Supplementary Figure 2. Proportion of tissue relative volumes inside the 3D leaf space for the

34 conifer species studied.
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Supplementary Figure 3. Comparison of volumetric anatomy (a-d) and stomatal density (e,f)
between the Pinus subgenera Pinus and Strobus and other conifer species studied. Boxes and
bars show the median, quartiles, and extreme values. Gray dots are species data points. P-values
notations represent results of one-way ANOVAs between groups. ns: non-significant; * p < 0.05;
**p <0.01; *** p <0.001. Letters indicate significant differences between groups. Further
information and other comparisons of traits between groups are available in Supplementary
Table 4.
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Supplementary Figure 4. Relationship between vein volume over leaf volume ratio (Vvein/Viear),
measured over the whole image stack, and the vein area over leaf area ratio (Avein/Aleaf),
measured on single image slices of the stacks. In each panel, points represent the mean value of
Avein/ Aleat TOr one to six slices sampled from data collected on each slices of the stack (numbers
upper left of the panels represent the number of slices averaged over). Colored ribbons represent
the region where 95% of the data lie, and dotted lines represent the Avein/Aleat median + standard
deviation for the whole stack (measured from ~200-2000 slices depending on the stack). See the

Supplementary Text S1 for additional details.
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Supplementary Figure 5. Light-saturated photosynthetic assimilation (Asat) as a function of
volumetric anatomy and stomatal traits in conifers. Relationships of Asat with relative mesophyll
volume (a) and inter-cellular air space volume (IAS) per stomatal number (b). Solid regression
lines and 95% confidence intervals are included. Pinus species from the subgenera Pinus (green)
and Strobus (yellow), along with other conifer species (purple) are indicated. Species bearing flat
leaves (square), flattened needle leaves (triangles), and needle leaves (circles) are also identified.
PGLS coefficients of determination are included. ** p < 0.01; *** p < 0.001. Additional
information available in Supplementary Table 5.
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Supplementary Figure 6. Stomatal number per mesophyll volume across different plant groups.
Conifer species measured in this study (34 spp) are compared with published data (1) for other
gymnosperms (7 spp) angiosperms (39 spp) and ferns (16 spp). A distinction between deciduous
(D; 17 spp) and evergreen (E; 22 spp) angiosperm species is also included. Significant
differences after a one-way analysis of variance followed by a post hoc Tukey’s honest
significance differences using 95% confidence intervals are indicated with different letters. The
dataset is included as supplementary material (Supplementary Dataset 2).
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Supplementary Table 1. Abbreviations and definitions of anatomical and gas exchange
variables measured, with reference to their units.

bioRxiv preprint doi: https://doi.org/10.1101/2021.04.23.441113; this version posted May 7, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is

Abbreviation  Definition Units
Asat Light-saturated photosynthetic assimilation rate pmol m2 s
Osmax Maximum stomatal conductance mmol m™2s™!
Porosity Mesophyll porosity pm? pm?3
SAnes/stomate  Mesophyll surface area per stomate mm?nt
SAme/ Vst Mesophyll surface area per unit bundle sheath and transfusion um2 pm-
tissue volume
SAmes!Vimes Mesophyll surface area per unit mesophyll volume pum?2pm?3
SAmes/Vein Mesophyll surface area per unit vein volume um? pm-3
Sm Mesophyll surface area per total leaf area pm?2 pm?2
stomata/Aias  Stomatal pore number per unit leaf area n mm-
stomata/SAmes Stomatal pore number per unit mesophyll surface area n mm2
stomata/Vias Stomatal pore number per unit mesophyll intercellular airspace n mm-=2
volume
stomata/Vmes  Stomatal pore number per unit mesophyll volume n mm-3
VstV ieat Bundle sheath and transfusion tissue volume relative to total leaf um? um-=
volume
Vep/Vieat Epidermis volume relative to total leaf volume ums pum-3
Vias/stomate  Intercellular airspace volume per stomate mm?3n?t
Vmes/stomate ~ Mesophyll volume per stomate mm?3n?t
Vmes/Vieat Mesophyll volume relative to total leaf volume pm? pm?3
Vresin/Vieat Resin duct volume relative to total leaf volume pm? pm?3
Viein/Vleat Vein volume relative to total leaf volume pm? pm?3
WUE; Intrinsic water use efficiency pmol mol™
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Supplementary Table 2. Structural coordination within the volumetric space of the conifer
leaf. Standardized major axis (SMA) matrix across segmented tissue volumes, relative to total
leaf volume, r? (above diagonal) and p-values (below diagonal) are included. Significant
relations at oo = 0.05 are indicated.

VBS+TT/VIeaf Vep/VIeaf Vmes/VIeaf Vresin/VIeaf Vvein/V leaf

Ves+TT/Vieat 0 0.07 0.05 0
Vep/Vieaf 0.84 0.27 0 0.01
Vmes/Veaf 0.12 <0.01 0.03 0.11
Vresin/Vleaf 0.19 0.93 0.33 0
Vvein/VIeaf 0.72 0.52 0.07 0.90

31


https://doi.org/10.1101/2021.04.23.441113
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.04.23.441113; this version posted May 7, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

Supplementary Table 3. Comparisons of volumetric anatomy and stomatal traits across
different leaf morphologies in conifers. Average values for each leaf morphological category
are included. Significant differences detected with a one-way ANOVA followed by post hoc
Tukey’s honest significance differences tests are indicated with different letters. Significant
differences between leaf morphologies at a = 0.05 are also indicated in bold. Graphic
representations of some focal comparisons between leaf morphological types are presented in
Fig. 3.

Flattened Needle- Sum of Mean F value

Trait Flat leaf needle like squares square (2,31) Significance
Porosity 0.30° 0.262° 0.21° 0.03081  0.015405 9.758  0.000516
SAnes/stomate  0.322P 0.51° 0.27° 0.1954 0.0977 6.708 0.0038
SAmes/ Vas+TT 1.152 1.41° 0.35° 5.493 2.7467 10.05 0.000433
SAmes/Vimes 0.112 0.132 0.122 0.001002 0.0005012  0.52 0.599
SAmes/Vein 3.012 17.74° 3.69° 707.5 353.8 16 1.69e-5
Sm 12.492 12.75% 10.842 194 9.709 0.448 0.643
stomata/SAmes  3.46%° 2.30° 4.26" 14.23 7.117 3.448 0.0444
stomata/Vias 1190% 11112 2533P 11710794 5855397 6.553 0.00423
stomata/Vmes 34320 2822 515P 258903 129451 4.566 0.0183
Ves+11/Vieat 0.13? 0.15? 0.242 0.05873  0.029364  3.221 0.0536
Vep/Veat 0.122 0.143b 0.17° 0.009345 0.004673  4.654 0.0171
Vines/Vleaf 0.75% 0.76% 0.58° 0.1912 0.09560 27.56 1.32e-7

Vresin/Vieat 0.009% 0.004% 0.01* 0.000266 0.0001331  0.807 0.456
Vein/Veat 0.03? 0.012° 0.022 0.000973 0.0004863 3.791 0.034
Vias/stomate  0.00092¢  0.00097¢  0.00047° 1.389e-6 6.946e-07  15.52 2.14e-5

Vmes/Stomate  0.0031*®  0.0039? 0.0022°  1.096e-5 5.48le-6  7.392 0.00237
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Supplementary Table 4. Comparisons of volumetric anatomy and physiological features
between Pinus subgenera Pinus and Strobus, and other conifer species. Average values for
each conifer group are included. Significant differences detected with a one-way ANOVA
followed by post hoc Tukey’s honest significance differences tests are indicated with different
letters. Significant differences between conifer groups at a. = 0.05 are also indicated in bold.
Graphic representations of some focal comparisons are presented in Supplementary Fig. 3.
*Physiological features measured on a subset of 18 species, different degrees of freedom
(2,15) apply to these specific comparisons.

. . Other Sum of Mean Fvalue _. ..
Trait Pinus Strobus conifers  squares square (2.31) Significance
Porosity 0.202 0.243b 0.28° 0.03438 0.017191 11.75 0.00016

SAmes/stomate 0.27% 0.292P 0.41° 0.1265 0.06323 3.766 0.034
SAmes/VessTT 0.32% 0.46% 1.28° 5.447 9.911 2.7237 0.00047
SAmes/Vimes 0.13% 0.12% 0.122 0.000502 0.0002512  0.257 0.77
SAnmes/Vyein 3.49% 4,55 10.37° 277.9 138.93 3.862 0.032

Sm 11.26% 9.15% 12.62% 37.1 18.57 0.882 0.42
stomata/SAmes  4.40° 3.66%° 2.88° 13.77 6.88 3.312 0.049

stomata/Vas 2719% 175430 1151° 15459478 7729739 10 0.00044

stomata/Vmes 5342 43220 312° 293771 146886 5.394 0.0098
Ves+11/Viear 0.23%0 0.28° 0.14° 0.06877 0.03438 3.911 0.031
Vep/Vieat 0.172 0.172 0.132b 0.00829  0.004147  3.995 0.029
Vimes/V leat 0.552 0.67° 0.75°¢ 0.24492 0.12246 70.59 2.88e-12
Vresin/Vieat 0.01° 0.01* 0.006*  0.000218 0.0001088  0.653 0.528
Vein/Vleat 0.03% 0.02% 0.02% 0.000245 0.0001224 0.807 0.456

Vias/stomate  0.00044®  0.00060%  0.00095°  1.494e-6  7.470e-7 18.05 6.33e-6

Vmes/Stomate ~ 0.0021%  0.0026*°  0.0035°  1.062e-5  5.312e-6 7.061 0.0030

Asat™ 19.22# 21.912 7.32° 520.1 260.03 5.50 0.016
Osmax™ 0.20% 0.19% 0.072 0.05194  0.025971  2.713 0.099
WUE* 105.89? 122.51* 115.94* 877 438.3 0.632 0.54
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Supplementary Table 5. Variation in gas exchange, photosynthesis and water use efficiency as explained by leaf volumetric anatomy
and stomatal traits. Phylogenetic generalized least squares (PGLS) statistics are included and significant relations at a = 0.05 are

indicated.
Asat Osmax WUE;
Intercept  Slope R P-value A Intercept  Slope RZ P-value A\ Intercept  Slope R? P-value A
Porosity 32.35 -79.45 039 <0.01 0.00 0.23 -0.29 0.02 058 0.00 93.61 85.66 0.03 0.50 0.00
SAmes Stom 1265 -8.88e-6 0.07 031 0.75 0.28 -3.31le-7 0.27 <0.05 0.00 95.96 8.68e-5 0.26 <0.05 0.67
SAmes/VBs:r  15.66 -5.92 028 <0.05 0.53 0.21 -0.07 0.16 0.10 0.00 113.97 -3.22 0.01 0.75  0.00
SAmes/Vmes 13.95 -4353 005 036 084 0.22 -040 0.01 0.70 0.00 96.06 125.52 0.02 0.61 0.00
SAmes/Vvein 11.56 -0.36 0.07 032 0.74 0.02 0.01 020 0.06 0.79 144.83 -3.78 037 <0.01 0.52
Sm 10.22 -0.08 000 0.77 0.79 0.30 -0.01 019 0.07 0.00 86.75 3.30 035 <0.01 0.65
stom/Alear 5.56 0.11 011 019 0.70 0.06 2.57¢-3 0.13 014 0.00 120.80 -0.21 0.01 0.63 0.00
Stom/SAmes 5.83 1.05e+6 0.12 017 0.74 0.01 3.93e+4 0.40 <0.01 0.00 163.10 -1.0l1e+7 043 <0.01 0.67
stom/Vas 7.77 1.88e+6 0.14 014 0.52 0.05 5.05e+4 0.29 <0.05 0.00 137.21  -1.09e+7 023 <0.05 0.00
Stom/Vmes 7.52 5.85e+6 0.04 043 0.71 -6.36e-3 3.74e+5 0.44 <0.01 0.00 146,51 -7.38e+7 0.30 <0.05 0.00
Ves+11/Vieat 6.13 4965 0.38 <0.01 0.00 0.10 0.37 0.07 027 0.00 112.90 -5.67 0.00 0.94  0.00
Vep/Vieat 4.99 33.27 004 046 0.77 -0.03 1.26 0.13 015 0.00 137.3 -164.4 0.04 0.44  0.00
Vies/Vea 48.62 -51.82 0.54 <0.001 0.00 0.49 -051 017 0.08 0.00 85.25 41.84 0.02 0.57  0.00
Vresin/Vleat 9.97 -35.45 0.00 074 0.78 0.20 -204 005 035 0.00 101.3 799.1 0.14 0.12 0.00
Viein/Veat 8.68 2885 0.00 0.77 0.79 0.18 -3.34 017 0.09 0.58 93.19 1442.04 054 <0.001 0.63
Vias/ stom 24.74  -1.61le-5 044 <0.01 0.00 0.31 -2.58¢e-7 0.38 <0.01 0.00 88.85  4.19e-05 0.17 0.09 0.00
Vmess StOM 1468 -1.57e-6 0.08 0.27 0.66 0.33 -6.43e-8 0.39 <0.01 0.00 85.35 1.04e-05 0.18 0.08 0.00
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