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The tallest reliably measured tree, according to historical and 
contemporary records, was a 126 m tall Douglas-fir [Pseudotsuga 
menziesii (Mirb.) Franco; Pinaceae] felled in British Colombia 
over a century ago (Carder, 1995). To be tallest among all species 
necessitates a singular ability to outgrow the competition while 
maintaining water supply to treetop leaves. Within plant stems, 
gravity exerts 0.0098 MPa m−1 on the water column, causing a 
linear decline in leaf water potential (Ψ) with increasing height 
even when the water column is static (Zimmermann, 1983). 
To mitigate the chronic water stress attending great height, P. 
menziesii invests in osmotic adjustment of the water status in 
living cells, but the vertical gradient in Ψ cannot be overcome 
(Meinzer et al., 2008; Woodruff and Meinzer, 2011). The impact 

of gravity can be detected by the increased fraction of 13C in 
treetop leaves, which is a signature of stomatal limitation due to 
reduced aperture or early closure (Farquhar et al., 1989; Hultine 
and Marshall, 2000). Light availability also increases with height, 
ranging from <20% in the lower crown to full exposure at the 
treetop in emergent forest trees (Oldham et al., 2010; Ambrose 
et  al., 2016). Evolution of tall trees involved a balance of stem 
persistence and rapid elongation (King, 1990; Niklas, 1997; 
Falster and Westoby, 2003), and the tallest species are those pos-
sessing broad physiological tolerance of water stress as well as 
an ability to gain height rapidly when not shaded. The capacity 
of leaves to acclimate to the wide variety of conditions encoun-
tered along the height gradient is critical to the development of 
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PREMISE OF THE STUDY: Leaves are the sites of greatest water stress in trees and a key means 
of acclimation to the environment. We considered phenotypic plasticity of Pseudotsuga 
menziesii leaves in their ecological context, exploring responsiveness to natural gradients 
in water stress (indicated by sample height) and light availability (measured from 
hemispherical photos) to understand how leaf structure is controlled by abiotic factors in 
tall tree crowns.

METHODS: After measuring anatomy, morphology, and carbon isotope composition (δ13C) 
of leaves throughout crowns of P. menziesii >90 m tall, we compared structural plasticity 
of leaves among the three tallest conifer species using equivalent data from past work on 
Sequoia sempervirens and Picea sitchensis.

KEY RESULTS: Leaf mass per projected area (LMA) and δ13C increased and mesoporosity 
(airspace/area) decreased along the water-stress gradient, while light did not play 
a detectable role in leaf development. Overall, leaves of P. menziesii were far less 
phenotypically responsive to within-crown abiotic gradients than either P. sitchensis, whose 
leaves responded strongly to light availability, or S. sempervirens, whose leaves responded 
equally strongly to water stress.

CONCLUSIONS: P. menziesii maintain remarkably consistent leaf structure despite 
pronounced vertical gradients in abiotic factors. Contrasting patterns of leaf structural 
plasticity underlie divergent ecological strategies of the three tallest conifer species, which 
coexist in Californian rainforests.
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crowns >50 m deep in the four tallest species (Eucalyptus reg-
nans, Picea sitchensis, P. menziesii, Sequoia sempervirens), and 
this phenotypic plasticity has important implications for forest 
structure and species coexistence (Sillett et  al., 2015; Van Pelt 
et al., 2016; Chin and Sillett, 2017).

Within-crown variation in water and light availability in-
duces leaf-level responses in conifers that reflect a combination 
of biophysical constraints on leaf growth and functional traits 
supporting both water stress tolerance and photosynthetic effi-
ciency (Niinemets and Kull, 1995a,b; Niinemets, 2002; Cescatti 
and Zorer, 2003; Ishii et al., 2008; Ambrose et al., 2009; Gebauer 
et al., 2011, 2012, 2015). In all tall conifers studied to date, leaf 
length decreases while leaf mass per projected area (LMA) in-
creases with height. Shortness and high density of treetop leaves 
have been attributed to constraints on cellular expansion result-
ing from gravity’s effect on Ψ (Marshall and Monserud, 2003). 
For cells to elongate, turgor must be sufficiently high to breach 
cell wall yield thresholds (Cosgrove, 1993, 2000; Wu et al., 2005). 
Turgor in living cells is limited under conditions of low xylem 
Ψ, which in turn limits leaf length not only in trees, but also 
in other plants facing chronic water stress, forcing leaves to ex-
pand during nightly Ψ peaks (Boyer, 1968; Van Volkenburgh 
and Boyer, 1985; Boyer and Silk, 2004). The minimum phloem 
loading required for osmotically driven export of photosyn-
thate over a given distance sets limits on maximum efficient leaf 
length in conifers, where a greater radius of phloem tissue can 
sustain transport through longer leaves without stagnation at the 
leaf tip (Rademaker et  al., 2017). Nonetheless, ecological con-
straints may result in a realized leaf length below the maximum 
predicted given available phloem. For example, total radius of 
phloem tissue in P. sitchensis increases with light availability, 
and yet leaf length still decreases with height (Chin and Sillett, 
2017). In P. menziesii, a seasonal pulse of various osmotica fits 
the timing of a reduction in branch-level nonstructural carbo-
hydrate (NSC) stores from bud-swell through the period of leaf 
elongation, implying that turgor, and thus maximum treetop leaf 
length, are tied to NSC release (Billow et  al., 1994; Woodruff 
et al., 2008a; Woodruff and Meinzer, 2011).

Beyond constraints on size, conifer leaves exhibit a high degree 
of within-crown plasticity in anatomical traits, consistently in-
cluding expansion of transfusion tissue area with increased sam-
pling height (Oldham et al., 2010; Azuma et al., 2015; Chin and 
Sillett, 2016, 2017). Transfusion tissue of conifers is a collection of 
tracheids involved in radial water transport and capacitance that 
temporarily collapse under hydraulic stress to protect adjacent xy-
lem in some, if not all, species (Hu and Yao, 1981; Brodribb and 
Holbrook, 2005; Ishii et al., 2014; Zhang et al., 2014; Azuma et al., 
2015). In many species, parenchyma cells are interspersed among 
transfusion tracheids and may serve to retrieve solutes from the 
transpiration stream and deliver photosynthate to phloem, but 
distribution of these two cell types across the vertical gradient has 
not been investigated (Hu and Yao, 1981; Canny, 1993; Liesche 
et  al., 2011). Treetop leaves of P. menziesii up to 65 m tall in 
Washington are shorter and narrower with thicker cuticles, more 
astrosclereids, lower stomatal density, and smaller, fewer, and 
more embolism-resistant xylem tracheids than leaves lower in the 
crown (Apple et al., 2002; Woodruff et al., 2004, 2008a,b, 2010). In 
addition to functional traits to cope with water stress and osmotic 
adjustments of cell turgor, many plants, including P. menziesii, 
can raise leaf Ψ above the gravitational potential gradient through 

foliar uptake of water (Burgess and Dawson, 2004; Limm et  al., 
2012).

Among the three tallest conifer species, P. menziesii has the broad-
est geographic range, extending from British Columbia to Mexico 
and from the Coast and Cascade Ranges to the Rocky Mountains. 
The other two tallest conifers, Sequoia sempervirens and Picea sitch-
ensis, are restricted to the temperate coast and have fewer ecological 
associations (Hardin et al., 2001; Sawyer et al., 2009). In California 
alone, there are three recognized P. menziesii-dominated vegetation 
alliances containing >100 distinct associations, yet only one alliance 
with 19 associations is recognized for S. sempervirens, and one alli-
ance with six associations is recognized for P. sitchensis (Sawyer et al., 
2009). Illustrative of its ecological breadth, P. menziesii occurs in for-
est communities defined by such diverse species as Pinus ponderosa, 
Abies lowiana, Chamaecyparis lawsoniana, and Acer macrophyllum 
(Sawyer et al., 2009). In the rainforests dominated by S. sempervirens 
in northern California, P. menziesii and P. sitchensis >90 m tall coex-
ist with even taller redwoods (Chin and Sillett, 2017).

Although the tallest conifers have similar patterns of crown de-
velopment—increasing structural complexity as original tops and 
branches are damaged and replaced—S. sempervirens is far more 
fire- and decay-resistant and longer-lived than P. sitchensis, while 
P. menziesii is intermediate in these characteristics (Van Pelt, 2001; 
Van Pelt and Sillett, 2008; Sillett et al., 2018). Whereas S. semper-
virens has leaves that respond anatomically to the within-crown 
water-stress gradient, leaf development of P. sitchensis is primar-
ily controlled by light availability (Oldham et al., 2010; Chin and 
Sillett, 2017). Which of these environmental factors is a stronger 
driver of plasticity in P. menziesii leaves is unknown. Here we ex-
amined leaf anatomy and morphology of six P. menziesii trees up 
to 97 m tall—30 m taller than any individuals of this species pre-
viously studied at the leaf level—alongside existing leaf-trait data 
from P. sitchensis and S. sempervirens trees up to 97 and 113 m tall, 
respectively (Oldham et al., 2010; Chin and Sillett, 2017). We as-
sessed the impacts of light and water availability on leaf structural 
plasticity in the tallest conifers to explore how contrasting strategies 
for coping with extreme height allow species with different growth 
rates and investments in longevity to reach comparable size.

MATERIALS AND METHODS

Study locations and trees

No living P. menziesii trees >100 m tall are known, but trees >90 m 
occur in forest reserves from British Colombia to California. We 
selected five trees 91–97 m tall (trees 1–5, N = 46 samples) from 
Prairie Creek Redwoods State Park, California for detailed study 
(41.4034°N, 124.0299°W). This reserve protects the only known 
forest with three species >90 m tall (i.e., S. sempervirens, P. sitch-
ensis, P. menziesii). We also collected samples from a 92 m tall P. 
menziesii tree (tree 6, N = 8 samples) in Olympic National Park, 
Washington (47.8609°N, 123.9348°W) to clarify differences be-
tween our results from trees 1–5 and those of previous studies on 
~60 m tall trees farther north, where leaves varied strongly along 
the vertical gradient (Woodruff et  al., 2004, 2008a). Tree 6 from 
Washington was also used to obtain longitudinal sections and leaf 
surface imprints for examination of mesophyll structure and stoma-
tal patterns. The six individuals used here correspond to trees 26–30 
and 15 in a recent study of P. menziesii (Sillett et al., 2018).
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Sample collection and preparation

Trees were climbed with standard rope techniques to collect sam-
ples at 5–10 m intervals from a range of crown positions to repre-
sent the diversity of within-crown light environments and reduce 
the correlation between light availability and height (Fig.  1). We 
measured sample height with a tape dropped to average ground 
level, determined as halfway between highest and lowest points 
where the trunk meets soil beneath debris. For trees 1–5, light avail-
ability was measured via hemispherical photographs taken directly 
above each sample using a camera on a self-leveling mount. We 
analyzed photographs using WinScanopy (Régents Instruments, 
Nepean, Ontario, Canada) to compute total site factor (TSF), the 
proportion of direct and indirect solar radiation relative to open 
sky. We chose TSF over direct measurements of radiation because it 
is representative of year-round light availability in evergreen forests 
and independent of time of day or season.

Immediately after collection, shoots were re-cut underwater and 
kept hydrated until being fixed for 2 weeks in formalin–propionic 
acid (FPA). One fixed leaf per sample was embedded in paraffin, 
affixed to a hardwood block, and sectioned transversely at mid-
leaf with a rotary microtome. After mounting on glass slides, leaf 
sections were stained with Walker’s Sam stain: Bismark brown, 
Weigert’s iron hematoxylin, phloxine, and clove oil saturated with a 
mixture of fast green and orange G. We preferred this complex stain 
because it very clearly differentiates tissues, making image analysis 
easier and allowing us to infer tissue composition. Individual leaves 
from tree 6 were sectioned green without fixation to assess meso-
phyll structure more effectively without artefacts caused by fixation 
and dehydration (Chin and Sillett, 2017).

All leaves were cut to approximately 10 μm thickness. Leaves for 
green transverse sections were placed directly in the microtome sam-
ple holder, while leaves for longitudinal sections were first placed on 

hardwood blocks and coated with Original Super Glue (method de-
scribed by Chin and Sillett, 2017). To embed samples in Super Glue, 
we treated the block surface with liquid glue, positioned the leaf on the 
block when it became tacky, and added additional glue sufficient to 
cover the leaf in a droplet. When fully dry, these glue-embedded sam-
ples were sectioned with a sliding microtome while carefully keeping 
the exposed leaf surface wet with a brush. The Super Glue does not 
penetrate the leaf, heat up, or damage cells while curing, and coated 
leaves retain their moisture. We also made acrylic resin (nail polish) 
imprints of both adaxial and abaxial leaf surfaces, placing nail polish 
directly on the slides, setting leaves in the polish, and then carefully 
removing leaves from the slide surface when dry. All sections and im-
prints were photographed at 40× and analyzed with ImageJ software, 
except surface imprints, which were photographed at 40× to measure 
stomatal density and at 400× to measure guard cell length.

Subsamples from all shoots collected (trees 1–6) were also 
scanned, dried, and weighed for calculation of LMA or ground 
to powder and used for analysis of δ13C. Samples from trees 1–5 
were analyzed at the Colorado Plateau Stable Isotope Laboratory 
(Flagstaff, AZ, USA), and samples from tree 6 were analyzed at the 
UC Davis Stable Isotope Facility (Davis, CA, USA). Both facili-
ties report carbon isotope ratios relative to the same international 
standard, Vienna PeeDee Belemnite. We selected anatomical and 
morphological traits responsive to variation in light, water availa-
bility, or both in other tall species, including some previously meas-
ured in shorter P. menziesii trees from other regions.

Data analysis

To separate effects of within-crown gradients on P. menziesii leaf 
anatomy, we modeled 18 leaf traits as functions of multiple predic-
tors representing water stress and light availability (Table  1). We 
used TSF as the predictor of light availability, height as an index of 
maximum water potential (barring foliar uptake), and δ13C to ex-
press chronic water stress as indicated by limited stomatal openness 
(Farquhar et al., 1989; Chin and Sillett, 2016). For tree 6, we used 
linear regression to examine trends in six stomatal and mesophyll 
traits against height and δ13C (Table 1).

Starting with a saturated model (height, δ13C, and TSF), we 
used a stepwise model-selection procedure to remove each term 
sequentially. Corrected Akaike information criterion (AICc) was 
computed at each step to determine the value of adding back terms 
removed at previous steps. For each trait, we retained the top 
three models and assigned a relative likelihood (Akaike weight) 
for comparison. Reducing the candidate set to models with useful 
predictive ability, we discarded those with non-intercept param-
eters that had standard errors more than half the mean estimate. 
Nearly all leaf traits were represented by a single ecological model 
(or none) following the selection procedure, but when two models 
remained, they were compared based on goodness of fit (R2) and 
relative likelihood (recalculated Akaike weights).

We used principal components analysis (PCA) to examine the 
leaf-trait space occupied by three co-occurring tall species, adding 
five S. sempervirens trees (data from Oldham et al., 2010) and five P. 
sitchensis trees (data from Chin and Sillett, 2017) to our P. menziesii 
matrix. After excluding redundant variables (e.g., including LMA 
but not mass or area), nine traits common to all species remained 
(Table 2). PCA was performed on the combined matrix (153 leaves, 
9 traits; Chin and Sillett, 2018) using a correlation cross-products 
matrix, and statistically significant principal components were 

FIGURE  1.  Relationship between light availability (TSF) and sample 
collection height in the crowns of Pseudotsuga menziesii trees 1–5. Line 
shows best power function. Goodness of fit (R2) value is for linear correla-
tion between power-transformed height versus measured TSF.
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identified via randomization tests (Peres-Neto et  al., 2005). For 
meeting the assumption of multivariate normality, one trait (leaf 
cross-sectional area) was square-root-transformed before analysis. 
Skewness averaged 0.539 and kurtosis averaged 0.477 in the final 
matrix, and there was no pronounced bivariate nonlinearity. Using 
leaf scores along significant principal components as Cartesian co-
ordinates, we calculated mean centroid distances for the three pair-
wise comparisons of species as well as trees 1–5 versus tree 6 of P. 
menziesii. PCA was performed in JMP (version 13, SAS Institute, 
Cary, NC, USA), except randomization tests performed in PC-ORD 
(version 6, McCune and Mefford, 2011).

Finally, we compared structure of P. menziesii leaves to other 
tall conifers using our previously published data on S. sempervirens 
(Oldham et  al., 2010) and P. sitchensis (Chin and Sillett, 2017). 
Following the method of Valladares et al. (2006), we calculated plas-
ticity using species-mean trait values from the highest and lowest 
samples from each of 5 trees per species as (maximum – minimum) /  
(maximum). Both mean plasticity across traits and plasticity of in-
dividual traits were calculated for each species.

RESULTS

Leaf anatomy and morphology

Height, not light availability, was the dominant predictor of leaf an-
atomical variation in P. menziesii, and we found suitable ecological 
models for 16 leaf traits (Table 3). Only three modeled traits—LMA, 
number of tracheids in transfusion tissue, and cuticle thickness—
had R2 > 0.3. Areas of xylem and phloem were the only traits best 
explained by light availability, and these only weakly (Table 3). Some 
traits poorly explained by predictors in trees 1–5 from California 
had a better fit to height and δ13C in tree 6 from Washington 
(Table  4). Although leaf width was unrelated to any predictor in 
trees 1–5 (Table 3), 87% of leaf width variation was explained by 
δ13C in tree 6 (Table 4). The PCA of nine traits among 153 leaves re-
vealed strong segregation among species along PC2 (Fig. 2), which 
expressed variation in leaf length and vascular bundle size (Table 2). 
Substantial overlap among species occurred along PC1 and PC3 
(Fig. 2), which expressed variation in leaf cross-sectional size and 
LMA, respectively (Table  2). Tree 6 clustered among its fellow P. 
menziesii, except for very low-LMA leaves from the lower crown 
and very short leaves from the upper crown (Fig. 2). Centroid dis-
tance between trees 1–5 and tree 6 (2.0) was considerably smaller 
than any centroid distance between species (3-pair mean = 3.6) us-
ing leaf scores along the three significant principal components.

Leaves of P. menziesii had a central longitudinal groove running 
down the exposed adaxial surface, a single vascular bundle within 
an endodermis, and stomata restricted to the abaxial leaf surface at 
all heights (Fig. 3A, B, D). The mesophyll was arranged into plates, 
and mesoporosity (airspace/mesophyll area) was closely related 
to height as were two traits driving the mesoporosity decrease—
number of connections between mesophyll plates and maximum 

TABLE  1.  Measured anatomical and morphological traits of Pseudotsuga 
menziesii leaves. Traits in bold type were used in multiple regression models.

Leaf trait Units Trees Methoda

Total area of transverse 
section

mm2  1-6 ¤ §

Leaf length mm  1-6 
Width mm  1-6 ¤ §
Thickness mm  1-6 ¤ §
Perimeter of transverse 

section
mm  1-6 ¤ §

Cuticle thickness mm  1-6 ¤ §
Epidermal thickness mm  1-6 ¤ §
Valley depth between 

epidermal cells
mm  1-6 ¤ §

Xylem area mm2  1-6 ¤ §
Phloem area mm2  1-6 ¤ §
Transfusion tissue area mm2  1-6 ¤ §
LMA (leaf mass per area) g m−2  1-6 
Distance between 

endodermis and abaxial 
epidermis

mm  1-6 ¤ §

Distance between 
endodermis and adaxial 
epidermis

mm  1-6 ¤ §

Maximum distance 
between endodermis 
and epidermis

mm  1-6 ¤ §

Maximum endodermal 
thickness

mm  1-6 ¤ §

Number of plications per 
spongy mesophyll cell

count  1-6 ¤ §

Vascular bundle area 
(everything inside 
endodermis)

mm2  1-6 ¤ §

Dry mass g  1-6 
Projected area mm2  1-6 
Number of transfusion 

tracheids
count  1-5 ¤

Abaxial stomata per mm count 6 º
Guard cell length mm 6 º
Stomatal pore index (SPI) stomatal density × 

guard cell length
6 º

Number of mesophyll 
plates per mm

count 6 «

Connections per mesophyll 
plate

average count 6 «

Distance between 
mesophyll plates

mm 6 «

Mesoporosity airspace (mm2) / area 
(mm2)

6 «

aMethods: § = green cross section, ¤ = paraffin embedded cross section, º = resin imprint,  
« = green longitudinal section, and  = scanned / weighed.

TABLE 2.  Correlations (r) between principal component scores and traits of 153 
leaves (54 P. menziesii, 57 S. sempervirens, 42 P. sitchensis) after eigenvalues and 
variance explained for three significant principal components. Correlations in 
bold type were the strongest for each trait.

Trait PC1 PC2 PC3

Eigenvalue 3.69 2.16 1.94
Variance explained (%) 41.0 24.0 21.6
Total cross-sectional area 0.914 −0.298 0.181
Width 0.848 −0.134 −0.450
Perimeter of cross section 0.835 −0.279 −0.423
Xylem cross-sectional area 0.799 0.464 −0.119
Phloem cross-sectional area 0.639 0.679 −0.050
Transfusion tissue cross-

sectional area
0.261 0.639 0.570

Leaf length −0.126 0.778 −0.132
LMA 0.263 0.026 0.898
Thickness 0.490 −0.533 0.603
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distance between plates (Table 4, Fig. 4A). Parenchyma cells of the 
spongy mesophyll were plicate and connected at the plications in 
a way that left numerous airspaces between cells (Figs.  3C, 4B). 
Astrosclereids appeared frequently when leaves were examined in 
longitudinal section, especially in the upper crown. Arms of astro-
sclereids were flexible when sectioned green, bending when probed 
and then returning to their original shape, suggesting that they may 
be hygroscopic (Fig. 4C). The endodermis was typically thinner and 
not visibly suberized in the section closest to the xylem. In fresh 
leaves from tree 6, which had been collected during bud-swell, 

amyloplasts lined the periclinal cell walls (Fig.  4D). Guard cell 
length and stomatal pore index (SPI, guard cell length per leaf area) 
were unrelated to height or δ13C.

In a surprising contrast to our observations of P. sitchensis and S. 
sempervirens leaves, we observed abundant green-algal epiphylls in 
the genus Protococcus on P. menziesii at all heights, accumulating in 
the adaxial groove, stomatal beds, and furrows between epidermal 
cells (Figs. 3E, 4E: Bernstein and Carroll, 1977). These algae were 
present in our samples from both California and Washington, cov-
ering ~45% of the leaf surface on tree 6 (visually estimated % cover 
based on both surface imprints and transverse sections), totaling 
2376 m2 of algae on this tree alone. They were also equally abun-
dant on P. menziesii leaves from an inland California forest that 
receives <43 cm of annual precipitation (A. Chin, personal observa-
tion). Protococcus is very sparse on S. sempervirens and P. sitchensis 
(A. Chin, personal observation), suggesting a high degree of host 
specificity as seen in other algae living on temperate conifer leaves 
(Lin et al., 2012). The unusual furrows between epidermal cells in P. 
menziesii appeared to facilitate algal colonization (Fig. 4E).

Relative plasticity

We found that P. menziesii leaves had the lowest within-crown phe-
notypic plasticity of the three tallest conifers, and overall weaker 
(or no) trait correlations with height and light availability (Fig. 5, 
Table 5). Its mean relative plasticity value (trees 1–5) was 0.32 com-
pared to 0.55 for S. sempervirens and 0.54 for P. sitchensis across 
nine traits (Table 5). Leaf mass per projected area was the only leaf 
trait for which P. menziesii did not have the lowest relative plasticity 
among the three species (Table 5).

TABLE 3.  Multiple regression models for leaf traits of Pseudotsuga menziesii ranked top to bottom by goodness of fit (R2). Selection criterion (AICc) and Akaike weight 
(wi) listed for each model. Each parameter estimate is given with one standard error (SE).

1st Predictor 2nd Predictor Intercept

Leaf trait Rank Predictor(s) R2 AICc wi Estimate SE Estimate SE Estimate SE

LMA 1 Height, δ13C 0.688 371 0.902 8.824E−01 1.848E−01 5.722E+00 2.177E+00 2.792E+02 6.934E+01
2 Height 0.638 375 0.098 1.226E+00 1.393E−01 − − 9.861E+01 9.977E+00

Number of transfusion 
tracheids

1 Height 0.402 337 1 5.004E−01 9.207E−02 − − 8.504E+00 6.594E+00

Cuticle thickness 1 Height 0.328 −472 1 6.469E−05 1.395E−05 − − 1.201E−03 9.987E−04
Vascular bundle area 1 Height 0.246 −349 1 2.026E−04 5.346E−05 − − 1.389E−02 3.829E−03
Total area of transverse 

section
1 Height 0.215 229 1 −9.847E−02 2.837E−02 − − 2.438E+01 2.032E+00

Number of plications 
per spongy 
mesophyll cell

1  δ13C 0.181 101 1 2.609E−01 8.374E−02 − − 1.244E+01 2.293E+00

Distance between 
endodermis and 
adaxial epidermis

1 Height 0.176 −229 1 6.043E−04 1.954E−04 − − 4.539E−02 1.399E−02

Epidermal thickness 1 Height 0.172 −412 1 8.106E−05 2.683E−05 − − 1.325E−02 1.922E−03
Xylem area 1 Light 0.160 −526 1 1.684E−05 5.827E−06 − − 2.035E−03 3.024E−04
Leaf length 1 Height 0.157 212 1 −6.764E−02 2.368E−02 − − 2.226E+01 1.696E+00
Depth of adaxial 

groove
1 Height 0.153 −238 1 5.030E−04 1.784E−04 − − 1.952E−02 1.278E−02

Transfusion tissue area 1 Height 0.131 −314 1 2.000E−04 7.761E−05 − − 3.917E−02 5.558E−03
Phloem area 1 Light 0.122 −484 1 2.291E−05 9.264E−06 − − 3.547E−03 4.808E−04
Valley depth between 

epidermal cells
1 Height 0.110 −489 1 2.730E−05 1.169E−05 − − 2.758E−03 8.372E−04

Width 1 Height, δ13C 0.110 −98 1 2.513E−03 1.138E−03 −2.717E−02 1.341E−02 3.140E−01 4.271E−01
Perimeter of transverse 

section
1 Height 0.034 31 1 4.085E−03 3.303E−03 − − 2.768E+00 2.366E−01

TABLE  4.  Correlations (r) of anatomical traits with height and δ13C for eight 
leaves of tree 6 from Washington. Two-tailed P-values are shown for each 
correlation. Correlations in bold type were the strongest for each trait.

Height δ13C

Leaf trait r P r P

No. of connections per 
mesophyll plate

0.9333 0.0007 0.6980 0.0542

Width −0.6144 0.1051 −0.9317 0.0008
Leaf length −0.8000 0.0171 −0.9293 0.0008
Perimeter of cross section −0.5419 0.1653 −0.9123 0.0016
Mesoporosity −0.8989 0.0024 −0.8079 0.0153
Total cross-sectional area −0.4628 0.2482 −0.8884 0.0032
Distance between mesophyll 

plates
−0.8678 0.0052 −0.8829 0.0037

Leaf mass per area 0.8597 0.0062 0.7714 0.0250
No. of mesophyll plates per mm 0.8227 0.0012 0.7944 0.0185
Stomatal pore index (SPI) −0.2202 0.6003 −0.4597 0.2518
Guard cell length −0.0928 0.8270 −0.2430 0.5620



6  •  American Journal of Botany

DISCUSSION

Leaves of P. menziesii vary anatomically and morphologically in 
response to the water-stress gradient induced by gravity, with lit-
tle acclimation to light availability (Table  3). The best-explained 
leaf trait—LMA—is correlated with both height and δ13C; the next 
two best-explained traits—number of transfusion tracheids and 
cuticle thickness—are correlated only with height (Table  3). The 

conspicuous lack of variation in leaf width, which varies across the 
height gradient in other P. menziesii populations and in multiple 
other tall tree species (Fig.  2; Koch et  al., 2004; Woodruff et  al., 
2008b; Chin and Sillett, 2017), is remarkable. Leaves of P. menziesii 
exhibit much less within-crown morphological and anatomical 
plasticity than the other two tallest conifers (Figs. 5, 6; Table 5).

Structural consistency of leaves may be supported by osmotic 
plasticity in response to the water-stress gradient or other ecological 

FIGURE 2.  Plots of multi-species leaf PCA scores along the three significant axes, showing leaves from trees 1–5 as darker circles than those from tree 
6, (Picea sitchensis data from Chin and Sillett, 2017; Sequoia sempervirens data from Oldham et al., 2010).
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factors. Higher spring temperatures and solar angle, prevalence of 
coastal fog, or character displacement resulting from intense com-
petition for light may induce more osmotic regulation of cell turgor 
during leaf elongation in P. menziesii of Prairie Creek Redwoods 
State Park than other forests. Differences in species composition and 
regional climate, particularly wind and storm intensity, may also be 

reflected in crown structure and leaf development. Tall individuals 
of P. menziesii in Washington, including tree 6, have denser crowns 
with many more leaves per unit crown volume than trees 1–5 of 
California, which are surrounded by taller and more shade-tolerant 
S. sempervirens (Sillett et al., 2018). Wind exposure enhancing wa-
ter stress during leaf elongation in spring may also induce costs that 

FIGURE 3.  Stained transverse section of a Pseudotsuga menziesii leaf from mid-crown (70 m) showing (A) adaxial groove, (B) endodermis, (C) plicate 
mesophyll cell, (D) stoma, (E) strongly furrowed epidermis between stomatal beds. Within the boundaries of the endodermis, tracheids, in the trans-
fusion tissue surrounding the vein, can be distinguished from parenchyma by empty lumens and orange-stained cell walls.

FIGURE 4.  Fresh green sections of Pseudotsuga menziesii leaves showing (A) longitudinal sections through spongy mesophyll (90 m above, 20 m be-
low), (B) mesophyll cells with airspaces between plications, (C) astrosclereid, (D) amyloplasts lining periclinal walls of endodermis (longitudinal section 
above, transverse section below), (E) epiphyllic algae (in adaxial groove on right, between stomatal beds on left). Scale bars = 30 μm.
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FIGURE 5.  Scatterplots depicting how leaf structure of the three tallest conifers relates to height and light availability (TSF). Significant linear rela-
tionships to height and exponential relationships to light are shown (Picea sitchensis data from Chin and Sillett, 2017; Sequoia sempervirens data from 
Oldham et al., 2010).
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make maintaining long treetop leaves less feasible in Washington 
forests. In P. menziesii-dominated forests of Oregon, tall individu-
als of this species exhibit height-associated variation in leaf structure 
similar to what we observed in tree 6 (Woodruff et al., 2004, 2008a; 
Meinzer et al., 2008). Future work on leaf anatomy of P. menziesii 
would benefit from sampling more widely across its native geo-
graphic range, including S. sempervirens-dominated forests much 
farther south in California, where P. menziesii up to 90 m tall occur 
in mature, second-growth forests (Zane Moore, UC Davis, personal 
communication).

Hydraulic constraints on growth and acclimation to water stress

Gravity is inflexible in its impacts on Ψ, and while osmotic adjust-
ments and foliar uptake of water may support both cell elongation 
and stomatal openness, reduced turgor with increasing height ex-
plains the consistent vertical gradient of increasing LMA within P. 
menziesii crowns (Fig. 5). The longest efficient length for P. men-
ziesii leaves, before phloem would stagnate at the tip due to insuf-
ficient osmotic drive, is ~2.5 cm (based on mean phloem radius 
across trees 1–5, see Rademaker et al., 2017), which is similar to our 
observed maximum (2.2 cm) but considerably longer than our ob-
served mean (1.8 cm) and minimum (1.3 cm) leaf lengths. In tree 6 
from Washington, 86% of the variation in leaf length is explained by 
δ13C, a variable associated with the impacts of chronic water stress 
on stomatal and mesophyll CO2 conductance (Table 4; Hultine and 
Marshall, 2000). Although the relationship between height and leaf 
length is weak in trees 1–5 (R2 = 0.16), LMA of these trees is well ex-
plained by δ13C (R2 = 0.69, Table 3). The combination of increasing 
closeness and interconnectedness of mesophyll plates leads to lower 
mesoporosity in the upper crown and a strong negative correlation 
between mesoporosity and both height and δ13C (Fig. 6, Table 4). 
Indeed, mesoporosity is the single best predictor of LMA in tree 6 
(R2 = 0.90). Among the three tallest conifers, LMA is the only one of 
nine leaf traits we considered for which P. menziesii does not have 
the lowest plasticity value or weakest correlation with height (Fig. 5, 
Table  5). Considering that phloem area is unrelated to height in 
any P. menziesii we examined, these patterns suggest that height-
associated trends in LMA and leaf length are reflective of gravity’s 

impacts on Ψ rather than acclimation to the light environment or 
limits set by decreasing phloem radii.

Our results highlight species-level differences in the degree to 
which gravity-induced water stress constrains leaf development. 
Height-related trends in leaf length observed in P. menziesii from 
California (R2 = 0.16) are weaker than those in S. sempervirens (R2 
= 0.65) and P. sitchensis (R2 = 0.59) from California (Fig. 5; Oldham 
et al., 2010; Chin and Sillett, 2017). Moreover, leaf length declines 
less steeply with height in P. menziesii from California (0.07 mm 
m−1) than in P. menziesii from Washington (0.15 mm m−1), S. sem-
pervirens (0.19 mm m−1), or P. sitchensis (0.12 mm m−1). The hydrau-
lically driven decrease in leaf length does not act on all cells equally, 
as stomatal guard cells become shorter with height in S. sempervirens 
(R2 = 0.61) but not in P. sitchensis (R2 = 0.01) or P. menziesii (data 
from tree 6, R2 = 0.01, Chin and Sillett, 2017, and unpublished data, 
see Fig. 6). In both California and Washington, P. menziesii has the 
lowest LMA (as low as 163 g m−2 at 90 m), highest mesoporosity, 
longest leaves, and greatest mean phloem radius among the three 
tallest conifers (Oldham et al., 2010; Chin and Sillett, 2017). By some 
means not employed by the other species, P. menziesii decouples leaf 
elongation from the effects of gravity on Ψ, particularly in California 
where leaf length was weakly related to height.

In response to water stress, the number of tracheids in transfu-
sion tissue of P. menziesii leaves increases with height, as does total 
vascular area and cuticle thickness (Table 3). While it is not surpris-
ing that the number of transfusion tracheids increases in P. men-
ziesii by about 30% from the lower crown to the treetop, it is worth 
noting that total transfusion tissue area increases only slightly, sug-
gesting that while cell numbers rise, area-based capacitance is un-
likely to change in a physiologically meaningful way. The increase 
in tracheid numbers may indicate reduction in cell size, perhaps to 
prevent unrecoverable collapse in this flexible tissue, while the small 
increase in total area probably compensates for the additional cell 
wall fraction. Overall, P. menziesii has substantially less leaf-level 
phenotypic plasticity within its crowns than other conifers reaching 
heights >90 m with particularly low relative plasticity values and 
height correlations in traits associated with water-stress tolerance 
(Fig. 6, Table 5).

Strategic contrast within Pinaceae

Despite their familial relationship, endodermis, and plate-like mes-
ophyll structure, leaf anatomical differences suggest that approaches 
to water transport outside the xylem diverged during evolution of 
P. menziesii and P. sitchensis. Transport of water through apoplas-
tic pathways is enhanced by thick cell walls and a direct apoplastic 
route (Buckley et al., 2015), as seen in P. sitchensis, where the plicate 
cells of the mesophyll meet on the edges to form nearly straight 
radial paths from endodermis to ab- and adaxial stomata (Chin and 
Sillett, 2017). In contrast, mesophyll of P. menziesii appears to be 
better suited for vapor-phase water transport, as thin-walled mes-
ophyll cells connect only on the crests of their plications, forming 
abundant airspaces at all heights and permitting airflow between 
plates but greatly adding to apoplastic tortuosity (Fig. 4B; Buckley 
et al., 2015). In addition to having a greater longitudinal mesopo-
rosity, lower LMA, and more transfusion tissue than P. sitchensis, 
P. menziesii differs in having stomata only on the sheltered abaxial 
surface, which models suggest may promote water vapor diffusion 
down the leaf ’s internal temperature gradient (Fig.  3D; Rockwell 
et al., 2014; Buckley et al., 2015). Being hypostomatous is a trade-off 

TABLE 5.  Relative plasticity values and correlations (r) with height for leaf traits 
of the three tallest conifer species. Data for S. sempervirens from Oldham et al. 
(2010) and P. sitchensis from Chin and Sillett (2017). All measurements, with the 
exception of leaf length and LMA, were made on transverse sections. P. menziesii 
= PSME (N = 46 leaves), S. sempervirens = SESE (N = 57 leaves), P. sitchensis = PISI 
(N = 42 leaves).

Relative plasticity Correlation with height

Leaf trait PSME PISI SESE PSME PISI SESE

Area 0.31 0.64 0.36 0.33 0.66 −0.23
Perimeter 0.18 0.43 0.43 0.16 0.73 −0.83
Width 0.18 0.50 0.52 0.18 0.72 −0.80
Thickness 0.31 0.39 0.43 0.29 0.54 0.78
Xylem area 0.50 0.70 0.62 0.28 0.63 −0.66
Phloem area 0.53 0.70 0.72 0.31 0.61 −0.55
Transfusion 

tissue area
0.31 0.79 0.71 0.36 0.68 0.65

Leaf length 0.26 0.49 0.75 −0.40 −0.77 −0.81
Leaf mass per 

area
0.29 0.25 0.42 0.80 0.41 0.86
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for P. menziesii. Despite having less-dense mesophyll than P. sitch-
ensis, P. menziesii leaves near the treetop have higher δ13C, indi-
cating greater stomatal limitation of photosynthesis (Farquhar 
et  al., 1989; Hultine and Marshall, 2000; Chin and Sillett, 2017). 
Nonetheless, vapor-phase transport is enhanced by solar radiation 
and can raise epidermal Ψ, perhaps making it a favorable strategy 
for a species whose geographic range extends into areas with abun-
dant summer sun and high evaporative demand (Pieruschka et al., 
2010; Peak and Mott, 2011; Rockwell et al., 2014; Buckley, 2015).

Astrosclereids, which are more frequent in leaves at the tops of 
tall trees than short ones, are a feature of P. menziesii absent from 
most other conifers, including P. sitchensis (Apple et  al., 2002). 
Astrosclereids are flexible when fresh (but not when paraffin-
embedded), concentrically lamellated, pored, and hollow with tan-
nin inclusions (Fig. 4C). Visible lamellation and thickening of the 
S2 layer of the sclereid cell wall signifies the presence of cellulose 

and pectins, and thus water-holding capacity (Célino et al., 2013). 
These anatomical patterns suggest that astrosclereids could have 
an unrecognized hydraulic transport role as in fibers of Gnetum 
gnemon (Zwieniecki and Boyce, 2014) or enhance capacitance 
through increased apoplastic storage as in fibers of S. giganteum, 
both of which have structurally similar cell walls (Chin and Sillett, 
2017; Williams et al., 2017). The means by which water is trans-
ported between vein and stomata determine most species-level 
variation in leaf hydraulic conductivity and, consequently, pho-
tosynthetic rate (Buckley, 2015; Scoffoni et al., 2016). Differences 
in traits related to variation in photosynthetic capacity under dif-
ferent environmental conditions are particularly relevant when 
considering that coast-restricted P. sitchensis is extraordinarily 
fast-growing in comparison to the longer-lived and wide-ranging 
P. menziesii (Kramer et  al., 2018; Sillett et  al., 2018). Substantial 
differences in leaf anatomy governing outside-xylem transport 

FIGURE 6.  Anatomical responses to water stress and light availability gradients in the three tallest conifer species showing upper crown on top 
and lower crown on bottom of each row. (A) Stained leaf transverse sections: Pseudotsuga menziesii, 92 m and 45 m; Picea sitchensis, 95 m and 18 m; 
Sequoia sempervirens, 110 m and 48 m. (B) Fresh mesophyll longitudinal sections: P. menziesii, 90 m and 40 m; P. sitchensis, 92 m and 40 m; S. semper-
virens, 110 m and 31 m. (C) Acrylic resin imprints of stomata: P. menziesii, 80 m and 40 m; P. sitchensis, 90 m and 34 m; S. sempervirens, 110 m and 31 m. 
All images within rows are at the same scale (bars on right).
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separate P. menziesii from P. sitchensis, suggesting a mechanism 
by which leaf structure may influence species distribution and the 
composition of tall forests.

By investing in leaf length and mesoporosity, perhaps via in-
creased production or use of osmoticum (Meinzer et  al., 2008), 
tall P. menziesii trees pack high leaf area into upper crowns, which 
compensates for shade intolerance. Unlike neighbors, P. menziesii 
trees cannot maintain deep crowns in redwood rainforests unless 
standing near well-illuminated edges (Sillett et  al., 2018), maybe 
because P. menziesii leaves acclimate less to environmental varia-
tion (Figs. 5, 6; Table 5). Even in tree 6 from Washington, where 
leaf structural variation was correlated with height, anatomical 
responses were of lesser magnitude than those in P. sitchensis, S. 
sempervirens, or S. giganteum (Oldham et al., 2010; Chin and Sillett, 
2016, 2017). Although we can only speculate about their role, the 
potential contribution of the abundant epiphyllic algae to leaf wa-
ter status and foliar uptake of water needs further study (Fig. 5E). 
Green algae do not require liquid water for rehydration, as they can 
access atmospheric moisture from as low as 68% relative humidity 
and maintain hydration via thick, mucilaginous cell walls (Tiffany, 
1935; Mikhailyuk et al., 2003; Karsten et al., 2007). These algae also 
excrete extracellular polymeric substances that increase surface 
rugosity, decrease hydrophobicity, and increase water-binding ca-
pacity, causing surface moisture to stay elevated longer beneath al-
gal films (Vázquez et al., 1998; Gaylarde and Morton, 1999; Karsten 
et al., 2007; Cutler et al., 2013). From a tree’s perspective, having leaf 
surfaces that become moist without the presence of liquid water—
and then stay moist for an extended period of time—could enhance 
water and nutrient trapping while promoting stomatal openness. 
Wet leaf surfaces lead to direct uptake of water and large increases 
in Ψ, with greater gains after an initial lag period, making prolonged 
wetness and rapid wettability physiologically valuable (Guzmán-
Delgado et al., 2018). If nothing else, these algae contribute to forest 
primary productivity, capable of fixing >66 kg yr−1 of atmospheric 
C in tree 6 alone based on an annual C flux estimate of 28 g m−2 
(Elbert et al., 2009).

CONCLUSIONS

Innate vertical gradients in crowns of tall conifers reveal sev-
eral ways that leaves acclimate to environmental factors (Fig. 6). 
Gravity-induced water stress is consistently visible in leaves as 
low mesoporosity, high LMA, and elevated 13C concentration 
near the tops of tall trees compared to lower in the crown. As 
in S. sempervirens but not P. sitchensis, leaf development in P. 
menziesii is more influenced by water stress than light availabil-
ity, but its leaves exhibit less phenotypic plasticity in anatomical 
and morphological traits. Instead of physical variation, P. men-
ziesii appears to have a third, alternative strategy where height-
associated plasticity in osmotic adjustments (Meinzer et  al., 
2008) maintains sufficient turgor to produce relatively long leaves 
with high mesoporosity. Capacity to improve leaf water status in 
the face of low xylem Ψ may allow P. menziesii to minimize struc-
tural investments promoting either water-stress tolerance or ac-
climation to light availability. The restrained anatomical response 
to within-crown environmental gradients might maintain room 
in the design space of P. menziesii leaves, promoting greater cli-
matic stress-tolerance, broader geographic range, and more di-
verse ecological associations. In nutrient-rich forests, light and 

treetop water are growth-limiting resources; thus, leaf-level traits 
involved in their acquisition and efficient use are points of diver-
gence in the evolution of extraordinarily tall trees.
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