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Summary This study examined relationships between

foliar morphology and gas exchange characteristics as

they vary with height within and among crowns of Sequoia

sempervirens D. Don trees ranging from 29 to 113 m in

height. Shoot mass:area (SMA) ratio increased with height

and was less responsive to changes in light availability as

height increased, suggesting a transition from light to

water relations as the primary determinant of morphology

with increasing height. Mass-based rates of maximum

photosynthesis (Amax,m), standardized photosynthesis

(Astd,m) and internal CO2 conductance (gi,m) decreased

with height and SMA, while the light compensation point,

light saturation point, and mass and area-based rates of

dark respiration (Rm) increased with height and SMA.

Among foliage from different heights, much of the

variation in standardized photosynthesis was explained

by variation in gi, consistent with increasing limitation of

photosynthesis by internal conductance in foliage with

higher SMA. The syndrome of lower internal and stoma-

tal conductance to CO2 and higher respiration may

contribute to reductions in upper crown growth efficiency

with increasing height in S. sempervirens trees.

Keywords: internal conductance, photosynthesis, respira-
tion, tree height.

Introduction

Foliar morphology often varies within the crowns of forest

trees, with values of common metrics (leaf mass:area, LMA

or shoot mass:area, SMA) typically increasing with height.

Some of this plasticity is a response to light level and appears

to improve resource allocation for light harvesting (Givnish

1986, Leverenz 1996, Niinemets and Kull 1998, Niinemets

et al. 1998, Bond et al. 1999). Hydraulic constraints may also

contribute to variation in foliar morphology, particularly in

tall trees (Marshall and Monserud 2003, Koch et al. 2004,

Woodruff et al. 2004, Ishii et al. 2008). As the vertical dis-

tance between roots and leaves lengthens, gravity and fric-

tion increase the hydrostatic and hydrodynamic

components, respectively, of xylem tension (Zimmermann

1983). As a result, protoplasts at greater heights should

experience reduced turgor pressure or require increased

solute accumulation to drive water absorption for turgor

maintenance. Estimates of declining turgor pressure with

height suggest that osmotic adjustment is incomplete (Koch

et al. 2004, Woodruff et al. 2004, Meinzer et al. 2008), and

this may lead to reduced leaf expansion and increased

LMA or SMA. Other factors such as reduced tracheid

hydraulic conductivity (Domec et al. 2008) may further

impact cellular water relations and contribute to reduced

leaf expansion as trees approach apparent height limits.

If the structure of the foliage is constrained by height-

related factors, physiological functions of foliage may be

compromised in tall trees. Variation in LMA is often inver-

sely correlated with leaf internal conductance to CO2, gi,

the diffusive conductance from the substomatal chamber

through intercellular airspaces, cell walls and the liquid

phase of mesophyll cells to the sites of carboxylation within

chloroplasts (Evans et al. 1986, Evans et al. 1994, Hanba

et al. 1999, Warren et al. 2004, Warren 2008). Thus, the

increase in LMA with height might limit leaf gas exchange

by reducing gi. Vertical trends of increasing foliar d13C in

many tall-growing tree species (reviewed in Ryan et al.

2006) indicate that the total leaf conductance (stomatal,

gs plus gi) limitation of photosynthesis generally increases

with height. The extent to which reductions in gi contribute

to this height-related variation in foliar d13C is unclear. In

Douglas-fir, gi of lower and upper crown leaves did not
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differ (Warren et al. 2003), but gi of treetop foliage

decreased with height (Woodruff et al. 2008), implying that

lower gi contributed to the observed declines in ambient

photosynthesis with increasing tree height. So far,

Douglas-fir is the only tall species for which gi has been

quantified across a height gradient.

Height-related variation in foliar morphology may also

impact gas exchange by affecting thebalanceof photosynthe-

sis and respiration. At the species level, highLMAor SMA is

often associated with an increased proportion of non-

photosynthetic tissue (Niinemets 1999, Reich et al. 1999),

higher light compensation point (LCP) (Lewis et al. 2000),

decreasedmass-based photosynthesis (Koch et al. 2004, Ishii

et al. 2008) and higher respiration relative to photosynthesis

(Griffin et al. 2001, Tissue et al. 2002, Zha et al. 2002).

Although numerous studies have documented lower photo-

synthesis in foliage from taller trees and a few have described

reductions in crowngrowth efficiencywithheight (Ryanet al.

2006), it remains the extent towhich changes in leaf structure,

via effects on gas exchange characteristics and carbon

balance, contribute to this pattern.

In Sequoia sempervirens D. Don (coast redwood,

Cupressaceae) trees (hereafter redwood), foliar morphology

ranges frombilaterally flattened shootswith leaves in a single

plane in the lower crown to shoots near the treetop that have

reduced, scale-like leaves arranged radially around the stem

(Koch et al. 2004, Ishii et al. 2008). In the tallest redwoods,

which are over 110 m in height and have crowns up to

80 m in depth, LMA varies nearly threefold, and both

SMAand light-saturatedphotosynthesis vary fourfold along

vertical gradients of light and water potential (Ishii et al.

2008). Within-crown variation in foliar d13C of these trees

spans much of the range observed in C3 species, with treetop

values of �22& to �24&, indicative of strong limitation of

CO2 assimilation by CO2 concentration (Koch et al. 2004).

While fieldmeasurements document periods of lower stoma-

tal conductance at the tops of taller compared to shorter red-

woods (Sillett and Ambrose, unpublished data), it is unclear

whether this is adequate to account for the observed varia-

tion in foliar d13C with height. Understanding how gi varies

with height and foliar morphology would help resolve the

role of stomatal regulation and internal conductance in

determining foliar d13C. Laboratory measurements of gas

exchange have documented a reduction in maximum photo-

synthetic rate (Amax) along a height gradient within tall red-

wood crowns (Koch et al. 2004, Ishii et al. 2008) and at the

tops of redwoods of different heights (Ambrose et al.

2009), but relationships between internal conductance and

foliar morphology have not been examined.

This study investigated the links between foliar morphol-

ogy and components of photosynthetic and respiratory gas

exchange along height and light availability gradients in

redwood. We tested two primary hypotheses: (1) with

increasing SMA, dark respiration rate (Rm) increases rela-

tive to maximum photosynthesis and (2) leaf internal con-

ductance to CO2 decreases as SMA increases.

Materials and methods

Study site

We selected 20 redwood trees for intensive study (Sillett

et al., unpublished data). These trees occur on the north

coast of California in Humboldt Redwoods State Park, an

old-growth forest along the alluvial terraces of Bull Creek,

a tributary of the Eel River (Van Pelt and Franklin 2000).

This forest is located at 40.3� N and 124.0� W, between 30

and 50 m a.s.l., and has a mean annual temperature of

12.6 �C and a mean annual precipitation of 1226 mm with

< 2% occurring in the dry summer season (National

Weather Service Data for Scotia, CA). The climate is

coastal-Mediterranean with periods of fog during summer.

Sampling protocol

Five trees, whose tops were exposed to full sun, were chosen

from each of the four height classes: 29–36, 68–75, 90–96 and

108–113 m (hereafter referred to as 30, 70, 90 and 110 m).

Trees were nondestructively accessed using ropes and arbor-

ist-style climbing techniques (Jepson 2000). In October 2007,

branches � 1 m in length and 1 cm in basal diameter were

cut, wrapped in a plastic bag to reduce transpiration and

transported to ground level where they were re-cut under

water, removing 10–15 cm of length. In the laboratory, all

branches were again re-cut under water, this time removing

2–5 cm. Before beginning gas exchange measurements, the

cut branches were allowed to acclimate for 3–12 h. All gas

exchange measurements were done within 36 h of removal

from the tree. Because of the small size of individual redwood

leaves andbeing closely appressed to the stem inupper crown

foliage (Ishii et al. 2008), it was not possible to measure gas

exchange using individual leaves. Instead, all gas exchange

measurements were of shoots, defined here as one annual

segment with all its leaves. Thus, foliage inside the gas

exchange chamber included stem and leaf tissues.

To examine the relationships between shoot morphology

and gas exchange parameters along the vertical, within-

crown gradient, a branch was taken from within 5 m of the

treetop, from themiddle of the live crown, and from the base

of the live crown in each of the tallest trees. To characterize

the effects of height, withminimal variation in light, on foliar

morphology and physiology, we sampled all 20 treetops

(< 5 m from highest leaf). To compare treetop light levels,

direct site factor (DSF), indirect site factor (ISF) and %

canopy openness were quantified withWinSCANOPY from

hemispherical photographs taken via a digital camera on a

self-leveling mount (Version 2002a, Régent Instruments,

Inc., Quebec, Canada).

Morphological measurements

Area andmass of shoot segments weremeasured to quantify

foliar morphology. After gas exchange measurements, each

shoot was digitally scanned (Epson America, Inc., Long

Beach, CA) and then ImageJ (National Institute of Health,
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Bethesda, ML) was used to calculate the projected shoot

surface area (As) of the silhouette. Shoots were then dried

at 60 �C for 48 h and weighed to the nearest 0.1 mg. Shoot

dry mass (Ms) was divided by As to determine SMA. For

each sample, morphological measurements were based only

on the portion of the shoot used for gas exchange analysis.

Gas exchange measurements

Gas exchange was quantified with a LI-6400 portable

photosynthesis system (Li-Cor, Lincoln, NE). For each

branch, one terminal shoot was placed in the 2 · 3 cm stan-

dard leaf chamber equipped with a red-blue LED source

(model 6400-02B). Preliminary tests with a second

quartz–halogen light source illuminating the leaf from

below (through a transparent chamber bottom) produced

no increase in net CO2 assimilation above that achieved

with saturating light from the LED source alone, indicating

that the internal reflection within the Li-Cor leaf chamber

adequately illuminated the underside of the shoot. The

seam between the top and bottom of the leaf chamber

was sealed with putty to eliminate CO2 leaks. For all

measurements block temperature was set to 25 �C and leaf

temperature was measured with a thermocouple in contact

with the underside of the shoot. Leaf-to-air vapor pressure

deficit was maintained between 1.4 and 2.0 kPa.

Light response curves Light response curves were used to

estimate Amax, Rm, light saturation point (LSP) and LCP

for each shoot. The reference CO2 was set to 400 lmol CO2

mol�1 andphotosynthetic photon fluxdensity (PPFD) varied

from 0 to 2000 lmol photons m�2 s�1. To solve for Amax,

LSP and LCP, light curves were analysed using a program

available from Li-Cor, Inc. (www.licor.com) based on the

study of Norman and Arkebauer (1991). Rm was measured

after 8 min of darkness. The high light (PPFD =2000 lmol

photons m�2 s�1)Ci values from all shoots were averaged to

calculate the standardized Ci, which was then used with

individual shoots’A–Ci response to estimate the standardized

maximum photosynthesis, Astd (see the following section).

A–Ci response curves Our estimates of gi and Astd in red-

wood foliage used A–Ci rather than A–Cc relationships. We

recognize that A–Cc curves are preferred for quantifying the

biochemical differences underlying gas exchange parame-

ters, but the Cc estimates that we obtained via indirect

methods were inconsistent (Ethier and Livingston 2004,

Sharkey et al. 2007). Internal conductance, gi, was esti-

mated from a method based on the difference between

the chloroplastic and the intercellular photocompensation

points (photocompensation point method, Peisker and

Apel 2001). Here, gi is defined as the total CO2 conductance

from the substomatal chamber through the intercellular

airspaces, mesophyll cell wall and mesophyll cell cytoplast

to the chloroplast. The photocompensation point (U*) is

the CO2 concentration at which photosynthetic CO2 uptake

is exactly compensated by photorespiratory CO2 release

(Sharkey et al. 2007). The intercellular CO2 concentration

(Ci) is the substomatal chamber CO2 concentration. The

intercellular compensation point (Ci
*) is the Ci value at

which the chloroplastic CO2 concentration equals U*. Ci
*

is related to U* by the mitochondrial respiration rate in

the light (day respiration, Rd) and gi (von Caemmerer

and Evans 1991, Peisker and Apel 2001):

Ci
� ¼ C� � Rd=gi: ð1Þ

To estimate gi for each shoot, a partialA–Ci curve was run

at three different light levels (PPFD of 1000, 200 and

50 lmol photons m�2 s�1) for a total of three curves. Each

curve was run at low reference CO2 values of 250, 200, 100,

50 and 0 lmol CO2 mol�1, thereby producing only the lin-

ear portion. Lines generated at different light intensities for

each shoot produced three intersection points. The ordinate

of each intersection point isRd, and the abscissa isCi
* (Laisk

1977). Thus, each intersection yields a (Ci
*, Rd) coordinate

set. Average Ci
* and Rd values determined from these three

coordinate sets were used to estimate gi. U
* was determined

as the ordinate of a line fitted to a plot of these three

(Ci
*, Rd) points. Using U*, and average Ci

* and Rd values,

gi was calculated for each shoot (Warren et al. 2003):

gi ¼ Rd=ðC� � Ci
�Þ: ð2Þ

For each shoot, an A–Ci response curve was also run at

PPFD = 1600 lmol m�2 s�1, with the reference CO2

(lmol CO2 mol�1) set to the following sequence: 380,

275, 175, 100, 50, 380, 550, 700, 900, 1200, 1600 and

2000. Ordinary least-squares regression analysis including

all the points of this A–Ci curve was used to determine an

equation for the best-fit line for each curve. The standard

Ci value determined from the light response curves was then

used with this equation to solve for Astd.

Statistical analysis

Ordinary least-squares regression analysis was used to

examine changes in dependent variables in relation to

height using JMP (SAS Institute, Cary, NC). Regression

was performed along the within-tree gradient and across

treetops of different heights, and adjusted R2 values are

reported. JMP was also used for one-way ANOVA and

orthogonal contrast post hoc tests to determine significant

differences among groups. To test the assumption of homo-

geneous variance, Levine and Bartlett tests were used.

When this assumption was violated, Welch tests were used

to note the significant differences among groups.

For summary of terms and definitions used in this study

refer to Appendix (Table A1).

Results

Treetop light environment

Treetop light levels were lower in shortest trees than the

other height classes (Table 1). Canopy openness, DSF

PHYSIOLOGY AND MORPHOLOGY OF SEQUOIA SEMPERVIRENS 3

TREE PHYSIOLOGY ONLINE at http://www.treephys.oxfordjournals.org



and ISF all varied significantly among height classes, with

values generally being lower in 30 m treetops and varying

little among 70, 90 and 110 m treetops.

Shoot morphology

Shoot mass:area correlated positively with height within

crowns (Table 2, R2 = 0.70, P = 6.2E�07). Among tree-

tops, SMA also correlated positively with height (Table 3,

R2 = 0.78, P = 1.6E�07). The SMA of 30 m treetops

was lower than all other height classes (Figure 1), and

SMA of 70 m treetops differed from all other height classes.

Light response curves

Maximum photosynthesis Amax,m correlated negatively

with height within crowns (Table 2, R2 = 0.34,

P = 0.013), and Amax,m was lower in treetop shoots than

in mid-crown and base-of-live-crown shoots (Figure 2D).

As SMA increased, Amax,a increased (Figure 3A,

R2 = 0.32, P = 0.016) and Amax,m decreased (Figure 3D,

R2 = 0.48, P = 0.003). Among treetops, Amax,m correlated

negatively with height (Table 3, R2 = 0.73, P = 1.1E�08),
and Amax,m was highest in the shortest trees (Figure 2D).

As SMA increased among treetops, Amax,m decreased

(Figure 3D, R2 = 0.68, P = 4.7E�06).

Mitochondrial respiration Rm,a (R
2 = 0.70,P = 6.5E�05)

andRm,m (R2 = 0.58,P = 0.0006) both correlated positively

withheightwithin crowns (Figure 2BandE).Respiration rates

were significantly higher in treetop shoots compared to the

mid-crown and base-of-live-crown shoots (Table 2).

Table 1. Summary of treetop light environment for each height class. Values are mean ± 1 SE (n = 5). Mean values with same

superscript do not differ significantly (P < 0.05).

Characteristic 30 m 70 m 90 m 110 m P

Canopy openness (%) 50.1a ± 2.4 74.4b ± 2.6 83.0c ± 0.6 88.7c ± 1.0 < 0.0001

DSF 88.5a ± 3.8 96.2ab ± 1.3 99.9b ± 0.0 100.0b ± 0.0 0.0179

ISF 76.8a ± 2.5 93.6b ± 1.7 98.2b ± 0.1 99.1b ± 0.1 0.0001

Table 2. Summary of physiological and morphological characteristics of foliage within tall tree crowns. Values are mean ± 1 SE

(n = 5). Mean values with same superscript do not differ significantly (P < 0.01).

Characteristic Base-of-live-crown Mid-crown Treetop P

Amax,a (lmol CO2 m
�2 s�1) 8.57a ± 1.67 14.04a ± 2.38 14.12a ± 1.27 0.0873

Amax,m (nmol CO2 g
�1 s�1) 54.81a ± 9.24 52.70a ± 2.4 24.17b ± 1.71 0.0036

Astd,a (lmol CO2 m
�2 s�1) 7.96a ± 2.01 12.33a ± 1.55 9.97a ± 1.35 0.2173

Astd,m (nmol CO2 g
�1 s�1) 51.01a ± 7.20 47.27a ± 2.58 19.72b ± 4.78 0.0014

Rm,a (lmol CO2 m
�2 s�1) 0.64a ± 0.12 1.27a ± 0.26 5.91b ± 0.45 < 0.0001

Rm,m (nmol CO2 g
�1 s�1) 3.97a ± 0.45 4.77a ± 0.67 10.33b ± 1.14 0.0002

LCP (lmol photons m�2 s�1) 14a ± 2 20a ± 3 103b ± 20 < 0.0001

LSP (lmol photons m�2 s�1) 938a ± 143 1018a ± 127 1506b ± 68 0.0111

gi,a (mol CO2 m
�2 s�1 bar�1) 0.034a ± 0.004 0.041a ± 0.004 0.036a ± 0.003 0.1282

gi,m (nmol CO2 g
�1 s�1 bar�1) 0.19a ± 0.01 0.16a ± 0.01 0.06b ± 0.01 0.0003

SMA (g m�2) 172a ± 13 351b ± 38 633c ± 27 < 0.0001

LMA (g m�2) 125a ± 7 154b ± 7 202c ± 6 < 0.0001

Table 3. Summary of physiological and morphological characteristics for treetop foliage of each height class. Values are mean ± 1 SE

(n = 5). Mean values with same superscript do not differ significantly (P < 0.05).

Characteristic 30 m 70 m 90 m 110 m P

Amax,a (lmol CO2 m
�2 s�1) 17.21a ± 2.16 19.62a ± 2.66 19.98a ± 2.61 14.12a ± 1.27 0.2658

Amax,m (nmol CO2 g
�1 s�1) 74.91a ± 8.88 46.06b ± 6.00 34.82b ± 4.07 24.17b ± 1.71 0.0395

Astd,a (lmol CO2 m
�2 s�1) 14.17a ± 1.88 15.95a ± 2.37 14.8a ± 1.49 9.97a ± 1.35 0.1938

Astd,m (nmol CO2 g
�1 s�1) 62.24a ± 9.74 37.59ab ± 6.28 25.86b ± 2.31 19.72b ± 3.83 0.0009

Rm,a (lmol CO2 m
�2 s�1) 1.59a ± 0.18 2.50b ± 0.21 4.89c ± 0.29 5.91d ± 0.45 < 0.0001

Rm,m (nmol CO2 g
�1 s�1) 6.80ab ± 0.56 6.03a ± 0.89 8.56bc ± 0.48 10.33c ± 1.14 0.0097

LCP (lmol photons m�2 s�1) 23a ± 3 40a ± 9 70b ± 3 103c ± 20 < 0.0001

LSP (lmol photons m�2 s�1) 1292a ± 91 1377a ± 94 1512a ± 59 1506a ± 68 0.1903

gi,a (mol CO2 m
�2 s�1 bar�1) 0.046a ± 0.006 0.045a ± 0.006 0.045a ± 0.001 0.036a ± 0.003 0.315

gi,m (nmol CO2 g
�1 s�1bar�1) 0.20a ± 0.03 0.11b ± 0.02 0.08b ± 0.00 0.06b ± 0.01 0.0149

SMA (g m�2) 275a ± 33 463b ± 13 578c ± 8 633c ± 27 < 0.0001

LMA (g m�2) 149a ± 8 184b ± 5 201c ± 1 202c ± 6 < 0.0001
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As SMA increased within crowns, Rm,a (R2 = 0.82,

P = 2.4E�06) and Rm,m (R2 = 0.45, P = 0.004) both

increased (Figure 3B and E). Among treetops,Rm differed sig-

nificantly amongall height classes (Table 3), and the increase in

Rm with height was most strongly expressed on an area basis

(Figure 2B, R2 = 0.79, P = 8.7E�08). As SMA increased

among treetops, Rm,a increased (Figure 3B, R2 = 0.60,

P = 3.4E�05).

Light saturation point The LSP correlated positively with

height within crowns (Figure 4A, R2 = 0.48, P = 0.003)

and was higher in treetop shoots than in mid-crown and

base-of-live-crown shoots (Table 2). The LSP also increased

with SMA within crowns (Figure 4C, R2 = 0.66,

P = 0.0002).

Light compensation point The LCP correlated positively

with height within crowns (Figure 4B, R2 = 0.61,

P =0.0004), and this was higher in treetop shoots compared

to mid-crown and base-of-live-crown shoots (Table 2). The

LCP also increased with SMA within crowns (Figure 4D,

R2 = 0.62,P = 0.0003), and this LCP correlated positively

with height among treetops (Figure 4B, R2 = 0.69,

P = 3.6E�08) such that LCP in 90 m treetops was higher

than that in 30and70 mtreetops, andLCPof 110 mtreetops

was higher than that in all other height classes (Table 3). The

LCP also increased with SMA among treetops (Figure 4D,

R2 = 0.36, P = 0.003).

A–Ci response curves

Internal conductance Within crowns, gi,m correlated neg-

atively with height (Figure 2F, R2 = 0.52, P = 0.002) and

was significantly lower at the treetop than elsewhere in the

crown (Table 2). As SMA increased in the tallest trees, gi,m
decreased (R2 = 0.72, P = 3.9E�05, Figure 3F). Among

treetops, gi,m correlated negatively with height (Figure 2F,

R2 = 0.67, P = 6.4E�08) and was significantly higher in

the shortest trees than in all other height classes

(Table 3). As SMA increased among treetops, gi,m
decreased (Figure 3F, R2 = 0.65, P = 1.1E�05).

Assimilation at a standardized intercellular CO2 con-

centration The average Ci value for all shoots at high light

was 247 (lmol CO2 mol�1).At this standardCi, assimilation

per unit area (Astd,a) within crowns and among treetops was

weakly correlated with height and SMA. On a mass basis,

assimilation (Astd,m) at this standard Ci was more strongly

correlated with height and SMA than with Amax,m derived

from light response curves. Within crowns,Astd,m correlated

negatively with height (Figure 5A, R2 = 0.41, P = 0.006)

and was significantly lower at the treetop (Table 2).

As SMA increased within crowns and among treetops,

Astd,m also decreased (Figure 5B, R2 = 0.64 and 0.84,

P = 0.0002 and 6.4E�06 for within crowns and among

treetops, respectively). Astd,m was positively correlated with

gi,m within crowns (Figure 5C, R2 = 0.89, P = 1.1E�07).
Among treetops, Astd,m correlated negatively with height

(Figure 5A, R2 = 0.64, P = 1.2E�05), was significantly

higher in the shortest trees (Table 3), and was positively

correlated with gi,m (Figure 5C,R2 = 0.84, P = 9.9E�09).

Discussion

Most previous investigations of relationships between light,

height and foliar morphology have been conducted on trees

less than 65 m tall (e.g., Bauerle et al. 1999, McDowell et al.

2002, Phillips et al. 2003). It has been suggested that in red-

woods the dominant mechanism controlling shoot mor-

phology shifts from light to water potential around 70 m

(Ishii et al. 2008). Thus, in tall redwoods where light is a

confounding factor up to � 70 m (Ishii et al. 2008), study

trees below this height may not be suitable for making

inferences about distinguishing the effects of light availabil-

ity versus water potential unless light levels and leaf water

potentials are measured and the appropriate analyses are

conducted to parse out the respective effects of these two

factors. In the tallest redwoods, light availability increases

exponentially while water potential decreases linearly along

a vertical gradient of 110 m or more (Jennings 2002, Koch

et al. 2004, Ishii et al. 2008).

Using this extreme height gradient, our experimental

design attempted to separate effects of light and hydrostatic

Figure 1. SMA ratio (g m�2) correlated positively with height in
redwoods. Regression line fitted to data for treetop foliage
(black circles) of four height classes. Grey diamonds and open
triangles are mid-crown and base-of-live-crown foliage, respec-
tively, of tallest height class.
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tension on foliar morphology. The relative importance of

these two factors changes with height. In the shaded lower

crown where light interception is a high priority, hydrostatic

tension does not hinder leaf expansion and we see low SMA

shoot morphologies (Figure 1). However, in the mid-crown

where light is still below saturation, hydrostatic tension

might inhibit foliar expansion and light interception (Ishii

et al. 2008). A hydraulic component to this gradient in

SMAwas confirmedbya linear increase inSMAamong tree-

tops from different height classes (Figure 1). Although our

30 m treetops were more shaded than taller treetops, mor-

phological differences between 70 m and even taller treetops

existed at nearly uniform high light levels (Table 1) demon-

strating that hydrostatic tension affects foliar morphology.

While its morphological effects are obvious and macro-

scopic, the cellular consequences of hydrostatic tension

are more difficult to discern. In the absence of osmotic com-

pensation, hydrostatic tension decreases water potential so

that, ultimately, leaf turgor decreases with height (Koch

et al. 2004, Woodruff et al. 2004, Meinzer et al. 2008). In

redwoods, this decrease in turgor has been measured as

0.006 MPa m�1 (Koch et al. 2004). Thus, the observed

Figure 2. Variation with height and light availability in gas exchange characteristics of redwood foliage. (A) Light-saturated
photosynthetic rate per unit area (lmol CO2 m

�2 s�1) did not vary with height. (B) Dark mitochondrial respiration rate per unit area
(lmol CO2 m

�2 s�1) increased exponentially with height. (C) Internal conductance per unit area (lmol CO2 m
�2 s�1 bar�1) did not

vary with height or light. (D) Light-saturated photosynthetic rate per unit mass (nmol CO2 g
�1 s�1) correlated negatively with height.

(E) Dark mitochondrial respiration rate per unit mass (nmol CO2 g
�1 s�1) correlated positively with height. (F) Internal conductance

per unit mass (nmol CO2 g
�1 s�1 bar�1) correlated negatively with height. Regression lines fitted to data from 20 treetops. Gas

exchange measurements were done under relaxed water potential. Different symbols consistent for A–F: black circles, treetops; grey
diamonds, mid-crown of tallest height class; and open triangles, base-of-live-crown of tallest height class.
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positive correlation between hydrostatic tension and SMA

(Ishii et al. 2002, 2008, Jennings 2002, Koch et al. 2004)

is likely due to decreasing turgor. At the anatomical level,

high SMA is associated with increased mesophyll density

and thickness, and decreased intercellular airspace relative

to the amount of mesophyll area (mesoporosity, Hanba

et al. 1999, Niinemets 1999, Ishii et al. 2002, Jennings

2002, Oldham 2008). These morphological and anatomical

changes occurring along the vertical gradient have photo-

synthetic consequences (Niinemets 1999, Koch et al.

2004). Results of this study suggest that hydrostatic tension

contributes to structural changes at the shoot level that

indirectly reduce net photosynthesis via increased respira-

tion rates and decreased internal CO2 conductance.

Anatomical properties associated with high SMA also

influence rates of mitochondrial respiration. As surface area

for light interception decreases andnon-photosyntheticmass

increases, respiration rates rise along the vertical gradient

(Figure 2B, see also Griffin et al. 2001, Tissue et al. 2002,

Zha et al. 2002). The positive correlation between Rm and

SMA both within crowns and among treetops of different

heights (Figure 3B) suggests that foliage with dense tissue

may be more costly to produce and to maintain than foliage

with less dense tissue. To protect against UV-B damage,

Figure 3. Variation in gas exchange features in relationship to SMA of redwood foliage. (A) Light-saturated photosynthetic rate per
unit area (lmol CO2 m

�2 s�1) did not vary with SMA. (B) Dark mitochondrial respiration rate per unit area (lmol CO2 m
�2 s�1)

increased exponentially with SMA. (C) Internal conductance per unit area (lmol CO2 m
�2 s�1 bar�1) did not vary with SMA.

(D) Light-saturated photosynthetic rate per unit mass (nmol CO2 g
�1 s�1) decreased with SMA. (E) Dark mitochondrial respiration

rate per unit mass (nmol CO2 g
�1 s�1) did not vary with SMA. (F) Internal conductance per unit mass (nmol CO2 g

�1 s�1 bar�1)
decreased with SMA. Regression lines fitted to data from 20 treetops. Gas exchange measurements were done under relaxed water
potential. Different symbols consistent for A–F: black circles, treetops; grey diamonds, mid-crown of tallest height class; and open
triangles, base-of-live-crown of tallest height class.
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high-irradiance foliage is associatedwithhigh concentrations

of soluble phenolics such as flavonoids (Li et al. 1993). This

investment in secondary metabolites could contribute to

the high mitochondrial respiration rates observed in

high-SMA foliage (Poorter et al. 2006, 2009). These trends

in soluble phenolics and mitochondrial respiration with

irradiance, as well as our observation of higher SMA in

treetop foliage than non-treetop foliage at similar heights,

suggest that high irradiance also contributes to high SMA.

In addition to increasing respiratory costs, anatomical

properties associated with high SMA influence CO2 diffu-

sion within the leaf. The consistent decrease in gi,m with

Figure 4. Variation with height and SMA in light saturation and compensation points. (A) LSP (lmol photons m�2 s�1) measured at
95% of Amax,a did not vary with height. (B) LCP (lmol photons m�2 s�1) increased exponentially with height and light availability.
(C) LSP increased with SMA within tall trees. (D) LCP increased exponentially with SMA. Regression lines fitted to data from 20
treetops. Photosynthetic measurements were done under relaxed water potential. Different symbols are consistent for A–D: black
circles, treetops; grey diamonds, mid-crown of tallest height class; and open triangles, base-of-live-crown of tallest height class.

Figure 5. Variations of photosynthetic rate per unit mass (nmol CO2 g
�1 s�1) at a standardized Ci value of 247 lmol CO2 mol�1.

(A) Photosynthetic rate per unit mass correlated negatively with height (m). (B) Photosynthetic rate per unit mass decreased with SMA
(g m�2). (C) Photosynthetic rate per unit mass increased with mass-based internal conductance (nmol CO2 g

�1 s�1 bar�1). Regression
lines fitted to data from 20 treetops. Different symbols consistent for A–C: black circles, treetops; grey diamonds, mid-crown of tallest
height class; and open triangles, base-of-live-crown of tallest height class.

8 MULLIN ET AL.

TREE PHYSIOLOGY



SMA (Figure 3F) suggests that dense tissue is less conduc-

tive to CO2 diffusion. This negative correlation between tis-

sue density and CO2 conductance has been demonstrated

or proposed in other studies (Syvertsen et al. 1995,

Niinemets 1999, Ishii et al. 2008). As mesophyll density

and thickness increase and mesoporosity decreases, CO2

moves more slowly from the substomatal chamber to car-

boxylation sites (Teeri et al. 1981, Syvertsen et al. 1995).

Distances between substomatal chambers and sites of car-

boxylation consist of a gaseous phase through the intercel-

lular airspaces (gias) and a liquid phase through mesophyll

cytoplasm (gliq). The CO2 diffusion coefficient in the liquid

phase is much slower than in air, thereby making the gliq
component of internal conductance more constraining

(Nobel 1983, Maxwell et al. 1997). Coupling of increased

thickness and decreased mesoporosity increases both path

length and the liquid phase of gi. Because tissue density is

partly dependent on hydrostatic tension, height-related

declines in turgor likely increase tissue density and thereby

decrease gi,m (Koch et al. 2004, Ishii et al. 2008, Meinzer

et al. 2008). Water stress also affects gi, which contributes

to the observed decrease in gi,m along the hydrostatic gradi-

ent (Warren et al. 2004, Flexas et al. 2008).

Stomatal frequency and distribution of palisade meso-

phyll are two other important leaf properties that change

with SMA.High SMA is generally associated with increased

stomatal frequency, abaxial and adaxial stomatal distribu-

tion (amphistomatous), and upper and lower palisade levels

(Zimmermann 1971, Jennings 2002). This bi-layered distri-

bution of both stomata and palisade tissue should increase

gi by shortening the internal path length for diffusion (Mott

et al. 1982). However, because gliq is the most limiting com-

ponent of gi, the conductive benefit of a decreased path

length in amphistomatous leaves is overpowered by an

increased liquid phase associated with increased cell density

(Hanba et al. 1999, Gorton et al. 2003).

Importance of the observed correlations between height

and gi,m is challenged by some recent literature. For exam-

ple, internal CO2 conductance has a considerable amount

of plasticity and can respond rapidly to environmental

and internal factors via activity of aquaporins and carbonic

anhydrases (Flexas et al. 2008). Although the plastic nature

of gi complicates interpretation of our observations, all

measurements in this study were done under standardized

laboratory conditions. Our gi results likely reflect real differ-

ences caused by internal factors related to morphology

rather than responses to environmental variation.

Height-related changes inmorphology and anatomy influ-

ence photosynthetic potential by affecting respiration rate

andCO2 conductance. The values and relationships reported

here are based on gas exchange measurements done under

relaxed water potential and therefore are free from stomatal

limitation. In situ consequences of hydraulic limitation are

more pronounced than those reported here due to reductions

in stomatal conductance as height increases (Ryan and

Yoder 1997, Warren et al. 2003, Koch et al. 2004). Both

stomatal and non-stomatal limitations constrain photosyn-

thesis. Non-stomatal limitations include morphological,

anatomical, biochemical and physiological shifts that occur

along the hydrostatic gradient. These limitations likely con-

tribute to the decreased Amax,m observed with height in tall

redwood trees (Jones and Slatyer 1972a, 1972b, Hanba

et al. 1999, Warren et al. 2003, Koch et al. 2004).

Morphological changeswith increasing height (e.g., higher

SMA) decrease photosynthetic capacity (Figure 4D, Reich

et al. 1997, Niinemets 1999), in part because higher respira-

tion rates in denser tissues near the treetop reduce net photo-

synthesis (Figure 4B, Koch et al. 2004, Ishii et al. 2008). This

relationship helps to explain observed increases in LCP

within crowns and among treetops (Figure 4B andD). Com-

pared to non-treetop foliage, treetop foliage has higher respi-

ration rates, is acclimated to higher irradiance, and therefore

requires more light to realize a net carbon gain (Lewis et al.

2000). Even in the presence of high light, increased respira-

tory costs coupled with reduced maximum photosynthetic

rates in treetop foliage may severely reduce net carbon gain

at great heights (Givnish et al. 2004). In contrast to treetop

foliage, low-SMA foliage lower in the crown has low respira-

tion rates and is capable of positive net photosynthesis in

deep shade (Poorter 1999). Maximum photosynthesis and

carbon gain are therefore attained at lower light levels in

lower-crown foliage and reflected by lower LSP and LCP,

respectively (Figures 4C and D).

Anatomical changes with increasing height also limit pho-

tosynthesis by inhibiting CO2 conductance. Because the pri-

mary enzyme responsible for photosynthesis (Rubisco) has a

lowaffinity forCO2 andoften operates at a fractionof its cat-

alytic capacity, the CO2 gradient within leaves affects photo-

synthetic efficiency (Evans and von Caemmerer 1996).

Internal conductance from the substomatal chamber

through the mesophyll regulates CO2 concentration at car-

boxylation sites (Evans et al. 1986). As tissue density

increases and intercellular airspaces diminish, the liquid

phase of gi becomes more limiting, constraining the amount

of CO2 reaching carboxylation sites (Hanba et al. 1999,

Flexas et al. 2008), and lowering the amount of carbon

gained relative to water lost in photosynthesis (Evans and

von Caemmerer 1996). Even under optimal conditions, gi
can limit photosynthesis by 20% (Warren et al. 2003).Water

stress further reduces gi and curbs photosynthetic capacity

(Niinemets 2007). Thus, gi heavily influences photosynthetic

water and nitrogen use efficiencies (PWUE and PNUE,

respectively,WarrenandAdams2006).Along theheight gra-

dient in tall redwoods, PWUE increases but does not corre-

late with exponential increases in light availability indicating

that photosynthetic efficiency in the upper crowns is not

determined primarily by light availability (Ishii et al. 2008).

Instead, photosynthetic efficiency in the upper crowns of tall

redwoods is controlled by rates of mitochondrial respiration

and internal CO2 conductance related to tissue density.

Higher respiration and lower internal conductance are

two costs associated with increasing height that limit net
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photosynthesis near the tops of the tallest trees. Although

the values reported here for internal conductance in red-

woods are similar to those reported for other evergreen

conifers (Flexas et al. 2008), confirmation of these values

using a different method such as fluorescence is needed.

Further investigation of how morphological constraints

affect the plasticity of internal conductance is also

warranted.
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Appendix

Table A1. Summary of terms and definitions used in this study.

Abbreviation Definition Unit

Amax,a Area-based maximum CO2 assimilation rate lmol CO2 m
�2 s�1

Amax,m Mass-based maximum CO2 assimilation rate nmol CO2 g
�1 s�1

Astd,a Area-based standardized CO2 assimilation rate lmol CO2 m
�2 s�1

Astd,m Mass-based standardized CO2 assimilation rate nmol CO2 g
�1 s�1

As Projected shoot area cm2

Ci Internal CO2 concentration in substomatal chamber lmol CO2 mol�1

Ci
* Intercellular CO2 compensation point lmol CO2 mol�1

gi,a Area-based internal conductance of CO2 mol CO2 m
�2 s�1 bar�1

gi,m Mass-based internal conductance of CO2 nmol CO2 g
�1 s�1 bar�1

gias Internal CO2 conductance through intercellular airspaces mol CO2 m
�2 s�1 bar�1

gliq Internal CO2 conductance through mesophyll cells mol CO2 m
�2 s�1 bar�1

gs,a Area-based stomatal conductance of CO2 mol CO2 m
�2 s�1 bar�1

gs,m Mass-based stomatal conductance of CO2 nmol CO2 g
�1 s�1 bar�1

Mr Molecular weight g mol�1

Ms Shoot dry weight g

LCP Light compensation point lmol photons m�2 s�1

LMA Leaf mass-to-area ratio g m�2

LSP Light saturation point lmol photons m�2 s�1

PNUE Photosynthetic nitrogen use efficiency nmol CO2 mol H2O
�1

PPFD Photosynthetic photon flux density lmol photons m�2 s�1

PWUE Photosynthetic water use efficiency lmol CO2 mol�1 s�1

Rd Day respiration rate lmol CO2 m
�2 s�1

Rm,a Area-based mitochondrial (dark) respiration lmol CO2 m
�2 s�1

Rm,m Mass-based mitochondrial (dark) respiration nmol CO2 g
�1 s�1

SMA Shoot mass-to-area ratio g m�2

d13C Ratio of stable isotopes 13C:12C &

U* Photocompensation point lmol mol�1

12 MULLIN ET AL.

TREE PHYSIOLOGY


