detect a 4% error in
aboveground biomass.
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3.7. Sensitivity test

The sensitivity test estimated the connection between wrongly
estimated d13C and wrongly estimated aboveground biomass
(Fig. 9). Increasing gcmax0 reduced d13C and aboveground biomass,
and decreasing gcmax0 increased d13C and aboveground biomass at
site WH and FF. The relationship between the change in d13C and
change in aboveground biomass was linear in the tested range
(R2 > 0.99 and P < 0.01 at both sites); higher change in d13C was re-
lated to higher change in aboveground biomass (Fig. 9). If there
was �1‰ error in d13C estimation, the model would cause almost
4% error in the estimation of aboveground biomass at site WH and
FF. This indicated that the d13C submodel was usefully constraining
the model parameterization.
4. Discussion

We employed a parsimonious approach to represent site and
treatment differences in the model. In this study, 3-PG simulated
forest growth in a wide range of climate, fertility, water availabil-
ity, and competing vegetation composition. There were 13 param-
eters that differed across the treatments or among sites (Table 3);
these were especially parameters controlling allocation and gas ex-
change (Table 3). The gas-exchange parameters were tested with
the d13C submodel (Fig. 7), which assured their reliability. More-
over, we introduced two additional means to describe the treat-
ment effects in the model: estimating understory water
consumption and assigning different canopy closure time.

The new empirical canopy closure function well represented
the process for most treatments at the three sites. The canopy
closed earlier at more productive sites and treatments (Fig. 2, Ta-
ble 3). Canopy closure closely followed a trajectory with a 2.6-
power curve as it approached maximum shrub cover, except for
the C and F treatments at site EH and WH. Apparently, the dry sites
without vegetation control diverged from this curve (Fig. 2), which
may be related to low canopy growth rate of trees when they com-
peted with the shrubs (Shainsky and Radosevich, 1986). A possible
solution is constructing mechanistic connections between foliage
production and canopy closure. The low foliage production could
then restrict the canopy closure if the environment was harsh or
shrub competition was severe.

Our preliminary shrub functions reasonably estimated shrub
growth, despite the simple model structure. The functions were
also flexible enough to allow finer tuning if detailed field shrub
measurements were available. There are some limits of the simple
light-driven functions. First, shrub growth may also be limited by
belowground factors in ponderosa pine forests, e.g., water and
nutrients (e.g. Riegel et al., 1992). Second, sunflecks complicate
the understory light environment, and a forest canopy with com-
plex structure may support more understory growth than a sin-
gle-layer canopy with the same LAI (Van Pelt and Franklin, 2000;
Battaglia et al., 2002). In our case, the canopy structure was rela-
tively simple given that these were even-aged, monoculture plan-
tations; these are the conditions for which 3-PG was developed
(Landsberg and Waring, 1997).

Both measurements and simulations of forest growth reflected
the benefit of competing vegetation control and fertilizer, and
the productivity within a site generally followed the order
C < F < H < HF. The only exception was F vs. HF at site FF. Even
without herbicide, the F treatment had higher productivity than
the HF treatment at site FF. Two facts may possibly explain this:
(1) the competition of the understory for soil moisture was minor
at FF site, as soil moisture was abundant and fast development of a
forest canopy limited the growth of shrubs; (2) in the absence of
herbicide, N-fixing Ceanothus on the F treatment increased whole
soil N by 8% in 16 years (McFarlane et al., 2010), which may have
increased N availability to the tree canopy as well; and (3) decom-
position of shrubs may provide additional nutrients, and the soil
quality would be higher in non-vegetation controlled plots than
vegetation controlled plots in terms of soil carbon, nitrogen, and
microbial biomass (Busse et al., 1996).

We replaced the original age modifier in 3-PG with tree-height
based functions. Although the productivity varied dramatically
among treatments and sites, one set of parameters for the
height-functions worked for all treatments and sites (Figs. 5 and
8). In contrast, if we had used the original age modifier, we would
have had to set different parameters for each treatment and site.
Apparently, both gcmax and kg changed with tree height based on
three studies for ponderosa pine (Hubbard et al., 1999; Ryan
et al., 2000; Law et al., 2001). However, these three studies each
measured only two height classes. We assumed linear changes of
gcmax and kg with tree height, which worked reasonably in our
study (Fig. 8), where the tree height was fairly low and the maxi-
mum mean stand tree height was only 14.6 m at FF sites at stand
age 20. However, descriptions of changing gcmax and kg with height
remain limited; these linear patterns should only be used with
caution.

A physiological growth model that is correctly parameterized
can provide insights into the reasons for growth differences. The
pronounced differences at the GOE sites provide a unique opportu-
nity. We found that the Feather Falls sites were subsidized by a
deep water source, which maintained high transpiration rates
throughout the summer drought, giving trees much higher GPP
than on the other two sites. This initially favored growth of shrubs
as well as trees, but the trees grew so rapidly above the shrubs that
they began to shade them out relatively soon. The herbicide treat-
ments shifted allocation toward foliage; the latter resulted in a
compounding of growth as the canopy developed. The fertilization
increased growth by an increase in foliage allocation. The combina-
tion of fertilizer and herbicide was assigned the highest foliage
allocation and, when combined with the rechanneling of water
and light to the trees, gave rise to the highest productivity among
the treatments. Although these site and treatment differences are
partially the result of model tuning, the tuning was done with a
realistic model parameterized with as much real site data as
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possible and constrained by the isotopic data. In short, it seems
reasonable to think that these inferences about the causes of differ-
ent growth rates are rigorous and sound.

The d13C submodel (Wei et al., 2014) tested the reliability of gas
exchange parameters, including acx and gcmax (gcmax0 in this study) .
Many 3-PG studies (e.g. Sands and Landsberg, 2002; Swenson et al.,
2005; Paul et al., 2007; Xenakis et al., 2008) have used the default
parameters in Landsberg and Waring (1997) for gcmax (i.e.
0.02 m s�1); some studies have calibrated gcmax based on changes
in soil moisture (Landsberg et al., 2003), or have estimated them
from observed stomatal/canopy conductance (Whitehead et al.,
2002; Almeida et al., 2004). As to acx, previous studies have gener-
ally either calibrated this parameter with biomass production or
used the default value (e.g. Sands and Landsberg, 2002; Whitehead
et al., 2002; Landsberg et al., 2003; Almeida et al., 2004; Swenson
et al., 2005; Paul et al., 2007; Xenakis et al., 2008). We applied a re-
cently introduced approach that measured acx, and calibrated gcmax

using the d13C submodel by comparing simulated d13C to tree ring
d13C. This approach can provide a convenient test for the model
parameterization (Fig. 7), because d13C in tree rings are easily
obtained.

There are some limits to this version of the d13C submodel. First,
possible errors may occur from using the simple model (Eq. (10)) to
estimate d13C. Some factors were ignored in the simplified model,
including fractionations related to respiration, photorespiration,
and mesophyll resistance (Farquhar et al., 1982). A study estimated
that the possible error was 0.4‰ when using the simplified model
compared with a complete model that included those factors based
on three coniferous species in northern Idaho (Ubierna and
Marshall, 2011). Secondly, the d13C submodel did not function well
before canopy closure and when LAI < Lx (Fig. 7). This deficiency of
the d13C submodel lies in the structure of 3-PG, which treats the
canopy as a ‘‘big leaf’’ (Farquhar, 1989). When t < tcc, the big leaf
has not yet formed; when LAI < Lx, the big leaf is breaking up (Eq.
(6)). Third, esp may change across months and years. In a study that
addressed this issue for evergreen species (Gessler et al., 2009), esp

was nearly constant, but not statistically so (Arthur Gessler, per-
sonal communication). As discussed in Wei et al. (2014), further
physiological studies are necessary to solve these problems.
5. Conclusions

We parameterized and modified a simple process-based forest
model to simulate the growth of ponderosa pine at three planta-
tion sites. We introduced new functions to consider the changes
of gas exchange with tree height. We also created new functions
to estimate shrub competition in the presence and absence of her-
bicide treatments. A d13C submodel was used to assist parameter-
ization and test the physiology embedded in the model. This
modeling project not only fulfilled a long-standing objective of
the longer-term GOE project, but also developed an innovative
means to use a physiological trait of trees (i.e. d13C) to constrain
model parameterization and therefore simulations of forest pro-
duction. Although d13C is not a common term used in forest man-
agement, it could be a powerful tool in the foresters’ toolbox,
aiding in the realistic parameterization of process-based models
in the future.
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Appendix A. Climate data

Monthly precipitation and temperature data were extended
based on multiple regressions between modeling sites and sur-
rounding meteorological stations. We searched data from National
Climatic Data Center (www.ncdc.noaa.gov) and picked meteorol-
ogy stations within 60 km of the modeling sites with records dated
back to 1986. We kept stations with fewest missing data and
picked four meteorological stations for each modeling sites. Multi-
ple regressions were constructed using Akaike Information Crite-
rion between observed precipitation, Tmin, Tmax, and Tave at
modeling sites and their counterparts at reference meteorological
stations. When a missing data presented at one station, the best
model without using that station was used as replacement. All
models but one had P value <0.001, with adjust R2 value at least
0.97, 0.89 and 0.95 for temperatures at WH, EH, and FF respec-
tively, and 0.92 and 0.96 for precipitation at WH and FF respec-
tively. However, the precipitation model for EH was not
significant at the 0.05 level, mainly due to the fact that there were
only 19 month of broken observed data. We used the precipitation
at a station (Orland, CA, USC00046506, 77 ma.s.l.) as the surrogate;
this station was the closest station to site EH and located in the
same rain shadow area as site EH.

Solar radiation (Q) was measured for some years at three sites,
and was modeled for the rest of the years. A temperature based
radiation model (Bristow and Campbell, 1984) was used to esti-
mate daily transmissivity (Tt) and solar radiation (Q):

Q ¼ Q 0Tt ¼ Q0Atð1� expð�BtDTCt Þ ðA:1Þ

where Q0 is the extraterrestrial solar radiation, At is the maximum
daily clear sky transmissivity, DT is the range in daily temperature
(i.e., Tmax–Tmin with rain adjustments, see Bristow and Campbell,
1984 for detail), and Bt and Ct are empirical coefficients describing
how soon maximum At is achieved as DT increased. To estimate
DT, we extended daily Tmin and Tmax using the same approach as
extending monthly temperature (all P < 0.001, adjust R2 for Tmin

and Tmax respectively: 0.41 and 0.59 at EH, 0.91 and 0.97 at FF,
and 0.86 and 0.96 at WH). A At value of 0.80 was used across three
sites, which is the maximum daily transmissivity observed. We
used the default value (2.4) for Ct. The last parameter, Bt, determines
the seasonal responses of Tt to DT as:

Bt ¼ mt1 expðmt2DTÞ ðA:2Þ

where DT is the monthly mean DT, and mt1 and mt2 are constants.
We calibrated mt1 and mt2 at each site to fit the simulations to ob-
served Q using the least square approach. In the calibration periods
(1999–2012 at WH, 2005–2007 at EH and FF), the simulated
monthly Q explained 94%, 99%, and 98% of the variation of the
observations at EH, FF, and WH respectively.

Daily daylight vapor pressure deficit (VPD, kPa) was averaged
from observations from sunrise to sunset. In order to extend the
VPD dataset for unmeasured periods, we calculated a surrogate
VPD (VT) based on monthly Tmin and Tmax as:

VT ¼ esðTmaxÞ � esðTminÞ ðA:3Þ

This calculation assumed that Tmin reaching dew point, which
did not always stand. We then corrected VT by using linear regres-
sion between measured daytime VPD (V) and VT. The linear

http://www.ncdc.noaa.gov
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equations (all P < 0.001) are V = 0.062 + 0.831VT at EH (N = 26,
R2 = 0.78), V = �0.042 + 0.781VT at FF (N = 31, R2 = 0.99), and
V = �0.012 + 0.90VT at WH (N = 265, R2 = 0.96).
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