
Summary Plant physiological models are generally param-
eterized from many different sources of data, including cham-
ber experiments and plantations, from seedlings to mature
trees. We obtained a comprehensive data set for a natural stand
of ponderosa pine (Pinus ponderosa Laws.) and used these
data to parameterize the physiologically based model,
TREGRO. Representative trees of each of five tree age classes
were selected based on population means of morphological,
physiological, and nearest neighbor attributes. Differences in
key physiological attributes (gas exchange, needle chemistry,
elongation growth, needle retention) among the tree age
classes were tested. Whole-tree biomass and allocation were
determined for seedlings, saplings, and pole-sized trees. Sea-
sonal maxima and minima of gas exchange were similar across
all tree age classes. Seasonal minima and a shift to more effi-
cient water use were reached one month earlier in seedlings
than in older trees because of decreased soil water availability
in the rooting zone of the seedlings. However, carbon isotopic
discrimination of needle cellulose indicated increased wa-
ter-use efficiency with increasing tree age. Seedlings had the
lowest needle and branch elongation biomass growth. The
amount of needle elongation growth was highest for mature
trees and amount of branch elongation growth was highest for
saplings. Seedlings had the highest biomass allocation to roots,
saplings had the highest allocation to foliage, and pole-sized
trees had the highest allocation to woody tissues. Seedlings dif-
fered significantly from pole-sized and older trees in most of
the physiological traits tested. Predicted changes in biomass
with tree age, simulated with the model TREGRO, closely
matched those of trees in a natural stand to 30 years of age.

Keywords: gas exchange, growth rates, mature trees, onto-
genetic changes, TREGRO, whole tree biomass.

Introduction

We used site-specific data from a natural stand of ponderosa
pine (Pinus ponderosa Laws.) to parameterize the physiologi-
cally based model, TREGRO (Weinstein et al. 1991), and to
determine which physiological attributes change, and at which
life stage, as seedlings grow to mature trees in a natural stand.

We tested for age-related differences in needle gas exchange,
tissue chemistry, and growth of needles or branches attached
to different aged stems. Whole seedlings, saplings, and pole-
sized trees were harvested to determine biomass and alloca-
tion to roots, stem and branches, and foliage.

Ponderosa pine is a widespread and common species with a
distribution from Durango, Mexico in the south and southern
British Columbia, Canada in the north, to the eastern slopes of
the Rocky Mountains in Colorado and the western slope of the
Sierra Nevada, Siskyous, and the Cascade Mountains (Oliver
and Ryker 1990). It has a single bud flush each year. There are
two well-described varieties: a west coast (var. ponderosa)
and a continental variety (var. scopulorum). The two varieties
differ with respect to water-use efficiency (WUE, Monson and
Grant 1989), seasonal patterns of stomatal conductance and
ability to respond to summer precipitation (Kolb and Stone
2000, Temple and Miller 1999), rooting distribution (e.g.,
Grulke et al. 1998 versus S.C. Hart, Northern Arizona Univ.,
AZ, unpublished data), as well as other attributes (Monson and
Grant 1989).

The P. ponderosa var. ponderosa-dominated stand de-
scribed here is located near Lassen Volcanic National Park, in
the northern extent of the Sierran-mixed conifer forest type
(sensu Barbour 1988). Although the site is not subject to atmo-
spheric pollution (Grulke 1999), sites just 80 km south are ex-
posed to moderate ozone pollution (> 50 ppb hourly means in
summer, Quincy, CA; California Air Resources Board),
which may alter physiological attributes as the trees mature
(Grulke 1999). The site is dominated by a dry summer, Medi-
terranean-type climate. Effects of summer drought stress on
several physiological parameters were tested by comparing
seasonal patterns of gas exchange and growth of ponderosa
pine during two summers differing significantly in total an-
nual precipitation.

Methods

Research site

Research was conducted southeast of Lassen Volcanic Na-
tional Park, CA in a mixed-age stand of ponderosa pine, with
white fir (Abies concolor (Gord. & Glend.) Lindl. ex Hildebr.),
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Jeffrey pine (Pinus jeffreyi Grev. & Balf.), sugar pine (Pinus
lambertiana Dougl.), Douglas-fir (Pseudotsuga menziesii
(Mirb.) Franco), lodgepole pine (Pinus contorta Dougl. ex
Loud.), and incense cedar (Libocedrus decurrens Torr). Ap-
proximately 10% of the yellow pine at the site is Jeffrey pine.
The site was lightly thinned about 40 years ago, leaving many
older (100+ years old) trees as seed sources as well as saplings
and pole-sized trees. The site is representative of ponderosa-
pine-dominated, Sierran mixed-conifer stands (sensu Barbour
1988). The stand structure is open, which is typical of
drought-prone sites, with 10–20-m spacings between patches
of trees.

A meteorological station, maintained by research staff at
Manzanita Lake, is located in the northwest corner of Lassen
Volcanic National Park. A microenvironmental monitoring
station was maintained from late-spring 1993 to late-autumn
1994 in Childs Meadow, 10 km west of the field site.
Photosynthetic photon flux density (PPFD) was measured at a
height of 2 m. Wind speed was measured at a height of 1.5 m.
Needle and air temperatures were measured at a height of
1.5 m with copper-constantan thermocouples. Soil tempera-
tures were measured in triplicate at 10- and 50-cm depths with
24-gauge wire. All microenvironmental data were measured
every 5 min, averaged, and recorded hourly on a data logger
(Model 21×, Campbell Scientific Inc., Logan, UT). Soil water
was determined monthly with fiberglass moisture blocks, as
well as gravimetrically in a soil pit at 10- and 45-cm depths in
1993. Soil water content of the upper 0–15-cm layer was spot
checked with a time domain reflectometer (Soil Moisture
Equipment Corp., Santa Barbara, CA) in 1994.

Tree and branch selection

A 50 × 75 m plot was established in 1992. Representative trees
of each of five tree age classes were chosen based on popula-
tion means of morphological, physiological, and nearest
neighbor attributes. All trees in the plot were sampled for the
following data: age near the tree base, bole diameter at the
base and at 1.4 m, height measured with a meter tape (cm) or
estimated with a clinometer (m), number of needle age classes
retained in mid-canopy, and distance (m) to the nearest
conspecific and interspecific tree as a measure of inferred
competition. Seedling age was estimated based on growth
scars on the stem. Six trees with statistically average morpho-
logical characteristics in each of four tree age classes (3–9,
11–20, 21–40, and 41–60 years old) were selected for inten-
sive monthly measurements. Trees less than 60 years old with
their lowest branches greater than 3 m above the ground were
not chosen because of the increased time required to collect
gas exchange measurements. Because none of the mature trees
in the plot had branches accessible by a 15-m scaffold, foliage
of three mature trees (averaging 252 ± 43 years old) close to
the plot was chosen for monthly measurements.

Measurements were made during one week each month
from May to mid-October. The same branches and trees were
measured in each age class on each occasion. Multiple tree age
classes were sampled on each day during the week of intensive
measurements. The third or fourth primary lateral branch from
the terminus was sampled for both the 3–9- and 11–20-year-

old tree age classes. For the older tree age classes, we consis-
tently sampled from primary branches in the upper part of the
lower third of the canopy. To quantify irradiance on the sam-
pled primary branches, PPFD measurements were logged ev-
ery 5 min diurnally with a Campbell 21× data logger, one day
each month, throughout the growing season. Small PPFD sen-
sors (Hamamatsu Corp., Bridgewater, NJ) were installed in
each of the retained whorls on each of two branches, thus ir-
radiances were integrated over the live foliage on each pri-
mary branch. The branches chosen for study received an
irradiance of 1000 µmol m–2 s–1 for at least 3 h per day.

Gas exchange

Gas exchange was measured between 0830 and 1330 h in May
and June, and between 0830 and 1130 h during the remaining
months at ambient CO2 concentration (353 ppmv, overall
mean for the data set), leaf temperature (30.5 °C), vapor pres-
sure deficit (VPD, 3.6 kPa), and under saturating light condi-
tions (> 1400 µmol m–2 s–1 for at least 20 min before and
during measurement, and averaging 1722 µmol m–2 s–1 overall
for the data set). Gas exchange rate of two fascicles per branch
per tree was measured in 1992 through 1994 with a closed
photosynthetic system (Model LI-6200, Li-Cor, Inc., Lincoln,
NE) equipped with a 0.25-l cuvette. The instrument zero was
checked every 2 h and gain for the CO2 IRGA was checked
daily with a tertiary calibration gas (± 1 ppmv; cross-checked
with a secondary standard, National Institute of Standards and
Technology). No drift in calibration gases was detectable over
the growing season. Relative humidity calibration was
checked on site several times each growing season with a dew
point generator (Model 610, Li-Cor, Inc.).

Each measure of net assimilation rate (NAR) was matched
with a measure of dark-adapted respiration at a similar leaf
temperature (± 2 °C). After each NAR measurement, an insu-
lated dark cloth with an outer surface of reflective material and
inner surface of insulative material was wrapped around the
cuvette. The time required to minimize photorespiration was
determined to be 12 to 15 min for most trees.

Leaf area was calculated (for one fascicle, (DL) + (3DL))
from six measures of fascicle diameter (D), just above the
sheath, and needle length (L). Needles on seedlings were not
harvested to minimize disturbance. For the older tree age
classes, the same foliage that was enclosed in the cuvette was
flash frozen and stored in liquid nitrogen in the field, then pre-
pared for measurements of both mass and nitrogen concentra-
tion. Needle area per unit weight (cm g–1) was also calculated
from these samples.

Needle xylem potential

Predawn and midday needle xylem potentials (Ψ) were mea-
sured monthly on two to five fascicles from each of at least
three trees in each tree age class (Pallardy et al. 1991). Water
potential was measured on seedlings other than those used for
gas exchange. The sheath was removed, a smooth surface was
cut just distal to the petiole, and inserted into the pressure
chamber (Pressure Measurement Systems, Corvallis, OR).
Pressure was read to the nearest 0.05 MPa when apoplastic
water first started bubbling at the cut fascicle surface, usually
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through resin. Pressure potential was generally 0.2 MPa lower
for measurements on non-resinous needles.

Tissue chemistry

Needle tissue for analysis of tissue chemistry was collected
from three primary branches above those used to collect fo-
liage for gas exchange, flash frozen in the field in liquid nitro-
gen, and transported and stored in liquid nitrogen, until
lyophilized and ground. Total nitrogen and carbon were deter-
mined with an NA 1500 Series 2 analyzer (CE Instruments,
Milan, Italy). Runs containing samples or a pine standard with
> 2.5% error were reanalyzed.

Chlorophyll pigments were extracted with dimethyl
sulfoxide (DMSO) at 65 °C for 7 h as described by Hiscox and
Israelstam (1979). Extracts were filtered and analyzed spec-
trophotometrically (Model 80, Beckman Coulter, Inc., Fuller-
ton, CA) at 645 nm (chlorophyll a), 652 nm (chlorophyll a +
b), and 663 (chlorophyll b) against a DMSO blank. Values
were checked for percent error between total chlorophyll con-
centration calculated from 645 + 663 nm with that from
652 nm. Duplicates differing by more than 5% from the mean
were rerun with another subsample of tissue.

Cellulose for δ13C determination was extracted from plant
tissue by a series of solvents followed by delignification as de-
scribed by Wise et al. (1945). Leaf cellulose was sent to the
Waikato Stable Isotope Laboratory in Hamilton, New Zea-
land. The tissue sample was combusted with a Carlo Erba NA
1500 Analyzer, and the CO2 produced was analyzed for 13C
abundance with a Finnigan/MAT 251 mass spectrometer
(Finnigan Mat, San Jose, CA). The samples were analyzed
against a laboratory standard of sucrose, pine standards, and
compared with a certified standard (calibrated relative to Pee
Dee belemnite) from CSIRO, Canberra, Australia. The largest
error was between-run variability, which was corrected based
on values from the known standards.

Aboveground growth

Lateral branch and needle elongation growth (mm), and need-
le retention were measured at the same canopy position, on the
same trees, and at the same times as the gas exchange mea-
surements. Three branchlets on the seedlings, five primary
branches on six trees from the intermediate tree age classes,
and three primary branches on the mature trees were measured
and averaged to provide a single value per tree.

Biomass

Whole-tree harvests were made on three trees of the 3–9-,
11–20-, and 21–40-year-old tree age classes in early Septem-
ber 1993. All coarse and fine roots were excavated to bedrock,
generally encountered at 1.5 to 2 m. Foliage was stripped from
branches by needle age class, and packaged in paper sacks by
canopy thirds based on the length of the live crown. Within
20 h of collection, foliage was dried at 105 °C for 2 days and
weighed. Branches were bundled and the trunk was cut into
five parts for transport. Roots were separated into fine (< 2 mm
diameter), medium (2 mm diameter) and coarse (> 2 mm di-
ameter) size classes, dried, and weighed. Branches, bole, and
primary roots were dried at 105 °C and weighed at 2-day inter-

vals until no additional weight loss was observed.

Statistical analyses

Multiple-year tests for differences in attributes between
tree-age classes were performed with a three-way ANOVA
(age class × sample date × year). This test was used rather than
repeat measures because half of the intensively measured trees
were harvested after the first year and replaced with new trees.
When appropriate, a 1-way analysis of variance (ANOVA)
was performed within a sampling date to demonstrate differ-
ences among tree age classes (Sokal and Rohlf 1969). Tests to
determine whether regression lines were parallel or co-linear
were performed according to Kleinbaum and Kupper (1978).

Description of TREGRO

TREGRO is a physiological simulation model of the carbon,
water, and nutrient fluxes of an individual tree that was devel-
oped to analyze the responses of trees to multiple environmen-
tal stresses (Weinstein et al. 1991). In the model, the tree is
divided into compartments: foliage, branches, stem, and
coarse and fine roots. In each compartment, the model keeps
track of three carbon pools: structure (living, respiring tissue);
wood (the non-respiring tissue); and total nonstructural carbo-
hydrate (TNC). Carbon assimilation of the tree is calculated
hourly as a function of ambient environmental conditions and
the availability of light in the canopy, water, and nutrients.
Carbon is redistributed daily within the plant for respiration,
growth, storage, and replacement of senescent tissues. Priority
for carbon varies inversely with the distance between source
and sink, and varies directly with relative sink strength.

In TREGRO, the interaction between tree growth and the
environment is achieved through the linkage of separate data
files. The parameter file includes: maximum photosynthetic
rate, rates of maintenance and growth respiration, pheno-
logical patterns of growth, growth rates of individual tree
compartments, initial patterns of carbon allocation among
compartments, and partitioning within compartments among
living structure, dead wood, and reserves (TNC). In addition
to the data presented here, other sources include soils descrip-
tion (Grulke 1999), rooting distribution and biomass (Grulke
et al. 1998), and whole plant carbohydrate content (Grulke et
al. 2001). The meteorological file defines the site-specific
hourly environmental conditions including air temperature
(°C), relative humidity (%), rainfall (mm), and PPFD (µmol
m–2 s–1) obtained from the archives of Lassen Volcanic Na-
tional Park as well as this study. Biomass and allocation of
5-year-old trees harvested on site were used as the initial tree
in these simulations.

Results

Representativeness of intensively measured trees and
branches

The distribution of tree age classes within the stand, and mor-
phological and nearest neighbor attributes are given in Ta-
ble 1. For all parameters except nearest neighbor proximity,
the intensively measured trees were not statistically different
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at P = 0.05 from the larger population of the same tree age
class. Intensively measured trees in the 41–60-year-old tree
age class were further away on average from both con- and
interspecific neighbors than trees in the larger population of
the same tree age class. Some of the average trees were re-
jected because of self-pruning of lower branches on the mar-
gins of the tree clusters, which significantly increased
sampling time per tree for the gas exchange measurements.

Although a comprehensive analysis of canopy variability in
physiological attributes was not conducted, gas exchange and
leaf area per unit weight were compared in upper, middle and
lower canopy thirds on five trees in the 41–60-year-old tree
age class, based on midmorning measurements in June. Leaf
area per unit weight of 1-year-old needles did not vary signifi-
cantly across the canopy thirds (P = 0.45) and was 3.86 ± 1.39,
3.08 ± 0.28 and 4.54 ± 0.73 cm2 gdw

–1 for the upper, mid and
lower canopy, respectively (cf. Monserud and Marshall 1999).
Stomatal conductance was similar across the canopy (68 ± 8,

70 ± 18 and 70 ± 10 mmol H2O m–2 s–1 for the upper, mid and
lower canopy, respectively). Mencuccini and Grace (1996) re-
ported that transpiration rates were similar throughout the can-
opy, and between 7- and 59-year-old tree age classes of Scots
pine (Pinus sylvestris L.). Net assimilation rate (NAR) did not
significantly differ within the canopy (P = 0.58), although it
was 24% greater in the upper canopy (4.7 ± 0.1 µmol CO2 m–2

s–1) relative to the mid (3.9 ± 0.9 µmol CO2 m–2 s–1) and lower
canopy (3.7 ± 0.7 µmol CO2 m–2 s–1). Thus, measurements
made in the lower third of the canopy may be representative of
the 1-year-old foliage in the lower two thirds of the canopy.
The 1-year-old needles had the greatest NAR until early Au-
gust, when both current- and 1-year-old needles had similar
NAR.

Climate

The most important difference in climate between study years
was in spring and fall precipitation (Table 2). Late spring pre-
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Table 1. Representativeness of trees chosen for intensive study relative to the population of that tree age class (in years) within the stand. A
one-way ANOVA was used to test for differences for each plant attribute. Mean values are given ± 1 SE.

Tree age class (year)

0–10-year-old 11–20-year-old 21–40-year-old 41–60-year-old

Proportion of trees in tree age class (%) 15.9 12.1 40.7 20.6

Tree age
Sampled 5 ± 1 13 ± 2 27 ± 2 51 ± 4
Population 4 ± 1 15 ± 1 31 ± 1 50 ± 1
P-Value 0.42 0.26 0.05 0.61

Number of whorls retained
Sampled 2.6 ± 0.2 4.2 ± 0.3 5.6 ± 0.5 4.7 ± 0.4
Population 3.0 ± 0.2 4.3 ± 0.2 4.9 ± 0.1 4.8 ± 0.1
P-Value 0.33 0.76 0.08 0.74

Basal diameter (cm)
Sampled 0.25 ± 0.11 0.88 ± 0.12 3.77 ± 0.77 6.57 ± 0.69
Population 0.22 ± 0.07 0.89 ± 0.11 3.85 ± 0.32 4.90 ± 0.55
P-Value 0.82 0.99 0.94 0.26

Tree height (m)
Sampled 0.41 ± 0.14 0.92 ± 0.11 5.08 ± 0.96 6.83 ± 0.56
Population 0.48 ± 0.10 1.48 ± 0.23 4.89 ± 0.35 6.23 ± 0.49
P-Value 0.69 0.28 0.88 0.65

Number of needle age classes retained
Sampled 2.6 ± 0.2 4.2 ± 0.3 5.6 ± 0.5 4.7 ± 0.4
Population 3.0 ± 0.2 4.3 ± 0.2 4.9 ± 0.1 4.8 ± 0.1
P-Value 0.33 0.76 0.08 0.74

Nearest conspecific neighbor (m)
Sampled 5.2 ± 1.0 5.8 ± 1.1 2.3 ± 0.8 1.7 ± 0.4
Population 4.6 ± 0.5 2.1 ± 0.3 1.4 ± 0.1 1.1 ± 0.2
P-Value 0.61 0.0001 0.05 0.24

Nearest interspecific neighbor (m)
Sampled 5.9 ± 0.4 4.8 ± 1.0 3.7 ± 1.0 5.8 ± 2.1
Population 4.8 ± 0.4 3.2 ± 0.6 3.1 ± 0.3 1.7 ± 0.3
P-Value 0.22 0.24 0.62 0.0004

 by guest on July 12, 2011
treephys.oxfordjournals.org

D
ow

nloaded from
 

http://treephys.oxfordjournals.org/
https://www.researchgate.net/publication/232304865_Developmental_patterns_of_above-ground_hydraulic_conductance_in_a_Scots_pine_Pinus_sylvestris_L_age_sequence?el=1_x_8&enrichId=rgreq-3323b466fff29a54ee816fe35cae0cbb-XXX&enrichSource=Y292ZXJQYWdlOzEyMDY5NzY4O0FTOjEwMjcwNjU2Mzc4MDYyMkAxNDAxNDk4NTYyMzU1


cipitation delayed the onset of summer drought. Soil water
content was high in June in both growing seasons (> 15%), but
dropped rapidly after mid-July. In 1994, soil water content
dropped to 0% at 15-cm depth after mid-July, and remained at
0% until the end of September. In both years, soil pits dug to
100-cm depth in September yielded a soil water content of
< 4%.

Needle water potential

In both years, predawn needle water potential (Ψ) was signifi-
cantly lower for 3–9-year-old seedlings than for all older tree
age classes. The lowest values obtained in 1993 and 1994 were
–1.5 and –2.5 MPa, respectively (Figure 1). Twenty percent of
tagged seedlings in the stand died by the end of the 1994 grow-
ing season. Based on whole-tree harvests, mean rooting depth
of 3–9-year-old seedlings was 40 cm, and did not exceed
80 cm. Predawn needle Ψ did not correlate well with soil water
content at depths of 10 and 45 cm (P > 0.10), except in
11–20-year-old trees where it was correlated with soil water
content at 45-cm depth (r = 0.82, P = 0.10).

Net assimilation rate

Gas exchange measurements were representative of maxi-
mum values obtainable for NAR and gs for each tree on each
sample date. The overall seasonal pattern of gas exchange
(NAR, gs) was marked by uniformly high early season and low
late growing season values for all tree age classes. In a 3-way
ANOVA on NAR, tree age class, Julian day, and year were
significant as explanatory variables (P < 0.001 for each, Fig-
ure 1). The interactions between tree age class and Julian day
(P = 0.064), and tree age class and year (P = 0.49), and tree age
class, Julian day, and year (P = 0.11) were not significant, per-
haps because the overall pattern of NAR was similar in the two
years. Seedlings had lower NAR one month earlier than all
other tree age classes in both years (early August 1993: P =
0.05; mid July 1994: P = 0.01). The interaction term between
tree age class and Julian day was not significant in the mesic
year (P = 0.07), but it was significant in the xeric year (P =
0.05).

Over the whole data set, irradiance (PPFD, P = 0.56), leaf
temperature (P = 0.85), and VPD (P = 0.85) were not signifi-

cantly different across the tree age classes during gas ex-
change measurements. Ambient CO2 concentration (Ca;
ppmv) at the time of NAR measurements was greater for the
youngest two tree age classes than for the other tree age
classes (0–9 years old, 357 ± 2; 11–20 years old, 354 ± 1;
21–40 years old, 350 ± 1; 41–60 years old, 350 ± 1; mature
trees, 352 ± 2 ppm CO2; P = 0.02). The relative difference in
leaf to air temperature did not significantly differ among tree
age classes (seedlings to mature trees: 1.8 ± 0.2, 1.3 ± 1.4, 1.4
± 0.1, 1.4 ± 0.2, 1.1 ± 0.3 °C; P = 0.13).

Leaf nitrogen concentration and total chlorophyll concen-
tration were higher for seedlings relative to all other tree age
classes (P < 0.001 in both cases) (Table 3). Although not mea-
sured for seedlings, leaf area per unit weight of saplings was
significantly greater than that of all older tree age classes (P =
0.001). However, seasonal values of net assimilation ex-
pressed on a leaf weight, leaf nitrogen concentration or leaf
chlorophyll concentration did not change the seasonal pattern
of net assimilation (data not shown).

Needle respiration

The relationship between daytime respiration and leaf temper-
ature did not differ significantly across the five tree age classes
for either slope (parallel: P = 0.19) or slope and y-intercept
(coincident: P = 0.08). Respiration varied significantly with
Julian day (P < 0.001), but not with tree age class (P = 0.88) or
year (P = 0.45) (Figure 1). The interaction terms were not sig-
nificant at P = 0.05. To determine whether seasonal changes in
temperature, or subtle differences in needle temperature be-
tween tree age classes affected respiration, a regression was
developed between dark-adapted respiration and temperature
for each tree age class. When respiration was corrected to a
constant temperature over the growing season, there were no
significant differences between tree age classes (P = 0.66).
Respiration varied significantly with Julian day (P < 0.001)
and between years (P = 0.05). In both years, foliar respiration
was highest during the period of greatest aboveground growth.
Except during the growth period, foliar respiration was lower
in the mesic year than in the xeric year.
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Table 2. Summary of environmental conditions during the two intensive years of study, a mesic year (1993), and a xeric year (1994).

Apr 15–May 15 May 16–Jun 15 Jun 16–Jul 15 Jul 16–Aug 15 Aug 16–Sep 15 Sep 16–Oct 15

Julian day 106–134 135–165 166–196 197–227 228–258 259–288

Mean air temperature at 1.5 m (°C)
1993 5.5 ± 3.7 10.8 ± 1.1 15.7 ± 0.4 15.4 ± 0.5 14.6 ± 0.4 10.3 ± 0.6
1994 6.7 ± 4.3 10.5 ± 4.3 14.6 ± 2.0 16.7 ± 1.5 12.5 ± 3.0 9.9 ± 5.5

Total monthly precipitation (cm)
1993 6.53 13.10 0.32 1.17 0.00 7.65
1994 8.10 2.62 0.03 0.33 0.46 2.29

Soil water (%; 1993 only)
10-cm depth 14.2 ± 3.2 2.8 ± 0.7 6.2 ± 0.6 0.4 ± 0.6 4.7 ± 0.8
45-cm depth 19.2 ± 12.2 7.2 ± 0.8 6.7 ± 0.9 3.1 ± 1.2 5.1 ± 0.2
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Stomatal conductance

In a 3-way ANOVA on gs, tree age class (P = 0.01), Julian day
(P < 0.001), and year (P < 0.001) were significant as explana-
tory variables (Figure 1). The interaction terms between tree
age class and Julian day (P = 0.30), and tree age class and year
(P = 0.30) were not significant, whereas the interaction term
between tree age class, Julian day and year was significant
(P = 0.04). Stomatal conductance was similar across all tree
age classes except in April 1993 and July 1994. Among tree
age classes, seedlings had the greatest gs in April 1993 (P =
0.01), and the lowest gs in July 1994 (P = 0.03).

A regression line was fit for the relationship between net as-
similation and gs for each tree age class, for each month (Fig-
ure 2; graphed only for June through September). Changes in
gs had little influence on NAR in late March, May, and June.
The shift to more efficient water use occurred in all tree age
classes by early August. All regressions were significant (P <

0.001) for August, September, and October for all tree age
classes, but none differed significantly either in slope or y-in-
tercept at P = 0.05. Seedlings shifted to a more efficient water
use in July, a month earlier than all other tree age classes. The
slope of the regression for seedlings was significantly greater
than that for 11–20-year-old trees (P = 0.04), 21–40-year-old
trees (P = 0.06), 41–60-year-old trees (P = 0.06) and mature
trees (P = 0.04).

Figure 3 shows the relationship between maximum daily gs

and VPD for the five tree age classes at non-limiting predawn
needle xylem potentials, estimated at more than –0.8 MPa for
seedlings, and more than –1.0 MPa for all older tree age
classes. Although the slope of the regression between gs and
predawn xylem potential was lower for seedlings than for
other tree age classes (P = 0.10), the slopes of the regressions
for seedlings through to 41–60-year-old trees were not signifi-
cantly different at P = 0.05. At high VPDs, seedlings may have
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Figure 1. Seasonal course of net assim-
ilation rate (NAR, µmol CO2 m–2 s–1),
daytime respiration rate (µmol CO2

m–2 s–1), stomatal conductance (gs,
mmol H2O m–2 s–1), and predawn
needle xylem potential (MPa) in a me-
sic (1993) and xeric year (1994). Each
value represents the mean of six (± 1
SE) individuals in each tree-age class
measured within 3 days of the Julian
day indicated.
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lost stomatal control (Raschke 1975), or may have had incom-
plete stomatal closure (averaging 15 mmol H2O m–2 s–1).
Mature trees appeared to be relatively unresponsive to
changes in VPD during the midmorning measurements.

The relationship between gs and predawn needle xylem po-
tential under non-limiting VPDs (< 4.5 kPa) was evaluated for
the five tree age classes (Figure 3). To limit destructive sam-
pling, predawn xylem potential was measured on seedlings
other than those used in gas exchange measurements. Predawn
needle xylem potential appeared to be limiting gs at values less
than –0.8 MPa for seedlings, and less than –1.0 MPa for sap-
lings and mature trees. Too few measurements of pole-sized
trees were taken at low needle xylem potentials to evaluate
their response. Slopes of the regression lines defining limits to
gs did not differ significantly among the three tree age classes
at P = 0.05.

Carbon isotope discrimination

Needle elongation (and thus cellulose) was laid down between
the end of May and was 90% complete before the onset of
drought stress in mid July (Figure 4). Carbon isotope discrimi-
nation increased with increasing tree age (Table 3; Adjusted r2

= 0.33, P = 0.02). Tree age, branch length, height of branch at-
tachment, path length (branch attachment + branch length),
needle WUE (averaged over the period of needle elongation),
and chlorophyll a/b (a proxy for irradiance on sampled
branches) all contributed to δ13C in leaf cellulose (Rundel et al.
1988). Tree age was highly correlated with branch length (Ad-
justed r2 = 0.932, P < 0.001), and moderately correlated with
WUE (Adjusted r2 = 0.342, P = 0.02) and height of foliar sam-
ple (Adjusted r2 = 0.649, P < 0.001). When all variables were
submitted to a multiple, stepwise regression, only path length
(m) was a significant predictor of cellulose δ13C (Adjusted r2 =
0.38, P = 0.02).

Aboveground growth and foliar retention

In both years, needle elongation growth was initiated at the
end of May (Julian day 150) (Figure 4) and cessation of needle
elongation occurred by mid-August (Julian day 225). Elonga-
tion growth was lowest in seedlings. Maximum needle length
was greatest for mature trees in both the mesic and xeric years.
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Table 3. Summary of tissue chemistry reported at its phenological maximum across tree age classes. A one-way analysis of variance was used to
test for differences among sites (mean ± 1 SE). Values with different letters or annotations indicate significant differences at P < 0.05. If not other-
wise specified, foliage tissue is 1 year old. Chlorophyll, starch, and monosaccharide concentrations are reported in mg g–1 dry weight
Monosaccharide tissue concentration is summarized from Grulke et al. (2001).

Tree age class (year)

3–9 11–20 21–40 41–60 Mature P-value

Total chlorophyll 763 ± 51 a 508 ± 91 b 456 ± 72 b 451 ± 41 b 398 ± 37 b 0.002
Foliar N concentration, % 1.24 ± 0.04 a 0.98 ± 0.04 b 0.99 ± 0.02 b 1.03 ± 0.04 b 1.04 ± 0.05 b 0.001
Foliar C concentration, % 50.9 ± 0.2 a 49.2 ± 0.3 b 49.2 ± 0.4 bc 49.2 ± 0.9 bd 48.4 ± 0.99 bd < 0.001
Foliar soluble sugars 415 ± 37 a 208 ± 10 b 186 ± 22 b 184 ± 4 b 220 ± 26 b < 0.001

δ13C of foliar cellulose
1993 –25.4 ± 0.2 a –24.9 ± 0.2 a –24.9 ± 0.2 ac –24.4 ± 0.4 bc –24.0 ± 0.6 bc 0.03
1994 –24.9 ± 0.2 a –24.1 ± 0.3 ac –24.2 ± 0.2 ac –23.8 ± 0.5 ac –23.6 ± 0.7 bc 0.07

Figure 2. Seasonal change in water-use efficiency by tree age class.
Late March and May responses were similar to those presented for
June. October responses were similar to those presented for Septem-
ber.
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Saplings 11–20-years-old had the greatest lateral branch elon-
gation in both years. Measurements of lateral branch growth
of the two younger tree age classes were made in the mid can-
opy, whereas lateral branch elongation was measured in the
lower canopy of all older tree age classes. Maximum branch
elongation was lower in 1994 than in 1993 for all tree age
classes except for the 11–20-year-old class. Needle retention
was lower for the youngest two tree age classes (< 20 years

old) relative to the three older tree age classes (Figure 4). In the
drought year, differences in needle retention between tree age
classes were less distinct and not statistically significant.

Whole-tree biomass allocation

Three seedlings, three saplings, and three 21–40-year-old
trees were harvested in early September 1993. Estimates of
seedling age based on terminal bud scars were accurate, but
tree age determined at 8 cm varied significantly from tree age
determined at the base of the tree (given in parentheses):
12 (versus 14 years), 14 (versus 16 years), 16 (versus
27 years), 25 (versus 36 years), 30 (versus 40 years), and
35 (versus 68 years old). Although the three trees in each tree
age class were average, there was high within-age class vari-
ability in total tree biomass (Table 4). With increasing tree
age, less biomass was allocated to belowground tissue, and
more to aboveground support structures (bole + branch) (Ta-
ble 5). Although the 27-year-old tree was placed in the
11–20-year-old tree age class based on its age at 8 cm, its allo-
cation pattern was intermediate between the two tree age
classes. It was a short tree with low total mass. For this tree, al-
location to roots was more similar to the younger tree age class
but higher allocation to needles was more similar to that of
saplings. Trees were harvested at a time when fine root bio-
mass was at a minimum and represented only 2% of
whole-tree biomass (Grulke et al. 1998). Fine root biomass
was sixfold higher before the onset of drought stress than in
early September.

TREGRO simulations

The biomass, carbon allocation, and other parameters of the
initial ponderosa pine tree were set based on the data obtained
from the field study. We first set parameters in the model to
simulate the expected growth of a tree at the field site (Lassen,
CA) under mesic conditions (Table 4). The simulation target
was to grow a ponderosa pine tree with annual biomass incre-
ments that matched target values at 11–20, and 21–40 years
old starting from a 3–9-year-old seedling. We assumed a con-
stant rate of increase in all biomass components over the 10-
and 25-year simulation periods. All TREGRO-simulated trees
were calibrated by adjusting tissue growth rates and senes-
cence rates in fine roots until two conditions were met: (1)
when the simulated carbon gain of each of the trees compart-
ments and the total tree carbon were within 10% of the field
values, and (2) when the proportion of the biomass in each
compartment closely matched that measured in the field. Not
surprisingly, TREGRO simulations of total biomass, and pro-
portion of biomass in needles, branch, stem, and coarse and
fine roots matched well with total biomass and allocations de-
termined in the field.

Discussion

The Mediterranean climate, and adaptations of the local eco-
type, dominated the physiological responses of ponderosa
pine in this study. Determining the true site water availability
in the Sierra Nevada and Transverse Ranges is one of the big-
gest challenges in modeling growth of ponderosa pine. Fine
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Figure 3. Relationships between stomatal conductance (gs) and leaf to
air vapor pressure deficit not limited by predawn xylem potential
(more than –0.8 MPa for seedlings, and more than –1.0 MPa for all
older tree age classes), and predawn needle xylem potential not lim-
ited by VPD (< 4.5 kPa) for the five tree age classes. A population
mean for each sample date was used for seedling predawn xylem po-
tential to reduce disturbance. Boundary line analysis (Webb 1972)
was used to fit a regression line to the outer 10% of the observations in
the range of physiological limitation.
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root mortality in response to drying in the upper soil horizons
and associated hormone signals (Loewenstein and Pallardy
1998) induced fundamental changes in leaf-level WUE, and
dominated elongation growth patterns.

The correlations between gs and soil water availability in the
upper soil horizons were poor, indicating that soil water avail-
ability in the upper 50 cm of soil does not adequately reflect
deep water sources available to the trees (DeLucia et al. 1988,
Hubbert 1999). Only the saplings had a marginally significant
correlation coefficient between gs and soil water at 45-cm
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Figure 4. Seasonal course of the num-
ber of needle age classes retained, and
elongation growth of needles and lat-
eral branches in a mesic (1993) and xe-
ric (1994) year.

Table 4. Total biomass (g dry weight), and biomass by compartment
for ponderosa pine in the 3–9, 11–20, and 21–40-year-old tree age
classes corresponding to allocation presented in Table 5. The % error
in estimate for total biomass, and biomass by compartment is given
for TREGRO simulation, targeting the mean field biomass of 15- and
40-year-old trees. The initial tree size was 5-year-old ponderosa pine
on site.

Tree age class (years)

3–9 11–20 21–40

Whole tree biomass (g) 1.58 ± 0.39 370 ± 180 31,160 ± 19,220
Simulation estimate (g) 340 30,951

% Foliage 23 37 12
Simulation estimate 32 11

% Branch 7 21 17
Simulation estimate 23 17

% Stem 12 4 59
Simulation estimate 4 60

% Coarse root 5 34 11
Simulation estimate 36 11

% Fine root 53 0.4 0.4
Simulation estimate 0.4 0.4

Table 5. Proportion of tree biomass allocated to fine and coarse root,
bole, branch, and foliage for ponderosa pine in three tree age classes
in a natural stand. For the seedlings, there were no coarse roots and
stem (bole) was reported as branch tissue. Mean ± 1 SE is given.

Tree age class (years)

3–9 11–20 21–40

Age, years 4 ± 1 16 ± 6 48 ± 10
% foliage 25 ± 6 32 ± 8 14 ± 2
% branch 20 ± 2 24 ± 5 17 ± 2
% stem – 4 ± 1 60 ± 3
% coarse root – 34 ± 6 9 ± 2
% fine root 55 ± 4 6 ± 3 1 ± 1
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depth. Because trees at Lassen, CA were physiologically ac-
tive during at least some part of the day in August, September,
and October despite the lack of precipitation, trees older than
20 years must have been relying on water obtained from roots
deep (> 100-cm deep) within interstices of cracked bedrock
(Jones and Graham 1993, Hubbert 1999). Unfortunately, in
ponderosa pine ecosystems with deeply weathered bedrock,
the only proxy for available soil water is predawn needle Ψ.
Maximum daily gs of seedlings, saplings, and mature trees was
significantly correlated to predawn needle Ψ at non-limiting
VPDs (< 4.5 kPa). Among tree age classes, gs of mature trees
was least responsive to changes in VPD at non-limiting pre-
dawn needle Ψ.

Gas exchange measurements in the field vary with ecotype,
season and phenology, canopy position, foliar age class, and
microenvironment of the tree. However, when trees were at a
daily maximum of hydration in the morning, leaf specific gas
exchange was similar across tree age classes. Similarly, under
non-limiting conditions in the morning, maximum NAR mea-
sured in the upper canopy of ponderosa pine trees in central
Oregon was similar between pole-sized and mature trees (54-
and 230-year-old trees, Yoder et al. 1994), and comparable
with the values reported for the lower one third of the mature
tree canopy in this study. Our leaf-specific maximum NAR
and gs values were also similar to those reported for P. ponder-
osa var. scopulorum in Arizona (Kolb and Stone 2000).

Although maximum gas exchange rates were similar across
tree age classes, physiological limitations to water movement
in mature trees over the course of the day (Yoder et al. 1994,
Hubbard et al. 1999) and growing season were reflected in an
integrated measure of WUE, provided by carbon isotopic dis-
crimination. In general, NAR and gs in conifers decline with
increasing tree age (e.g., ponderosa pine and lodgepole pine,
Yoder et al. 1994, Ryan and Waring 1992, bristlecone pine
(Pinus aristata Engelm.), Schoettle 1994, giant sequoia (Se-
quoiadendron giganteum (Lindl.) Buchholz), Grulke and
Miller 1994, Norway spruce (Picea abies L. Karst), Kull and
Koppel 1987). Greater resistance to water flow as a result of
longer stems (Mencuccini and Grace 1996) and branch length
(Walcroft et al. 1996) contributed to lower gs (higher WUE) in
older trees compared with younger trees. The trend to less neg-
ative δ13C values with increasing tree age indicates that
stomatal conductance decreases with tree age. Qualitatively
similar trends have been reported for pole-sized versus mature
ponderosa pine and lodgepole pine (Yoder et al. 1994). Our
values of δ13C for ponderosa pine in the dry year were similar
to those reported by Carey et al. (1998) for montane ponderosa
pine in Nevada. Generally, δ13C varied little across a broad
range in tree age (from 5 to 50 years old). We found that path
length (bole + branch length) was the best explanatory vari-
able for carbon isotopic discrimination.

It is not necessarily the maximum gas exchange, but the sea-
sonal phenological patterns and site-specific environmental
limitations to gas exchange that are important for modeling ef-
forts. In Arizona, there are two transitions in WUE corre-
sponding to two soil drying cycles: one by mid-June, and one
by mid- to late August when thunderstorms rewet the upper

soil surfaces (Kolb and Stone 2000). In our study, there was
only one soil drying cycle and one shift to increased water-use
efficiency. Water-use efficiency was similar across all tree age
classes early and late in the growing season. Seedlings shifted
to more efficient water use one month earlier than all older tree
age classes. The integrated measure of seedling WUE indi-
cated that seedlings were less efficient overall than older tree
age classes. The CO2 concentration during the instantaneous
gas exchange measurements was significantly higher for seed-
lings and saplings than for all older tree age classes. Respired
CO2 from the soil is much lighter than that of the atmosphere
(Andreux et al. 1990), and could have contributed to a more
negative δ13C in seedlings.

In Arizona populations of ponderosa pine, the two transi-
tions in WUE within the growing season corresponded to two
phases of needle elongation growth (Kolb and Stone 2000). In
our study, the phenological pattern of needle growth was simi-
lar for all tree age classes: elongation ceased within two to
three weeks of the drying of the upper soil horizon, and the
pattern was consistent in both mesic and xeric years. Needle
elongation and integrated WUE were lowest in seedlings,
greatest in mature trees, and intermediate over a broad tree age
range (11–60-year-old trees). Lateral branch elongation was
lowest for seedlings and greatest for saplings, despite sam-
pling in mid-canopy for both tree age classes. We conclude
that site-specific phenology confounds more general model-
ing efforts in this species.

Branch elongation slowed during the period of needle
growth, providing support for the idea that growth is limited
by internal competition among sinks for carbon resources
(Waring and Schlesinger 1985, Luxmoore et al. 1995). Branch
elongation growth of mature trees appeared to increase slowly
until the end of October. Although water was available to ma-
ture trees throughout the growing season (Hubbert 1999), rate
of delivery was probably limited by low hydraulic conduc-
tance in mature trees (Yoder et al. 1994, Hubbard et al. 1999,
Kolb and Stone 2000). Within the canopy, the greatest cur-
rent-year shoot growth occurred in the mid-canopy (Solling
1972, as seen in Schulze et al. 1977). Lateral branch growth is
suppressed in the upper canopy by high auxin concentrations
(Denne 1979), and by light-limited carbon acquisition in the
lower canopy (Luxmoore et al. 1995). Although irradiance at
the primary branches did not appear to be limiting, a better un-
derstanding of within-canopy variability of elongation growth
and its response to environmental stressors may be needed to
adequately model mature trees in natural stands. Tools such as
multiple elemental isotopic discrimination may aid in under-
standing within-canopy variability of gas exchange, although
ambient CO2 concentrations and possible differences in the
timing of cell wall growth may confound efforts.

Foliar retention was significantly lower for seedlings and
saplings than for all older tree age classes. Tissue chemistry of
saplings was similar to that of all older tree age classes,
whereas seedlings had higher nitrogen and carbon contents,
and higher carbohydrate (Grulke et al. 2001) and chlorophyll
concentrations in foliage. Thus, needle loss in seedlings repre-
sented a much greater proportion of whole-plant resources
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than for any other tree age class. Ponderosa pine seedlings and
saplings exhibited strong conservation of resources: despite
severe drought stress, surviving seedlings and saplings had no
fewer needle age classes in the xeric year than in the mesic
year. In contrast, mature and 41–60-year-old pole-sized trees
lost multiple needle age classes in the xeric year (this study,
and Grulke and Balduman 2000). Changes in needle retention
with tree age class will have a significant effect on modeled
ponderosa pine responses, especially to stressors that reduce
foliar retention (drought, ozone exposure, high nitrogen depo-
sition).

Whole-tree biomass was lower than that reported for green-
house-, chamber-, or plantation-grown ponderosa pine. Sap-
ling biomass was comparable with that of saplings growing in
small gaps (9 m in diameter) on a nearby site (McDonald and
Reynolds 1999), although distances between tree clusters was
much greater in this study (estimated as 5–20 m). Pole-sized
trees in our natural stand (21–40-year-old trees) had similar
diameter growth to that of 10-year-old plantation-grown trees
at a nearby site. There was little competition from herbs or
shrubs at the Lassen site.

The TREGRO simulations of total biomass, and proportion
of biomass in needles, branch, stem, and coarse and fine roots
matched well with total biomass and allocations determined in
the field (Table 4). Ponderosa pine seedlings had high biomass
allocation to roots, saplings had high foliar and branch bio-
mass allocation, and pole-sized trees had the highest biomass
allocation to support structure tissues (branches and bole).
Both tree age and size influenced biomass allocation patterns.
Lodgepole pine also showed increases in allocation to stems as
trees aged from 15 to 30 years (Smith and Resh 1999). How-
ever, reductions in belowground carbon allocation only oc-
curred in a very old lodgepole stand, whereas reductions in
belowground carbon allocation occurred in a 30-year-old pon-
derosa pine tree in this study. In Scots pine, allocation to fo-
liage, woody tissue, and roots was 20, 49 and 30%, respec-
tively, in 14-year-old trees and 15, 77 and 30%, respectively,
in 23-year-old trees (Ovington 1957, as seen in Miller et al.
1990). We observed a much greater increase in woody tissue
between comparable tree age classes at the expense of both fo-
liage and root biomass. In western juniper, foliar mass was
constant between comparable tree age classes, but woody tis-
sue increased at the expense of root biomass. Foliar mass did
not increase appreciably with increasing tree age, but bole
mass continued to increase in monospecific stands of Pinus
species (Gower et al. 1995). In slash pine (Pinus elliotii
Engelm.) plantations, the shift to increased woody tissue bio-
mass occurred in 5-year-old trees, whereas in our natural pon-
derosa pine stand it did not occur until the trees were 35 years
old.

This study marks one of the first attempts to parameterize
TREGRO over a series of life stages of a single tree species.
Red oak (Quercus rubra L., Weinstein et al. 1993) is the only
other species for which both seedling and mature tree simula-
tions have been made. The most common application of
TREGRO has been to simulate a short-term (3 year) response
of a seedling (Laurence et al. 1993, Weinstein et al. 1998) or

mature tree (Constable et al. 1996, Constable and Taylor 1997,
Retzlaff et al. 2000) to an environmental stressor, conse-
quently, the simulations have not been long enough to develop
the decadal changes in biomass presented here. When extrapo-
lating seedling, sapling, or plantation-grown tree responses to
mature trees in natural stands, special consideration for the
amount of time the seedling remains small, and the timing of
the changes in resource allocation as the individual matures
will improve modeling success. Providing for deep water ac-
cess in weathered bedrock will be a critical next step in the de-
velopment of physiologically based models and their applica-
tion to ecosystems characterized by summer droughts.
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