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Abstract To examine the predictability of leaf physiol-
ogy and biochemistry from light gradients within cano-
pies, we measured photosynthetic light-response curves,
leaf mass per area (LMA) and concentrations of nitro-
gen, phosphorus and chlorophyll at 15-20 positions
within canopies of three conifer species with increasing
shade tolerance, ponderosa pine [Pinus ponderosa
(Laws.)], Douglas fir [Pseudotsuga menziesii (Mirb.)
Franco], and western hemlock [Tsuga heterophylla (Raf.)
Sarg.]. Adjacent to each sampling position, we contin-
uously monitored photosynthetically active photon flux
density (PPFD) over a 5-week period using quantum
sensors. From these measurements we calculated FPAR:
integrated PPFD at each sampling point as a fraction of
full sun. From the shadiest to the brightest canopy po-
sitions, LMA increased by about 50% in ponderosa pine
and 100% in western hemlock; Douglas fir was inter-
mediate. Canopy-average LMA increased with decreas-
ing shade tolerance. Most foliage properties showed
more variability within and between canopies when ex-
pressed on a leaf area basis than on a leaf mass basis,
although the reverse was true for chlorophyll. Where
foliage biochemistry or physiology was correlated with
FPAR, the relationships were non-linear, tending to
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reach a plateau at about 50% of full sunlight. Slopes of
response functions relating physiology and biochemistry
to In(FPAR) were not significantly different among
species except for the light compensation point, which
did not vary in response to light in ponderosa pine, but
did in the other two species. We used the physiological
measurements for Douglas fir in a model to simulate
canopy photosynthetic potential (daily net carbon gain
limited only by PPFD) and tested the hypothesis that
allocation of carbon and nitrogen is optimized relative
to PPFD gradients. Simulated photosynthetic potential
for the whole canopy was slightly higher (<10%) using
the measured allocation of C and N within the canopy
compared with no stratification (i.e., all foliage identi-
cal). However, there was no evidence that the actual
allocation pattern was optimized on the basis of PPFD
gradients alone; simulated net carbon assimilation in-
creased still further when even more N and C were
allocated to high-light environments at the canopy top.

Key words Radiation gradients - Photosynthesis -
Confiers Shade tolerance

Introduction

The structure, biochemistry, and physiology of leaves
within a forest canopy show striking spatial heteroge-
neity, even in monospecific stands. The mass per unit
leaf area (LMA) of topmost leaves, for example, is
typically two or three times greater than that of same-
age foliage in the lower canopy, and light-saturated
photosynthetic capacity (4,ax) follows a similar trajec-
tory (e.g., Lewandowska and Jarvis 1977; Hollinger
1989; Ellsworth and Reich 1993). Spatial variability in
the distribution of foliage characteristics presents a
challenge in attempts to understand constraints on car-
bon uptake and to model physiological processes and
growth of whole canopies and stands (Sellers et al. 1992;
Baldocchi 1993; Jarvis 1993). Variability of foliage
within canopies also complicates the sampling strategies
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required to characterize biomass and biochemistry, and
physiological performance of whole canopies from
measurements of sub-sampled foliage.

A simplifying hypothesis is that the variation in fo-
liage structure and physiology within canopies is a
function of gradients in photosynthetically active pho-
ton flux density (PPFD; see Appendix for a list of
abbreviations and units). Numerous studies have shown
that variations in leaf structure, nitrogen content, and
Amax Within canopies correspond to variations in light
(e.g., Field 1983; DeJong and Doyle 1985; Hirose and
Werger 1987; Hollinger 1989, 1996; Ellsworth and Reich
1993; Brooks et al. 1996; Livingston et al. 1998;
Schoettle and Smith 1999), and these variations gener-
ally mimic the responses that occur when whole plants
are grown in controlled experiments at different light
levels (Boardman 1977; Bjorkman 1981). Several in-
vestigators (e.g., Gutschick and Wiegel 1988; Takenaka
1989; Field 1991; Jarvis 1993) have proposed that car-
bon and/or nitrogen are allocated within canopies to
optimize use of solar energy.

If foliage properties can be described as functions of
light gradients, either empirically or based on optimiza-
tion theories, it should be possible to predict the char-
acteristics of foliage within whole canopies based on a
knowledge of light extinction and the properties of fo-
liage at the top. Such predictions would facilitate sam-
pling procedures, algorithms for canopy process models,
and interpretation of remotely sensed information (Sell-
ers et al. 1992). Although many studies document rela-
tionships between light extinction and foliage properties,
there is little information about the consistency of these
trends across species. Since shade-intolerant species are
less plastic than tolerant species in response to varying
light environments both in their photosynthetic appara-
tus (Teskey and Shrestha 1985; Kubiske and Pregitzer
1996) and LMA (Chen et al. 1996), one prediction is that
the slope of the relationship between local light envi-
ronment and leaf properties will be steeper in a shade-
tolerant compared with an intolerant species.

To better understand the relationships between fo-
liage properties and light gradients within canopies, we
studied mature canopies of three conifer species with
increasing shade tolerance: ponderosa pine [Pinus pon-
derosa (Laws.)], Douglas fir [Pseudotsuga menziesii
(Mirb.) Franco], and western hemlock [Tsuga he-
terophylla (Raf.) Sarg.]. All three species are common in
the Pacific northwest and important commercially. We
asked two principal questions.

(1) Are there significant differences among species in
foliar responses to light gradients? We tested the
hypothesis that the range in foliar properties (espe-
cially LMA, A,.. and nitrogen content) within
canopies would increase with increasing shade tol-
erance of the species. If this proved true, we sought to
determine whether differences in the range of foliar
properties were due to differing plasticity of foliage in
response to variation in light or, alternatively, to

differences in the range of light microenvironments
due to variations in total leaf area.

Is the allocation of carbon and nitrogen within the
canopies “optimized” with respect to light? We de-
fined an “‘optimized” canopy as one which allocates
resources (C and N) to maximize the potential for
whole-canopy net carbon assimilation. We simu-
lated light-limited photosynthetic potential over a
24-h period for whole canopies (i.e., the total daily
carbon gain expected in ambient light if unaffected
by other environmental factors) assuming different
allocation patterns of carbon/nitrogen to foliage.
Leaf area index and the total amount of carbon and
nitrogen within the canopy were held constant, but
the distribution varied, to assess the impact of allo-
cation patterns on photosynthetic potential.

)

Foliage may persist for many years on all of the
species we studied, and leaf chemistry, structure and
function may change with age, irrespective of illumina-
tion. In addition, shoot morphology of many conifer
species varies as a function of the light microenviron-
ment (Carter and Smith 1985; Leverenz and Hinckley
1990; Niinemets and Kull 1995; Sprugel et al. 1996) and
affects light absorption and photosynthesis for a
particular canopy position (Leverenz and Jarvis 1980;
Oker-Blom and Kelloméki 1982; Carter and Smith 1985;
Leverenz 1996; Stenberg 1996, 1998). In on-going stud-
ies, we are investigating interactions between N alloca-
tion and stem morphology in multiple age classes of
foliage on carbon assimilation. However, to keep the
present analysis tractable, here we restrict our consid-
eration to l-year-old foliage, and we do not analyze the
impact of variable stem morphology on light intercep-
tion. This is consistent with the overall goal of assessing
the degree to which leaf physiology and biochemistry
can be predicted simply from light gradients.

Materials and methods
Study sites

Our three study sites were located at or near well-studied sites along
an west-east transect (OTTER) in Oregon, USA (Matson et al.
1994; Runyon et al. 1994). The Douglas fir site is in the Willamette
Valley, near Corvallis, Ore. (44°38'N, 123°17'W); elevation is
317 m, tree height 22.5 m, stand leaf area index (LAI) = 6. The
western hemlock site is on the west slope of the Cascade Mountains,
east of Scio, Ore. (44°40’'N, 122°36’W); elevation is 730 m, tree
height 18 m, stand LAI = 9. The ponderosa pine site, described
previously by Yoder et al. (1994), lies on the east slope of the
Cascade mountains, near Black Butte, Ore. (44°25'N, 121°40'W).
Its elevation is 1032 m, tree height 28 m, and stand LAI = 1.5;
however, the leaf area/canopy silhouette area was higher, ap-
proaching 4.0. Scaffolding with platforms at several levels provided
access throughout the canopies of three trees for the western hem-
lock and Douglas fir sites and one tree at the ponderosa pine site.

At each site, we conducted measurements over a 6- to 8-week
period during periods of active photosynthesis. For Douglas fir,
western hemlock and ponderosa pine these dates were 28 May—
5 July 1995, 11 July-8 August 1995, and 14 June—15 August 1996,
respectively.



Measurements of PPFD

We monitored PPFD continuously during the study periods with
an array of 20 quantum sensors (model LI-190-SZ; Li-Cor, Lin-
coln, Neb.) positioned to be as representative as possible of the
range of PPFD gradients within the canopies. Sensors were sup-
ported by metal brackets adjacent to a twig that was used in foliage
analyses and leveled with a bubble level. One sensor was positioned
above the canopy to record unobstructed PPFD. Sensors were at-
tached via 15-m cables to one of two CRI10x data loggers
(Campbell Scientific, Logan, Utah) and programmed to record
PPFED every minute; half-hourly mean values were stored. For each
sensor, we calculated FPAR, the total daily PPFD as a fraction of
full sun, averaged over clear days.

Gas exchange and analysis of light-response curves

We measured a photosynthetic light-response curve using 1-year-
old foliage adjacent to 19 of the 20 quantum sensors (the topmost
sensor was inaccessible with gas exchange equipment). For western
hemlock and Douglas fir, we used a portable, steady-state gas ex-
change system from Data Design Group (PACsys 9900, La Jolla,
Calif.). Measurements were conducted in the mornings or on cool,
humid days when there was little or no evidence of mid-day sto-
matal closure for the whole canopy. Cuvette temperature was
maintained at 25°C and relative humidity at 40%. Light was
provided by two high-intensity projector bulbs (EYF) powered by a
12-V battery. Each light-response curve consisted of seven mea-
surements at decreasing PPFD, with values near 1100, 600, 400,
250, 150, 50, and 5 pmol m™> s~' achieved by placing neutral
screens between the bulbs and the cuvette. After each change in
PPFD, we allowed at least 2 min for foliage to acclimate, then
waited until the coefficient of variation in net assimilation was not
greater than 5%; typically, this took 5-10 min. Projected surface
area of foliage in the cuvette was determined using a video image
recorder and AgVision software (Decagon Devices, Pullman,
Wash.). For ponderosa pine, we used a Li-Cor 6400 gas exchange
system with an LED light source. Temperature, humidity, and light
were controlled to the same values as for the PACsys 9900 system.
Projected area of the pine foliage (two fascicles) in the cuvette was
calculated by multiplying the total width of all six needles (mea-
sured to the nearest 0.1 mm with precision calipers) by the length of
the cuvette.

The non-linear curve-fitting procedure of SigmaPlot (Jandel
Scientific Software, Corte Madera, Calif.) was used to fit light-
response curves to an equation described by Hanson et al. (1987):

A= Amax % [1 = (1 = Rpy/Ama) ' PPFP/0)] (M

The apparent quantum yield (®) can be obtained from the first
derivative of this equation, evaluated at PPFD = 0 (Hanson et al.
1987):

@ = (Amax/T) X (1 = Rp/Amax)In(1 — Rp/Amax) (2)

Equation 1 was also used to estimate the quantum requirement for
saturation of photosynthesis for each foliage sample. Because 4
approaches A4,,,, asymptotically, it is not possible to evaluate nu-
merically the PPFD when A first reaches Ay.x. Therefore, for
comparative purposes, we determined PPFD when 4 = 0.90
X Amax(e‘)())-

LMA and foliage biochemistry

Following gas exchange measurements, foliage from cuvettes was
harvested, placed in a plastic bag and stored over ice. Within 24 h,
sub-samples were analyzed for chlorophyll and chlorophyll a/b as
described in Yoder and Waring (1994), and remaining foliage was
dried to constant mass at 70°C. LM A was determined from the mass
to area ratio of this foliage, which was subsequently subjected to acid
digest followed by determination of N and P by Kjeldahl analysis.
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Statistical analyses

Study sites for the three species were unreplicated, so analyses
comparing the three sites represent a case study of “‘species/sites.”
To compare mean values of foliage properties among the three
species/sites we used both the Bonferroni (Dunn) test of multiple
comparisons as well as Tukey’s test of all possible pairwise com-
parisons with oo = 0.05. The Bonferroni test provides better con-
trol of type I errors, but has a higher probability of type II errors.

We determined whether there were differences in the relation-
ships between foliage properties and local PPFD for the three
species/sites by testing for significant differences in slopes and in-
tercepts of linear regressions. The general linear models procedure
of SAS (SAS Institute, Cary, NC) was used, with indicator vari-
ables for species/sites. The full model was:

y IBpp + (Bdf X Idf) -+ (Bwh X lwh) -+ (Bpp-x X x)
+ Bag-x X x X Igr + (Bwh-x X X X Iyp) + ¢

where I4 and I, are dummy indicators, x represents the inde-
pendent variable [FPAR or In(FPAR)] and the subscripts represent
the three species. Significant differences in regression slopes among
species/sites were assessed by determining whether Bypyx and By«
were significant in the model (o = 0.05), and differences in inter-
cepts were assessed by evaluating the significance of By and Byy. If
there were no significant differences in slopes, intercepts were
compared using a reduced model, eliminating (Bgex X X X Igr) +
(Bwh—x X X X Iwh)~

Testing the hypothesis that allocation of C and N within canopies
is optimized with respect to light gradients

To test the optimization hypothesis, we simulated whole-canopy
photosynthetic potential over a 24-h period under three scenarios:
“no stratification” of C and N (i.e., all foliage assumed identical),
“actual stratification” of C and N, and “2 x actual” [doubling the
slope of the response to PPFD gradients, resulting in foliage with
higher LMA and leaf nitrogen content per unit area (N,.,) at the
canopy top, and lower at the bottom, with the mid-canopy un-
changed]. In each case, the total amount of C and N available for
the whole canopy was held constant, but the distribution varied.
(The simulation was actually performed by varying only LMA
because results showed that N,., was strongly correlated with
LMA, and N,., and LMA were equally good predictors of leaf
physiological properties).

Simulated potential net C assimilation for the whole canopy
was scaled from leaf-level photosynthetic light-response curves
using a four-step process. First, for each of the three allocation
scenarios, we estimated A,.x, Rp, and I for each sampling position
from regression relationships with LM A. Then we used these values
in Eq. 1, along with hourly field measurements of PPFD from each
sampling position averaged over clear days to estimate carbon as-
similation for each sampling position on an hourly time step. Be-
cause the objective was to compare light-limited potential C
assimilation, we did not vary other environmental parameters in
the simulation —i.e., we assumed the measurement conditions from
light-response curves were constants. In the third step, the hourly
estimates were summed over a 24-h period for each sampling po-
sition. Finally, the point estimates were integrated spatially by as-
signing an “LAI class” to each position based on local FPAR. The
classes were assigned based on the assumption that light extinction
within canopies generally follows Beer’s law, with an extinction
coefficient of —0.5, an “average” value for forest canopies (Waring
and Running 1998). The Douglas fir canopy had a total LAI of 6,
so for this case the classes were as follows: LAI class 1, FPAR 61—
100%, class 2, 37-60%; class 3, 22-36%; class 4, 14-21%; class 5,
8-13%; class 6, <8%. The mean value for potential carbon as-
similation was calculated for each LAI class, and the values for
each canopy layer were summed to derive an estimated whole-
canopy potential carbon assimilation over 24 h for a clear summer
day. The estimated net carbon assimilation resulting from this
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procedure does not represent actual photosynthesis through the
canopy because (a) environmental conditions such as temperature
and humidity are held constant, (b) all foliage is assumed to have
the characteristics of the 1-year-old foliage measured experimen-
tally, and (c) photosynthesis is estimated from PPFD gradients
rather than energy absorption. However, the procedure does pro-
vide a test of the hypothesis that N and C allocation to 1-year-old
foliage is optimized based on light gradients, which addresses our
second objective.

Results
Variations in foliage properties among species/sites

There were significant differences among species/sites for
the mean values of most of the foliage characteristics we
investigated (Table 1). In all cases, Bonferroni and Tukey
tests provided identical separations of mean values. In
general, mean values of foliage properties varied ac-
cording to the gradient of shade tolerance, with ponder-
osa pine and western hemlock at opposite ends of the
range and Douglas fir in the middle. The difference in
mean A .y area AMONE species/sites was particularly large;
the light-saturated photosynthesis per unit leaf area of
ponderosa pine needles averaged nearly three times that
of western hemlock. 4,,,, and leaf nitrogen and phos-
phorus showed much greater differences among species/
sites when expressed on a leaf area basis than on a mass
basis; chlorophyll, however, varied more on a mass basis.

We hypothesized that the range of foliage properties
within canopies would increase with increasing shade
tolerance. In general, the standard deviation around
mean values as well as the absolute range of values was
similar for all species/sites, or if anything tending to
decrease with increasing shade tolerance (Table 1).
However, because mean values for most foliage prop-
erties increased as shade tolerance decreased, the varia-

Table 1 Mean (% SE) values and ranges of biochemical and phy-
siological properties of 1-year-old needles from the three sites in
this study. Sample size is shown in parentheses. Letters following

tion as a proportion of mean values did increase with
increasing shade tolerance. From lowest- to highest-light
environments, LMA increased by 49%, 86%, and 99%
for ponderosa pine, Douglas fir, and western hemlock,
respectively. The increase in Apxarea ffom bottom to
top of the canopy profiles was even greater, at 94%,
187% and 288%, respectively.

Variations in foliage properties relative
to PPFD microenvironment

The relationships between foliage properties and FPAR
were non-linear, generally reaching a maximum at about
50% of full sunlight (Fig. 1 shows responses for LMA
and Apgaxareas Other response curves were similar). To
compare the functions among species/sites, we linearized
the relationships by using In(FPAR) (Fig. 2, Table 2).

For most of the foliage properties we measured,
correlations with In(FPAR) were significant (P < 0.05;
Table 2). 4Apax-arcas Narea and LMA showed the strong-
est relationships, with In(FPAR) explaining 85% or
more of the variation in these leaf properties for the
combined datasets. The slope of Rp (on either a mass or
area basis) versus In(FPAR) was not significantly dif-
ferent from zero for any site (P > 0.05); however, for
ponderosa pine and Douglas fir, Rp_,ca Was weakly but
significantly correlated with LMA (for ponderosa
pine, 2 = 0.23, P = 0.048; for Douglas fir, = 0.27,
P = 0.023) and with Aaaea (for ponderosa
pine, = 027, P = 0.026; for Douglas fir, = 0.20,
P = 0.050).

In all cases but one, there was no significant differ-
ence among species/sites in the slopes of their responses
to In(FPAR) (Table 2, Fig. 2). The exception was T,
which for ponderosa pine showed no significant change

mean values for leaf properties indicate significant differences
among species/sites (P < 0.05; see text for details)

Pinus ponderosa

Pseudotsuga menziesii

Tsuga heterophylla

15.3 £ 0.7* (18) 11.2 to 21.7 9.0

Amax»area > 1
(umol m™ s77)

0.56 £ 0.02* (18) 0.43 to 0.77 0.49

Amax-mass 1 1
(mmol g™ s7")

Rb-area ~0.80 + 0.08* (18) —1.57 to —0.25
(umol m™2s™")
RD—mass -0.029 + 0006‘1 (18)

—0.056 to —0.009
16.0 + 1.5° (18) 4.5 to 27.0

0.052 + 0.002% (18)

0.030 to 0.071

(mmol g”' s71)
I'(pmol m™2 s 22.9
@

0.046

gy (umol m™2 s71) 746 + 54* (18) 436 to 1255 567
LMA (g m™2) 275 + 6 (18) 213 to 317 178
Narea (g m™2) 4.08 £ 0.12* (18) 2.79 to 4.96 225
Ninuss (Mg g-l) 14.8 £ 1.0* (18) 12.1 to 16.4 12.5
Purea (g m2) 0.41 £ 0.01* (18) 0.29 to 0.5 0.34
Ponass (g g”z) 1.5 £ 0.1°(18) 1.3 to 1.8 1.9
Chlyre, (g m™2) 0.79 £ 0.02 (18) 0.66 to 0.97 0.67
Chlyaes (mg g7 h) 2.9 + 0.09° (18) 2.28 to 3.81 3.9

~0.97 + 0.10° (19) —1.80 to —0.31

-0.054 + 0.005°(19)
-0.124 to —0.021

0.032 to 0.082

£ 0.6 (19) 4.7 to 13.5 53 + 0.6°(16) 2.5t0 9.7

£ 0.02% (19) 0.28 to 0.68 0.37 + 0.03" (16) 0.20 to 0.52

-0.71 £ 0.08" (15) —1.15 to —0.27

-0.054 £ 0.006° (15)
-0.101 to —0.021
19.0 + 2.0*® (15) 9.5 to 32.7
0.039 + 0.005° (15)
0.018 to 0.089

+ 2.6 (19) 8.3 to 53.5
+ 0.003%° (19)

+ 46" (19) 194 to 876 432 + 48°(15) 198 to 778

+ 7° (20) 134 to 249 130 + 7°(20) 93 to 185

+ 0.13° (20) 1.63 to 3.84 2.05 + 0.15" (20) 1.20 to 3.60
+ 1.3°(20) 10.1 to 15.4 157 + 2.4* (20) 12.9 to 2.07

+ 0.02° (20) 0.26 to 0.69 0.16 + 0.01°(20) 0.11 to 0.23
+ 0.4% (20) 1.35 to 2.80 1.3 + 0.3°(20) 0.90 to 2.19

+ 0.02° (19) 0.54 to 0.86 0.64 + 0.02° (18) 0.45 to 0.78
+ 0.1° (19) 3.17 to 4.97 5.2 + 0.3% (18) 3.14 to 7.19
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Fig. 1 Variation in LMA (a) and A4, (b) as functions of FPAR.
Curves were fit to illustrated trends in the data and do not represent
specific models (in this and subsequent figures, open triangles Pinus
ponderosa, closed circles Pseudotsuga menziesii, open squares Tsuga
heterophylla)

with respect to PPFD microenvironment. Intercepts
differed significantly among species/sites in all cases.
However, the relationship between In(FPAR) and the
quantum requirement for 90% saturation of photosyn-
thesis, ©gg, was similar across species/sites (Fig. 2f).
Although there were significant differences in intercepts,
a single regression line explained 59% of the variation in
Oy (Fig. 2f), only slightly less than the 65% achieved by
using separate intercepts for the three species (Table 2).
The average amount of light required for 90% satura-
tion of photosynthesis ranged from just under 300 umol
m 25! to over 800 pmol m™>s™!. For all species/sites,
in canopy positions with FPAR < 60%, ©y averaged
100 pmol m™2 s™! less than the maximum PPFD aver-
aged over any hour on clear days during the measure-
ment period (data not shown).

For all species/sites, correlations between A4,,,x, N or P
and In(FPAR) were much stronger when considered on an
area basis than on a mass basis; however, Chl, . was
strongly correlated with FPAR, whereas there was no
significant relationship between Chl,,., and In(FPAR).

On an area basis, the allocation of nitrogen to foliage
within the canopies (N,c,) followed an almost identical
pattern to the allocation of carbon (i.e., LMA), and
N.rea and LMA were closely correlated (> = 0.94 for
the combined dataset, accounting for differences in in-
tercepts). A similar trend occurred with P,.., and LMA
(r* = 0.84). When the data for all species were com-
bined, LMA and N, were equally good predictors of
Amax (Fig. 3). Phosphorus also was a good predictor of
Amax (* = 0.77 for combined sites allowing for different
slopes and intercepts), although chlorophyll was not.
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Fig. 2a—{f Leaf parameters which showed strong light responses as
functions of In(FPAR). In these figures, independent regression lines
are shown for each species to illustrate the similarity of independent
slopes except in e, in which case the regression was not significant
(P > 0.05) for P. ponderosa. Table 2 provides results of regression
analyses for the data after testing for significant differences among
slopes and intercepts

Simulated photosynthetic potential
with varying allocation of C and N

The overall results of the simulations were similar for the
three species/sites so here we focus only on the results for
the “intermediate” species, Douglas fir. Because alloca-
tion patterns for N were nearly identical to patterns for
LMA, and leaf physiological characteristics could be
modeled equally well on the basis of either LMA or
N.rea (see above), we used LMA as a surrogate for al-
location patterns of both N and C. Under the “no
stratification” scenario, LMA was held constant at 179,
the mean value for Douglas fir. For “actual stratifica-
tion,” LMA was calculated from measured In(FPAR) at
the sampling positions using the appropriate equation
for Douglas fir shown in Table 2. For the “2x actual
stratification” scenario, the slope was doubled and the
intercept adjusted to maintain a fixed amount of C for
the canopy. A.x, I and Rp for each canopy position
were evaluated as functions of LMA based on regression
relationships for Douglas fir:

Amax-area = 0.067 x LMA —3.03 (+* = 0.59)
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Table 2 Relationships between

In(FPAR) and foliage proper- Species By By ” P
ties of P. ponderosa, P. menzie-
sit, and T. heterophylla for the Amaxarea tmol (m=2 871 P. ponderosa 9.18 +£ 1.01 1.72 £ 0.25 0.85 0.0001
linear model y = By + Bl x P. menziesii 4.03 + 0.86
In(FPAR). Values of By or B, T. heterophylla 1.022 + 0.58
were pooled for all species when A pax.mass mmol (7! s™Y)  P. ponderosa 0.374 £ 0.043  0.051 + 0.0106 0.57 0.0001
there were no significant differ- P. menziesii 0.346 + 0.036
ences in slopes or intercepts T. heterophylla 0.243 + 0.034
(P > 0.05; see text for details). I' (umol m™>s™") P. ponderosa n.s.
Coefficients of determination P. menziesii 4.61 = 5.28 6.28 + 1.68 0.44 0.0017
and P-values are for full or re- T. heterophylla 9.59 + 3.79 3.73 £ 1.36 0.37 0.017
duced models as indicated by (o) P. ponderosa 0.0770 £ 0.017 —-0.00684 0.31 0.0027
the coefficients. For leaf prop- P. menziesii 0.0663 + 0.021
erties not shown in this table, T. heterophylla  0.0555 £ 0.015 + 0.00189
correlations with In(FPAR) O (umol m™2 571 P. ponderosa 278 £ 76 131 £ 19 0.65
were not significant P. menziesii 187 + 64
T. heterophylla 120 + 60
LMA (g m™) P. ponderosa 205 £ 9 19.3 £ 2.2 0.91 0.0001
P. menziesii 123 £ 8
T. heterophylla 9 + 6
Narea (€ m™2) P. ponderosa 2.82 £ 0.18 0.353 + 0.046 0.85 0.0001
P. menziesii 1.26 £ 0.16
T. heterophylla 1.32 +£ 0.13
Ninass (mg g1 P. ponderosa 1.36 £ 0.07 0.036 + 0.018 0.45 0.0001
P. menziesii 1.15 + 0.06
T. heterophylla 1.49 + 0.05
Porea (g M™2) P. ponderosa 0.332 £ 0.026 0.0201 + 0.0066 0.77 0.0001
P. menziesii 0.285 £+ 0.023
T. heterophylla 0.118 + 0.019
Chlyass (mg g7h) P. ponderosa 4.61 £ 029 -0.483 + 0.073 0.78 0.0001
P. menziesii 521 +£ 0.24
T. heterophylla 6.19 + 0.21
Chl a/b P. ponderosa 3.17 = 0.08 0.113 £ 0.020 0.73 0.0001
P. menziesii 2.76 £ 0.07
T. heterophylla 2.92 = 0.06

I' =0.26 x LMA —24.5 (> = 0.60)
Rp-area = —0.0069 x LMA — 0.29 (+* = 0.27)

Simulated photosynthetic potential for middle canopy
layers was unaffected as the allocation patterns changed;
this foliage maintained ‘‘average-leaf”” conditions while
carbon and nitrogen were “moved” from lower leaf
layers to upper leaf layers (Fig. 4). Potential carbon
assimilation of the upper layers increased with addi-
tional C and N due to an increase in A4,,,,, but the gain
was partly offset by higher Rp_,... and I'. The carbon
balance of the upper canopy was sensitive to small
changes in I'. In additional simulations (not shown), if
the value of I was increased by 5 mmol m™2 s™! while all
other parameters were held constant, potential net car-
bon assimilation at the canopy top decreased by more
than 10%.

The simulation indicates that the lowest canopy lay-
ers had a net loss of carbon over the 24-h period under
the “no stratification” and ‘‘actual stratification” sce-
narios. This is partly an artifact of our simplified pro-
cedure of holding temperature constant. If a more
dynamic temperature regime were used, the carbon
economy of lowest foliage would improve because
nighttime respiration would be reduced; however, the
relative change in whole-canopy net carbon assimilation

for the three scenarios would not be affected. Net carbon
assimilation in the lowest canopy layers increased as C
and N were preferentially allocated to the upper canopy.
Although A,,,, was reduced, lower Rp and I' allowed
heavily shaded foliage to spend more hours of the day in
positive carbon balance. However, the lower foliage had
relatively little impact on whole-canopy performance
irrespective of the allocation scenario.

For the entire Douglas fir canopy, the actual alloca-
tion patterns of N and C resulted in a 9.5% gain in
potential daily carbon compared with a simulated can-
opy of the same LAI where all foliage had identical
LMA and N (Fig. 4a,b). Potential carbon assimilation
increased further (7.9%) when there was even greater
preference allocation to high-light environments
(Fig. 4c). With simulations using a threefold increase in
the slope of the response of LMA to local light, potential
carbon assimilation increased still further (data not
shown).

Discussion

Our results are consistent with many previous reports
that the structure, biochemistry, and physiology of fo-
liage within canopies are extremely variable, and much
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variability can be explained by light distribution (e.g.,
Woodman 1971; Lewandowska et al. 1977; Schulze et al.
1977; Field 1983; DelJong and Doyle 1985; Hirose and
Werger 1987; Hollinger 1989; Ellsworth and Reich 1993;
Brooks et al. 1996). A notable exception was Rp, ex-
pressed on either a mass or area basis. Typically, Rp
decreases in low-light environments (Boardman 1977
Bjorkman 1981; Brooks et al. 1996), and J.D. Lewis,
R.B. McKane, D.T. Tingey, and P.A. Beedlow (un-
published data) reported significant correlations be-
tween Rp and light environment in two of the species
investigated here, 7. heterophylla and P. menziesii. For
our measurements of Rp, variance was high and the
values small, so it is possible that we did not detect real
relationships.

In our study, as in many other studies of both an-
giosperms and gymnosperms (Gulmon and Chu 1981;
Kull and Koppel 1987; Hollinger 1989; Weinbaum et al.
1989; Ellsworth and Reich 1993; but see also Barker and
Booth 1996; Livingston et al. 1998), N and A4,,., ex-
pressed on a leaf mass basis were relatively constant
within canopies and showed little response to light gra-
dients (slopes were significantly different from but close
to 0). Therefore, with increased LMA of foliage in high-
light environments, N and Apax-area also increased. In
fact, one could argue that carbon, rather than nitrogen,
was allocated to new foliage relative to the light envi-
ronment, and nitrogen simply followed carbon in a more
or less fixed ratio. A similar trend occurred with phos-
phorus, although relationships were not as strong as for
nitrogen.
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Fig. 4 Light-limited net carbon assimilation for a 24-h period in
Douglas fir under different allocation scenarios. LAI and total C
available for foliage were held constant, and photosynthesis was
modeled using Eq. 1 based on available light with the physiological
parameters A5, Rp, and I" derived from LMA and @ held constant
at 0.066. a LMA (and all other leaf properties) are assumed constant
through the canopy. b LMA increases from bottom to top of the
canopy based on the measured response with In(FPAR). ¢ Slope of
the response of LMA to In(FPAR) is twice the measured response

Are there significant differences among species
in foliar responses to light gradients?

The species we investigated span a wide range in shade
tolerance. Western hemlock grows in moist environ-
ments, forming dense canopies with a LAI often ex-
ceeding 10; thus, foliage deep in the canopy survives with
less than 1% of full sunlight. It can regenerate and
persist in the canopy understory, and it is a climax
species in many Pacific northwest forests (Franklin and
Dyrness 1988). Ponderosa pine, on the other hand,
rarely forms canopies with LAI > 4; foliage is likely to
shed when average irradiance falls to about 10% of full
sun. Douglas fir is intermediate.

We predicted that slopes of regression relations be-
tween leaf properties and In(FPAR) would increase with
increasing shade tolerance. We found, however, that the
leaf properties that were most sensitive to PPFD, in-
cluding LMA, 4., Nurea> Parea @and Chl,s, responded
to light gradients within canopies in a similar fashion in
the three species we investigated. Expressed in terms of
percent change from lowest to highest values, the range
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for most foliage characteristics increased with increasing
shade tolerance, but the slopes of response functions did
not vary among species and the absolute ranges tended
to increase with shade tolerance. For reasons yet to be
explained, it appears that the shade-intolerant pine
simply does not grow new leaves in low-light environ-
ments, but new foliage is similarly responsive to light
gradients. The only significant difference among species
in foliar responses to light was in I', which was not
correlated with In(FPAR) in the pine canopy but was in
western hemlock and Douglas fir.

Our study, like nearly all other studies of variation
through profiles of large canopies, was limited by having a
single tower for canopy access at each of three locations,
each with a different species. This necessarily limits the
inference that may be drawn from our analyses. However,
if future investigations confirm our findings for other
species, sites, and age classes of foliage, it could provide a
simplified way to “‘scale up”” measurements and models
from individual leaves to whole canopies. The implication
is that foliage biomass, N content, P content and many
physiological characteristics should be predictable from
measurements of topmost foliage in addition to a know-
ledge of light extinction within the canopy. To employ
such a strategy, one would need to adjust intercepts of the
regression equations so that measurements from tops of
canopies would correspond with In(FPAR) = 4.6 (i.e.,
100% full sun). It is unlikely that all tree species will show
the same response functions as the western conifers we
studied. For example, Barker and Booth (1996) reported
higher N values in the upper-middle canopy of a tropical
rainforest species than in topmost foliage. But if the ap-
proach could be applied even among distinct species
groups, it could simplify models and measurement re-
quired to scale from leaf to canopy.

This study was limited to 1-year-old needles, and as the
light environment changes in canopies with multiple age
classes of foliage, nitrogen may be remobilized from older
needles (Field 1983). In ongoing studies, we are investi-
gating the impact of current light environment compared
with the light environment during leaf development on
LMA and N content of multiple age classes of needles.
Brooks et al. (1996) found that thick needles tended to
have more nitrogen than thin needles irrespective of their
current light environment or needle age, indicating that
the close relationship between carbon and nitrogen is
maintained to some degree from initial allocation through
the life span of the foliage. However, Schoettle and Smith
(1999) reported a poor relationship between A, Or Nyrca
and light gradients when multiple age classes of Pinus
contorta foliage were pooled — age classes had to be ana-
lyzed separately to obtain close relationships.

Is allocation of carbon and nitrogen “optimized”
with respect to light gradients?

An alternative to using empirically derived equations
to predict foliage properties from light gradients is to

derive theoretical relationships based on optimization
theories. Several optimization theories have been pro-
posed (Field 1983, 1991; Gutschick and Wiegel 1988;
Takenaka 1989; Jarvis 1993), most commonly in terms
of nitrogen allocation. Because there is strong evidence
for a positive linear relationship between foliage N
content (on a leaf area basis) and A, (e.g., Field and
Mooney 1986), and because N is typically limiting to
plant growth, Field (1983) proposed that N should be
preferentially allocated to foliage in high-light environ-
ments, and optimal allocation of N should occur when
dA/dN is constant.

There is also strong evidence for a positive linear
relationship between LMA and A,.,, (Nygren and
Kelloméki 1983; Oren et al. 1986), and an argument for
optimization of C allocation can be developed that is
similar to that for N allocation. Gutschick and Wiegel
(1988) determined that LMA profiles within canopies of
crop plants are similar to what would be expected if
carbon were allocated within a canopy of fixed leaf area
to maximize whole-canopy carbon assimilation.

Simple radiative transport analysis predicts that if
dA/dN and d4/dLMA are constant through a canopy
profile, then N and C should be allocated in direct
proportion to FPAR (Sellers et al. 1992; Anten et al.
1995; also discussed in Hollinger 1996). Instead, we
found, as Hollinger (1996) reported previously, that
both N and LMA varied non-linearly with FPAR,
reaching a plateau at about 50% of full sunlight. The
non-linearity is consistent with other studies showing
that LMA and N decrease linearly with canopy height
(Hollinger 1989; Livingston et al. 1998) or cumulative
LAI (Ellsworth and Reich 1993). Our simulations of
light-limited canopy potential under different allocation
scenarios lead to a similar conclusion. If photosynthesis
within the canopy were limited only by leaf photosyn-
thetic capacity and light gradients, much more C and N
would need to be allocated to canopy tops to maximize
photosynthesis.

In some canopies, gradients in temperature, water
vapor or CO, may also be important in determining
photosynthesis and defining optimum allocation patterns
of N and C. However, the structural heterogeneity
through canopy profiles is probably much more impor-
tant. For many species, the distribution and arrangement
of foliage on shade shoots can greatly increase light in-
terception, and therefore photosynthesis, in the lower
canopy relative to local FPAR (Leverenz and Jarvis
1980; Oker-Blom and Kelloméki 1982; Carter and Smith
1985; Leverenz 1996; Stenberg 1996, 1998). Needle
clustering and penumbral effects of small leaf size also
affect light penetration, interception, and photosynthesis
(Stenberg 1998). A more realistic optimization model for
C and N allocation must consider canopy structure, and
dA/dN or d4/dLMA must be analyzed relative to light
interception by individual needles rather than gradients
in FPAR. However, such models can become extremely
complex, and for predictive purposes the empirical
models will probably be more useful if they prove robust.
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Appendix: symbols and units

A Net CO, assimilation rate (umol m™ s™%)

Net CO, assimilation at light saturation,
leaf area basis (umol m~2 s™")

Net CO, assimilation at light saturation,
leaf mass basis (mmol g~ ' s

Amax»area

Amax-mass

Chl,rea Leaf chlorophyll content per unit area (g m™)

Chljpass Leaf chlorophyll content per unit mass (mg g~ ')

FPAR Time-integrated PPFD at a particular point
within a canopy relative to full sunlight above
the canopy (%)

LAI Leaf area index (dimensionless)

LMA Leaf mass per area (g m™2)

Narea Leaf nitrogen content per unit area (g m™>)

mass Leaf nitrogen content per unit mass (mg g~ ')
Parea Leaf phosphorus content per unit area (g m_z)1
Leaf phosphorus content per unit mass (mg g )

mass

PPFD Photosynthetically active photon flux
density (umol m™2 s™")

Rp.area Daytime dark respiration rate,
leaf area basis (umol m™—2 s~! CO,)

Rpb-mass Daytime dark respiration rate,
leaf mass basis (mmol g™ s™! CO,)

) Apparent quantum yield of photosynthesis
(dimensionless)

[C2% PPFD when 4 = 90% of A4,,.x, an index of the
quantum requirement for light saturation of
photosynthesis

r Light compensation point (umol m=2 s™!
photosynthetically active radiation)

References

Anten NPR, Schieving F, Werger MJA (1995) Patterns of light and
nitrogen distribution in relation to whole canopy carbon gain in
C; and C; mono- and dicotyledonous species. Oecologia
101:504-513

Baldocchi DD (1993) Scaling water vapor and carbon dioxide ex-
change from leaves to a canopy: rules and tools. In: Ehleringer
JR, Field CB (eds) Scaling physiological processes: leaf to
globe. Academic Press, San Diego, pp 77-114

Barker MG, Booth WE (1996) Vertical profiles in a Brunei rain
forest: II. Leaf characteristics of Dryobalanops lanceolata.
J Trop For Sci 9:52-66

Bjorkman O (1981) Responses to different quantum flux densities.
In: Lange OL, Nobel PS, Osmond CB, Ziegler H (eds) Ency-
clopedia of plant physiology (new series), vol. 12A. Springer,
Berlin Heidelberg New York, pp 57-107

Boardman NK (1977) Comparative photosynthesis of sun and
shade plants. Annu Rev Plant Physiol 28:355-377

191

Brooks JR, Sprugel DG, Hinckley TM (1996) The effects of light
acclimation during and after foliage expansion on photosyn-
thesis of Abies amabilis foliage within the canopy. Oecologia
107:21-32

Carter GA, Smith WK (1985) Influence of shoot structure on light
interception and photosynthesis in conifers. Plant Physiol
79:1038-1043

Chen HYH, Klinka K, Kayahara GJ (1996) Effects of light on
growth, crown architecture, and specific leaf area for naturally
established Pinus contorta var. latifolia and Pseudotsuga men-
ziesii var. glauca saplings. Can J For Res 26:1149-1157

DeJong TM, Doyle JF (1985) Seasonal relationships between leaf
nitrogen content (photosynthetic capacity) and leaf canopy
light exposure in peach (Prunus persica). Plant Cell Environ
8:701-706

Ellsworth DS, Reich PB (1993) Canopy structure and vertical
patterns of photosynthesis and related leaf traits in a deciduous
forest. Oecologia 96:169—-178

Field CB (1983) Allocating leaf nitrogen for the maximization of
carbon gain: leaf age as a control on the allocation program.
Oecologia 56:341-347

Field CB (1991) Ecological scaling of carbon gain to stress and
resource availability. In: Mooney HA, Winner WE, Pell EJ
(eds) Response of plants to multiple stresses. Academic Press,
San Diego, pp 35-65

Field CB, Mooney HA (1986) The photosynthesis-nitrogen rela-
tionship in wild plants. In: Givnish TJ (ed) On the economy of
plant form and function. Cambridge University Press, Cam-
bridge, UK, pp 25-55

Franklin JF, Dyrness CT (1988) Natural vegetation of Oregon and
Washington. Oregon State University Press, Corvallis, Ore, p 452

Gulmon SL, Chu CC (1981) The effects of light and nitrogen on
photosynthesis, leaf characteristics, and dry matter allocation in
the chaparral shrub, Diplacus aurantiacus. Oecologia 49:207-212

Gutschick VP, Wiegel FW (1988) Optimizing the canopy photo-
synthetic rate by patterns of investment in specific leaf mass.
Am Nat 132:68-85

Hanson PJ, McRoberts RE, Isebrands JG, Dixon RK (1987) An
optimal sampling strategy for determining CO, exchange rate
as a function of photosynthetic photon flux density. Photo-
synthetica 21:98-101

Hirose T, Werger MJA (1987) Maximizing daily canopy photo-
synthesis with respect to the leaf nitrogen allocation pattern in
the canopy. Oecologia 72:520-526

Hirose T, Werger MJA, Rheenen JWA van (1989) Canopy devel-
opment and leaf nitrogen distribution in a stand of Carex
acutiformis. Ecology 70:1610-1618

Hollinger DY (1989) Canopy organization and foliage photosyn-
thetic capacity in a broad-leaved evergreen montane forest.
Funct Ecol 3:53-62

Hollinger DY (1996) Optimality and nitrogen allocation in a tree
canopy. Tree Physiol 16:627-634

Jarvis PG (1993) Prospects for bottom-up models. In: Ehleringer
JR, Field CB (eds) Scaling physiological processes: leaf to
globe. Academic Press, San Diego, pp 115-126

Kubiske ME, Pregitzer KS (1996) Effects of elevated CO, and light
availability on the photosynthetic light response of trees of
contrasting shade tolerance. Tree Physiol 16:351-358

Kull O, Koppel A (1987) Net photosynthetic response to light in-
tensity of shoots from different crown positions and age. Scand
J For Res 157-166

Leverenz J (1996) Shade-shoot structure, photosynthetic perfor-
mance in the field, and photosythetic capacity of evergreen
conifers. Tree Physiol 16:109-114

Leverenz J, Hinckley TM (1990) Shoot structure, leaf area index
and productivity of evergreen conifer stands. Tree Physiol
6:135-149

Leverenz J, Jarvis PG (1980) Photosynthesis in Sitka spruce (Picea
sitchensis (Bong.) Carr.). IX. The relative contribution made by
needles at various positions on the shoot. J Appl Ecol 17:59-68

Lewandowska M, Jarvis PG (1977) Changes in chlorophyll and
carotenoid content, specific leaf area and dry weight fraction in



192

Sitka spruce, in response to shading and season. New Phytol
79:247-256

Lewandowska M, Hart JW, Jarvis PG (1977) Photosynthetic
electron transport in shoots of Sitka spruce from different levels
in a forest canopy. Physiol Plant 41:124-128

Livingston NJ, Whitehead D, Kelliher FM, Wang Y-P, Grace JC,
Walcroft AS, Byers JN, McSeveny TM, Millard P (1998) Ni-
trogen allocation and carbon isotope fractionation in relation
to intercepted radiation and position in a young Pinus radiata
D. Don tree. Plant Cell Environ 21:795-803

Matson P, Johnson L, Billow C, Miller J, Pu R (1994) Seasonal
patterns and remote spectral estimation of canopy chemistry
across the Oregon transect. Ecol Appl 4:280-298

Niinemets U, Kull O (1995) Effects of light availability and tree size
on the architecture of assimilative surface in the canopy of Pi-
cea abies: variation in shoot structure. Tree Physiol 15:791-798

Nygren M, Kellomiki S (1983) Effect of shading of leaf structure
and photosynthesis in young birch, Betula pendula Roth. and
B. pubescens Ehrn. For Ecol Manage 7:119-132

Oker-Blom P, Kelloméki S (1982) Effect of angular distribution of
foliage on light absorption and photosynthesis in the plant can-
opy: theoretical computations. Agric For Meteorol 39:105-116

Oren R, Schulze E-D, Matyssek R, Zimmermann R (1986) Esti-
mating photosynthetic rate and annual carbon gain in conifers
from specific leaf weight and leaf biomass. Oecologia 70:187-193

Runyon JD, Waring RH, Goward SN, Welles JM (1994) Envi-
ronmental limits on net primary production and light-use effi-
ciency across the Oregon Transect. Ecol Appl 4:226-237

Schoettle AW, Smith WK (1999) Interrelationships among light,
photosynthesis and nitrogen in the crown of mature Pinus
contorta ssp. latifolia

Schulze E-D, Fuchs MI, Fuchs M (1977) Spacial distribution of
photosynthetic capacity and performance in a mountain spruce
forest of northern Germany. Oecologia 29:43-61

Sellers PJ, Berry JA, Collatz GJ, Field CB, Hall FG (1992) Canopy
reflectance, photosynthesis and transpiration. III. A reanalysis
using improved leaf models and a new canopy integration
scheme. Remote Sens Environ 42:187-216

Sprugel DG, Brooks JR, Hinckley TM (1996) Effects of light on
shoot geometry and needle morphology in Abies amabilis. Tree
Physiol 16:91-98

Stenberg P (1996) Simulations of the effect of shoot structure and
orientation on vertical gradients in intercepted light by conifers.
Tree Physiol 16:99-108

Stenberg P (1998) Implications of shoot structures on the rate of
photosynthesis at different levels in a coniferous canopy using a
model incorporating grouping and penumbra. Funct Ecol
12:82-91

Takenaka A (1989) Optimal leaf photosynthetic capacity in terms
of utilizing a natural light environment. J Theor Biol 139:517—
529

Teskey RO, Shrestha RB (1985) A relationship between carbon
dioxide, photosynthetic efficiency and shade tolerance. Physiol
Plant 63:126-132

Waring RH, Running SR (1998) Forest ecosystems: analysis at
multiple scales. Academic Press, San Diego

Weinbaum SA, Southwick SM, Shackel KA, Muraoka TT, Ku-
reger W, Yeager JT (1989) Photosynthetic photon flux influ-
ences macroelement weight and leaf dry weight per unit of leaf
area in prune tree canopies. J Am Soc Hort Sci 114:720-723

Woodman JN (1971) Variation of net photosynthesis within the
crown of a large forest-grown conifer. Photosynthetica 5:50-54

Yoder BJ, Waring RH (1994) The normalized difference vegetation
index of small Douglas fir canopies with varying chlorophyll
concentrations. Remote Sens Environ 48:1-11

Yoder BJ, Ryan MG, Waring RH, Schoettle AW, Kaufmann MR
(1994) Evidence of reduced photosynthetic rates in old trees.
For Sci 40:513-527



