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Abstract

One of the most striking ecological trends is the association of small leaves with dry and
cold climates, described 2400 years ago by Theophrastus, and recently recognized for
eudicotyledonous plants at the global scale'>. For eudicotyledons, this pattern is attributed
to small leaves having a thinner boundary layer to avoid extreme leaf temperatures®, and
their developing vein traitsthat improve water transport under cold or dry climates®®. Yet,
the global distribution of leaf size and its mechanisms have not been tested in grasses, an
extraordinarily diverse lineage, distinct in leaf morphology, which contributes 33% of
terrestrial primary productivity, including the bulk of crop production’. Here we
demonstrate that grasses have shorter and narrower leaves under colder and drier climates
worldwide. We show that small grass leaves have thermal advantages and vein
development that contrast with those of eudicotyledons, but that also explain the
abundance of small leaves in cold and dry climates. The worldwide distribution of grass
leaf size exemplifies how biophysical and developmental processes result in convergence
across major lineages in adaptation to climate globally, and highlights the importance of
leaf size and venation architecture for grass performance in past, present and future

ecosystems.
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The grasses (family Poaceae) originated at least 55 Mya® and include ~11,500 species in 750
genera’, dominating up to 43% of the Earth’s surface’ (Fig. 1). Small leaves have been linked
with arid climates in specific grass lineages and communities (Supplementary Table 1). A
worldwide climatic association could importantly influence species’ distributions, tolerance of
climate change, and crop breeding. We tested relationships of leaf size with climate across 1752
grass species from 373 genera in a global database and for 27 diverse and globally distributed
species in a common garden (Extended Data Fig. 1, Supplementary Table 2 and 3).

We also tested for an adaptive basis for the association of grass leaf size with climate
(Fig. 1). Because smaller leaves couple more tightly with air temperature due to their thinner
boundary layer, small-leafed eudicots avoid damage from night-time chilling and daytime
overheating®, and they may also achieve higher photosynthetic rate and water use efficiency and

- . 4,10-12
compensate for shorter growing periods™

. We evaluated these potential advantages for small
leafed grasses using energy balance modeling.

Smaller leaves may also develop vein traits that confer stress tolerance’. In typical
eudicots, the large (“major”) veins are patterned before the bulk of leaf expansion’, and leaves
that expand less have narrower major veins and xylem conduits, and major veins more closely
spaced, resulting in a higher major vein length per leaf area (major VLA)™®. Across eudicots,
major vein traits scale allometrically with mature leaf size:

Trait = a x leaf area” (1)
where a is a scaling coefficient and b the scaling exponent'’. These major vein traits in small
eudicot leaves can provide greater water transport and lower vulnerability to freezing and
dehydration® (Fig. 1a, Supplementary Table 4). Yet grass leaves are highly distinct, with parallel
longitudinal veins connected by transverse veins'*. To determine vein scaling, and its adaptive
consequences for small grass leaves, we synthesized a model of C; and C4 grass leaf
development (Box 1, Table 1). For 27 grass species in a common garden, we compared the
predicted scaling relationships against null expectations from geometric scaling™" (Extended
Data Fig. 1, Supplementary Table 3). We tested whether developmental scaling would confer

small leaves with potential climatic advantages.



Box 1. Synthetic model of grass leaf vein devel opment based on published data for 20 species (Supplementary Tables 5-6), conferring
small leaves with traits advantageous under cold and dry climates

Grass leaf development includes five phases based on developmental zones:

Phase P (formation and expansion of the primordium, P): “Founder cells” in the periphery of the shoot apical meristem generate
the leaf primordium. Cell divisions drive growth of a hood-like structure, in which the central 1° vein (midvein) and the large 2° veins
are initiated early and extend acropetally, enabling their prolonged diameter growth (Box 1 Fig. 1a, c, e). Henceforth, discrete spatial
growth zones develop at the leaf base and drive leaf expansion laterally and longitudinally.

Phase D (formation of the cell division zone, DZ): The basal cell division zone (DZ) expands slightly, driving minimal growth (Box
1 Fig. 1a, b). The 1° and 2° vein orders (major veins) complete their patterning basipetally along the leaf blade and increase in diameter
(Box 1 Fig. 1c, e). Meanwhile, beginning at the lamina tip, C; species form a single order of small longitudinal minor veins, i.e., 3°
veins, as do most C, species, i.e., C43 species. Some Cy4 species of the subfamily Panicoideae additionally form smaller 4° veins, i.e.,

CyaL species15 (Box 1 Fig. 1c).

Phase D-E (DZ, and formation of the expansion zone, EZ): Cells from the DZ transition to a distinct, distal expansion zone (EZ).
In the EZ, cell expansion in width and length spaces apart the 1° and 2° veins, resulting in the declines in their vein length per leaf area
(Box 1 Fig. 1a, b, d). Additional 3° veins (and in some species, 4° veins) continue to initiate at the leaf tip between major vein orders
and extend basipetally (Box 1 Fig. 1c-e). The transverse 5° veins form last, connecting the longitudinal veins.

Phase D-E-M (DZ, EZ and the maturation zone, MZ): Cells from the EZ mature distally, generating the maturation zone (MZ),
which increases in size as cells file through the developmental zones (Box 1 Fig. 1a). The venation xylem, phloem and bundle sheath
mature.

Phase M (all leaf isMZ): Leaf development is complete with all cells differentiated and expanded (Box 1 Fig. 1a-b).

Given that this developmental model is conserved across grass species, scaling predictions can be derived for species varying in leaf
size (Supplementary Table 6). Some of these scaling relationships arise intrinsically from the sequence of development. Thus, major
vein length per area (VLA) would be lower in wider leaves, as their major veins are spaced further apart. The 1° VLA declines
geometrically as the inverse of leaf width, whereas the 2° VLA would decline less steeply than geometrically, as the formation of more
2° veins would partially counteract their greater spacing. Other scaling trends are not intrinsic, but “enabled” by the developmental
programls. The diameters of 1° and 2° veins are expected to scale positively with leaf length and area, because a greater leaf length
expansion rate or duration enables greater vein diameter growth. Similarly, a positive scaling of 1° and 2° vein xylem conduit
diameters with vein diameter is enabled by the greater vein expansion in larger leaves.

Minor veins differ from major veins in their predicted scaling with leaf size across species. As minor veins are initiated at the
developing leaf tip, greater length expansion provides more space and time for initiating additional minor veins, and thus minor VLA
would scale positively with final leaf length. However, as minor veins are initiated later during leaf width expansion, and their
diameter growth and spacing is more limited, their vein traits would be independent of final width. The positive scaling of minor VLA
with leaf length and its decoupling from leaf width would result in a weak positive scaling of minor VLA with leaf area. Total VLA,
i.e., summing major and minor veins, would be decoupled from leaf area, due to the negative scaling of major VLA with leaf width and
the positive scaling of minor VLA with leaf length. Additional scaling predictions arise from the scaling of vein diameters and lengths
with leaf size (Supplementary Table 6). Like major vein diameters, vein surface and projected areas and volumes per leaf area (VSA,
VPA and VVA, respectively) would scale positively with leaf length, and, like major VLA, negatively with leaf width. These
counteracting trends lead to predictions that VSA, VPA and VVA are decoupled from leaf area.

The developmental model predicts that grass species with smaller leaf dimensions would develop vein traits conferring stress
tolerance, including narrower major veins and higher major VLA, VSA, VPA and VVA, which contribute to water transport efficiency
and lower vulnerability to cold and drought™® (Fig. 1a, Supplementary Table 4). Yet, large grass leaves can attain high minor and total
VLA, VSA, VPA and VVA, independently of leaf size, enabling high transport efficiency to compete in sunny, moist climates.

C; and C, species were predicted to converge in their vein scaling. C4 grasses have higher total VLA, providing a large vein
bundle sheath compartment for concentrating CO, to enable high rates of photosynthetic assimilation'>"”. We hypothesized the high
total VLA of C, grasses arises from minor VLA, and therefore independently of leaf area.
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Relationship of leaf size with climate

Globally, grasses vary by more than 625-fold, 275-fold, and 160,000-fold in leaf length, width
and area respectively®'® and smaller leaves are associated with cooler and drier climates (Fig. 1b,
lc; Supplementary Tables 1-2, 7). Across species, leaf length, width and area were inter-related,
and all were positively correlated with mean annual temperature (MAT), mean annual
precipitation (MAP), and aridity index (Al) (for leaf area, r = 0.24-0.31, P < 0.001; phylogenetic
r = 0.08-0.17, P < 0.001; Fig. Ic, Extended Data Fig. 2, Supplementary Table 7). Similar
relationships were found with growing season temperature and precipitation (GST and GSP,
respectively) and growing season length (Supplementary Table 7). The climatic associations of
smaller leaves were independent of plant stature, and statistically similar for C; and C4 species
(Supplementary Tables 7-8). Grass leaf size was associated interactively with MAT and MAP,
and with GST and GSP (Extended Data Fig. 3, Supplementary Table 8). The climatic
distribution of grass leaf size arises at least in part from exclusion of large-leafed species from

dry and cold climates (Extended Data Fig. 4, Supplementary Table 8).

Thermal benefits of small leaf size

We tested three hypotheses for thermal advantages of small leaves for grasses in cold and dry
climates using heuristic energy budget modeling'**°. First, small leaves may avoid chilling or
overheating damage, a mechanism that explains the global biogeographic trend in eudicot leaf
size’. However, 98% of grass species in the global database had leaves smaller than modelled
width thresholds for such damage, i.c., 8.16 and 4.47 cm, respectively’ and among these species
leaf size remained associated with climate (Extended Data Fig. 5), indicating that this
mechanism cannot explain the global trend. Second, small leaves, being better coupled with air
temperature, may achieve higher light-saturated photosynthetic rate (A) or leaf water use
efficiency (WUE) under cold or dry climates™ (Supplementary Table 9; Extended Data Fig 5).
These benefits were supported by model simulations, especially at slower wind speeds;
comparing the 5™ with the 95™ percentile of leaf sizes in our global database, the smaller leaves
had 9-27% higher A and/or WUE under cold or dry climates (Supplementary Table 9). Third,
smaller leaves may mitigate the short daily and/or seasonal growth period associated with cold

and dry regions with a higher A under warm and moist conditions*, a benefit supported by our
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simulations, which also showed that smaller leaves had higher transpiration rates (Supplementary

Table 9).

Developmental scaling of grass venation
Developmental vein scaling results in strong association of vein traits with grass leaf size. As
predicted, globally, smaller leaved species had higher major VLA (r =-0.84 to -0.75, P < 0.001;
Fig. 1d, Extended Data Fig. 6). For the 27 grass species grown in the common garden,
developmental scaling was supported over the null hypothesis of geometric scaling for numerous
vein traits (91 versus 27 of the 111 scaling predictions; P < 0.001; proportion test; Figs. 2-3,
Table 1, Extended Data Figs. 6-7, Supplementary Tables 10-11). The diameters of 1° and 2°
veins scaled positively with leaf length and area (b= 0.32-0.37; r = 0.61-0.76; P < 0.001; Fig. 2,
Extended Data Fig. 6), and the diameters of xylem conduits scaled with their vein diameters (b =
1.3-1.5; r = 0.48-0.65, P < 0.05 — 0.001; Extended Data Fig. 6). The 1° VLA decreased
geometrically with increasing leaf width and area (b =-1.0 and -0.56 respectively; r = -1.00 and -
0.61, P <0.001), whereas the 2° VLA decreased less steeply (b= -0.62 and -0.31; r =-0.82 and -
0.46, P < 0.05; Fig. 2, Extended Data Fig. 6), and the major and total VLA scaled negatively
with leaf width (b =-0.67 and -0.32; r = -0.87 and -0.56, P < 0.01). The diameters of minor veins
were independent of leaf length, width and area. The predicted trends of 3° and 4° VLA with leaf
length were not significant, but their sum, the total minor VLA, scaled positively with leaf length
(b=10.35-0.36; r = 0.56-0.57, P < 0.01), and was independent of leaf width and area. The vein
surface area, projected area and volume per leaf area (VSA, VPA and VVA respectively) also
scaled positively with leaf length, and negatively with leaf width, with the exception of only 3°
VVA, and all were independent of leaf area (Extended Data Fig. 7). Beyond the predictions of
the developmental model, the 5° VLA, VSA and VPA scaled positively with leaf width (r =
0.46-0.57, P <0.05).

C; and C4 grasses converged in vein scaling (Fig. 2, Extended Data Fig. 8, Supplementary
Table 3). C4 species had more numerous, narrower 3° veins with higher VLA, VSA and VPA,
and 7/16 of the C4 species had 4° veins, resulting in C4 species having on average almost double
the total VLA of the C; species. The C4 species also had narrower 5° veins with lower VSA,
VPA, and VVA (P =0.001 — 0.05).
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Hydraulic benefits of small leaf size

Across the 27 grass species grown experimentally, a number of key vein traits were related to
species’ native climates. Small leaf size and higher major VLA, VSA, VPA and VVA were
associated with lower MAP, Al, GSP, and GSL (Supplementary Table 7). Further, tests
supported the assumptions based on the published literature (Supplementary Table 4) that Cs
grasses adapted to colder or drier climates have higher light-saturated photosynthetic rates in
moist soil, associated with their major vein traits (Extended Data Fig. 9)

Developmental scaling would contribute mechanistically to climate adaptation. Globally,
vein scaling trends can explain the absence of leaves larger than 51.4 cm® where MAT < 0 °C
(Extended Data Fig. 5), as their midrib conduits would be wider than 35 um (Extended Data Fig.
6), and thereby vulnerable to freeze-thaw embolism®'. The narrow xylem conduits of small
leaves would protect against embolism during drought, and their higher major VLA provides a
high capacity flow around blockages, further reducing hydraulic vulnerability to dehydration
(Supplementary Table 4)****°. The higher major VLA of smaller leaves would also contribute to
mitigating shorter growing periods associated with colder, drier climates'""'%, by providing higher
hydraulic conductance, enabling the maintenance of open stomata for higher photosynthetic rate
despite the higher transpiration loads expected from their thinner boundary layer (Extended Data
Fig. 9)%%°.

Discussion

The worldwide association of small grass leaf size with cold and arid climates arises from
millions of years of grass migration and evolution, from the tropics to colder, drier climates and
from forest understoreys to open grasslands® (Supplementary Table 1). The biophysical and
developmental advantages of small grass leaves can explain this pattern. The thinner boundary
layer of small grass leaves confers moderately higher photosynthetic rate and water use
efficiency in cold and dry climates, and can mitigate shorter growing days and seasons,
especially under the very low wind speeds expected for closed, dense stands®’ . Their higher
major VLA and narrower xylem conduits directly contribute to cold and drought tolerance. The
strong climatic association of leaf size and vein traits indicates a substantial importance against

the background of other adaptations, including leaf hairs, leaf rolling and mesophyll desiccation



159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189

tolerance, and beyond leaves, annual vs. perennial life history, stem and root hydraulic
adaptation, and root morphology’'>>.

Developmentally-based vein scaling relationships held strongly across diverse grass
species, even including those possessing a pseudopetiole, such as bamboos. These relationships
may also apply to nongrass species from other families within the Poales. Grass developmental
vein scaling relationships were distinct though analogous to those of typical eudicot leaves (Box
1, Figs. 1-2). In eudicots, as expected from their diffuse lamina growth, major vein traits scale
negatively with final leaf area (Supplementary Table 4), whereas in grasses, vein traits scale
more directly with length or width (Box 1, Table 1, Fig. 2). Yet, for both grasses and eudicots,
total VLA, a key determinant of hydraulic capacity and photosynthetic rate®, was independent of
final leaf area. This lack of constraint on total VLA would enable grass diversification in leaf

: : . 5,26,34
size across environments as for eudicots™”™

, as large-leafed grasses, despite their low major
VLA, can achieve sufficient hydraulic capacity with their minor vein length to occupy wet,
sunny habitats® ***> The decoupling of total VLA from leaf size also enables C4 species to
achieve higher VLA than C; species, irrespective of leaf size (Box 1, Fig. 2). However, unlike
eudicots’, in grasses, larger leaves did not have higher VVA, a trait that contributes substantially
to leaf construction cost™, indicating less restriction on their leaf size evolution in resource-rich
environments, where larger leaves may confer advantages in light-use efficiency, and by shading

37,38

other species””". While the common developmental program across species explains many vein

scaling relationships, these may also arise from selection based on function. In longer leaves,

6,39 .
7 In wider leaves,

larger diameter veins may provide necessary structural and hydraulic support
more numerous 5° transverse veins may reinforce against bending®, and provide hydraulic
pathways mitigating their lower major VLA®. Similarly, the greater 5° vein diameters in Cs than
C4 species may compensate for their lower minor VLA (Fig. 2).

The relationships of grass leaf size and vein traits to climate have diverse potential
applications. In eudicots, these traits are frequently included for estimating species’ adaptation to
climate®, an approach that can be extended to grasses. For grasses, as shown for eudicots™*', vein
scaling can enable the reconstruction of leaf size fossilized leaf fragments, improving
paleoclimate estimation (Extended Data Fig. 10). Anticipating future climate change, leaf size

and vein traits can be key targets for grass crop design, which is central to food and biofuel

security™*. A current grand challenge is the engineering of C,4 metabolism into C; crops such as
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rice”, and a higher total VLA has been targeted as a promising step***. Global trends indicate

that Cy4 species with narrow leaves and high major VLA would be especially advantaged under

the increased temperature and irregular precipitation expected for grasslands

25,46,47
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Main Figure/Display L egends

Fig. 1. Relationships of grassleaf size, traits and species’ climatic distribution worldwide.
(a) Linkages of small leaf size with traits, adaptation to cold and dry climates, and biogeography,
as established for eudicotyledons (Supplementary Table 4), and hypothesized for grasses. Small
leaves have thin boundary layers (BL), and develop lower major vein diameters (VDajor), and
higher major vein length per area (VLA mnajor), which provide advantages in cold or dry climates
(Supplementary Table 4). Large leaves would be disadvantaged in such climates, relative to
warm and moist climates. (b) Grass leaf area averaged per country in the global database (across-
species mean of leaf area for 21 to 547 species per country; gray when < 20 species represented).
(c) Grass leaf area in relation to aridity index (where low index signifies a drier climate); each
point represents a species (N =912 Cs and 840 C, species respectively); contour lines and colors
represent the 2d kernel density of points. (d) The association of major vein length per area

(VLA major) with leaf area across grass species (N = 600 species). Statistics represent the fits for
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log (y) = log (a) + b log (x) from ordinary least squares in (c) and (d). P = (c) 2.3 x 10 and (d)
1.6 x 10" (both two-tailed).

Fig. 2. The scaling of vein traits with leaf dimensions for 27 species of C3 and C,4 grasses
grown in a common garden. (a) — (d) Relationships of vein diameters with leaf length and (€) —
(h) of vein lengths per unit leaf area with leaf width: (a) & (€) first order (1°) veins (b) & (f)
second order (2°) veins (C) & (Q) third order (3°) veins, and, for the species that possess them,
fourth order (4°) veins (inset panels) and (d) & (h) fifth order (5°) transverse veins. Each point
represents a species mean value (n = 11 Cs in white and n = 16 C,4 in gray). Reduced major axis
(PRMA) or phylogenetic generalized least square regressions were fitted for log (vein diameter
or vein length per area) = log (a) + b log (leaf length or width), respectively; parameters and
goodness of fit in Table 1 and Supplementary Table 10. **P < 0.01, ***P < 0.001; P = (a)
0.0007, (b) 3.9 x 10°, (€) 1.2 x 10, (f) 1.4 x 107 and (h) 0.0020 (all two-tailed). Significant
trends are plotted with PRMA. Standard errors for species trait values are found in

Supplementary Table 3.

Box 1 Fig. 1 Synthetic model for grass leaf ontogeny predicting developmentally-based
scaling of vein traits with final leaf size across species. Processes are plotted against
developmental phases: phases P and D, formation of the leaf primordium and the cell division
zone at the base of the leaf (DZ), respectively; phases D-E and D-E-M, the additions of the
expansion zone (EZ) and the maturation zone, resepctively; and phase M, maturation of the
whole leaf blade. (a) Leaf expansion and the formation of zones; (D) Increases of leaf length,
width and area; (C) Patterning of leaf vein orders from 1° veins to 5° transverse veins for C; and
C4 species; some Cy4 species develop 4° longitudinal veins (C4.4p species), whereas Cs species
and C4.31 species do not; (d) Increases in vein length per leaf area and (€) in vein diameter for

each vein order.

Table 1. Parametersfor the scaling of vein diametersand vein lengths per area with
matur e leaf dimensions across 27 C3 and C4 grass species grown in a common garden (N =
11 and 16 respectively). Tolerance of cold or dry climates can be conferred by these vein traits

and others (vein surface area per leaf area, projected area per leaf area and volume per leaf area,
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shown in Supplementary Table 10), as they influence hydraulic capacity and safety, and vascular
cost (Supplementary Table 4). Expectations for these across-species scaling relationships were
derived from a developmental model, which predicts the allometric slope b in the equation log
(trait) = log (a) + b log (mature leaf length, width or area) (Supplementary Table 6), due to
intrinsic (i) and enabling (€) effects (Box 1); expectations from the alternative, geometric scaling
model were also derived (Supplementary Tables 6 and 10). Allometric equations were fitted
using two-tailed phylogenetic reduced major axis (PRMA) or phylogenetic generalized least
squares (PGLS) for the scaling of vein diameter or vein length per area, respectively, with r-
values and p-values, and parameters a and b, including 95% confidence intervals (CIs) for b-
values. Bold type indicates that the b-values predicted from the developmental model were
supported in the experimental, i.e., the scaling relationship across species was significant, and the
predicted b-value was within the 95% Cls for the observed b-value. Significance: *P < 0.05, **P
<0.01, ***P <0.001, NS: Not significant.
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Methods

Testing for the linkage of leaf size and vein traitswith climate acr oss grass species

wor [dwide

We extracted data from the Kew Royal Botanic Garden Grassbase, which was compiled from a
combination of floristic accounts and publications'®. We extracted all available data for
maximum leaf length, maximum leaf width, maximum 2° vein number, and maximum culm
height data, which included values for up to 1752 species depending on the trait (i.e., up to 912
Cs and 840 C, species from 373 genera)'®. We calculated leaf area by multiplying maximum leaf
length by maximum leaf width. We divided the maximum leaf length and maximum 2° vein
number respectively by maximum leaf width to determine 1° and 2° vein lengths per area, and
summed these to calculate major vein length per area, resulting in values for 616 species for
these traits. To test associations of leaf morphological and venation traits with species’ native
climates, we extracted geographical records from the Global Biodiversity Information Facility

web portal (http://www.gbif.org). Species names were checked against the Kew grass synonymy

database'® via the software package Taxonome® and The Plant List (http://www.theplantlist.org)

via package Taxostand in R*. We discarded records if these were duplicates, or names were not
recognized in any databases, or the country did not match the coordinates, or coordinates
contained fewer than three decimals, or species had fewer than five occurrences. For each
location, values for mean annual temperature (MAT), mean annual precipitation (MAP), and
mean monthly temperature and precipitation were extracted from WorldClim2 5-arc minute
resolution, and for aridity index (AI)>' from CRU TS4.01 01°*. We also estimated growing
season variables, considering growing season months as those with mean temperature > 4 °C and
precipitation > 2 X mean monthly temperature; growing season length (GSL) was calculated as
the number of those months, growing season temperature (GST) by averaging their mean
temperatures, and growing season precipitation (GSP) by summing their mean precipitation®.
Climate variables were averaged from all given locations for each species. We focused on the
relationships of traits with mean climate variables based on the hypothesis that if gene flow
occurs among populations of a given species across its native range, that species’ mean

phenotypic trait values would be related to their mean climate variables™*.
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Construction of a synthetic model for grass leaf development, and derivation of allometric
predictions based on developmental and geometric scaling

To determine whether leaf development would constrain specific vein traits in smaller leaves, we
formulated a synthetic grass leaf developmental model and derived expectations for the
relationship of vein traits with final leaf dimensions across species (Box 1, Supplementary
Tables 5-6). To construct this model, we conducted searches for previously published studies
that included developmental data and/or images of grass leaf development using the keywords
“grass leaf development, “grass vein development”, “grass histogenesis”, ‘“‘grass

b 13

morphogenesis”, “Poaceae”, “leaf ontogeny”, “leaf histology, “leaf growth, “leaf anatomy”,

9 13

“vascular development”, “vasculature development” in the Web of Science database and the
Google Scholar search engine, resulting in a compilation of 61 studies of 20 grass species'*>>'!.
From these studies we extracted key steps in leaf and vein development that were general across
species into a synthetic model. Then, given the spatial and temporal constraints arising from
development according to this model, we derived expectations for the scaling across species of
vein traits with mature leaf size. For instance, the 1° vein length per area declines geometrically
with final leaf width (1° VLA = 1/leaf width) as veins are separated by greater numbers of cell
divisions and/or by larger cells. By contrast, the 2° VLA declines less steeply than geometrically
with final leaf width, as wider leaves may form greater numbers of 2° veins though these will be
spaced further apart by subsequent leaf expansion (see Box 1 and Supplementary Table 6 for
additional derivations).

Further, as a null hypothesis against which to test developmentally-based scaling
predictions, we derived expectations for the relationships of vein traits to leaf dimensions based
on geometric scaling™'’. Geometric scaling represents the relationships expected among the
dimensions of an object given increases in size while maintaining constant proportions and
composition. Thus, linear dimensions such as length (L), area (A) and volume (V) would be inter-
related as AccL?and Voc L3, Predictions can then be derived for any other traits based on their
dimensions. For instance, given geometric scaling, VLA would be expected to scale with leaf
width as VLA OCLW'l, because VLA, as a linear dimension divided by an area, i.e., L/A, would
be related to L/Lz, = L'l, whereas LW would scale directly with L. In total, 111 predictions
derived from the developmental model were compared with respective predictions from

geometric scaling. These 111 predictions included the scaling relationships of five vein
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diameters (i.e., for each of five vein orders) versus three leaf dimensions (i.e., leaf length, width
and area), amounting to 15 predictions; plus the scaling relationships for VLA, VSA, VPA and
VVA for each of the five vein orders and for the major, vein, and total vein systems, versus the
three leaf dimensions, amounting to 4 x 8 X 3 = 96 predictions. The developmental model
predictions for relationships generally differed strongly from those of geometric scaling (i.e.,
75% of predictions differed), though, for a few relationships, such as that of 1° VLA with final
leaf size, the expectations from developmental scaling and geometric scaling were the same.
Overall, developmental scaling predicted that 51 vein traits would scale with leaf size and 60
traits would be independent of leaf dimensions, whereas geometric scaling predicted 63 and 48

respectively (Supplementary Table 6 and 10).

Plant material

To test vein scaling relationships, grasses of 27 diverse species were grown in a common garden
to reduce the environmentally-induced plasticity that would occur in wild plants in their native
ranges (Extended Data Fig. 2, Supplementary Table 3). While experimental species were
selected to encompass large phylogenetic and functional variation, including 11 C; species and
16 C,4 species, representing 11 independent Cy4 origins, the species necessarily included a only
subset of the phylogenetic distribution of the 1752 species in the database analyses of global
trait-climate relationships. Seeds were acquired from seed banks and commercial sources
(Supplementary Table 3). Prior to germination, seeds were surface-sterilized with 10% NaClO
and 0.1% Triton X-100 detergent, rinsed three times with sterile water, and finally sown on
plates of 0.8 % agar sealed with Micropore surgical tape (3M, St. Paul, MN). Seeds were
germinated in chambers maintained at 26°C, under moderate intensity cool white fluorescent
lighting with a 12 hour photoperiod. When roots were 2-3 cm long, seedlings were transplanted
to 3.6 L pots with potting soil (1:1:1.5:1.5:3 of coarse vermiculite: perlite: washed plaster sand:
sandy loam: peat moss).

Plants were grown at the UCLA Plant Growth Center (minimum, mean and maximum
daily values for temperature: 20.1, 23.4 and 34.0 °C; for relative humidity: 28, 50 and 65%; and
mean and maximum photosynthetically active radiation during daylight period: 107 and 1988
pumol photons m? s'l; HOBO Micro Station with Smart Sensors; Onset, Bourne, MA), arranged

in six randomized blocks spread over three benches, with one individual per species per block
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and two blocks per bench (n = 6 except n = 4 for Alloteropsis semialata). Plants were irrigated
daily with water containing fertilizer (200-250 ppm of 20:20:20 N:P:K; Scotts Peters
Professional water soluble fertilizer; Everris International B.V., Geldermalsen, The Netherlands).

All species were grown until flowering to confirm species’ identities.

Sample anatomical preparation

Leaves were collected when plants had numerous mature leaves, after 2.5 — 7 months of growth,
depending on species, given variation in growth rates. Leaves from each of six individuals per
species were fixed and stored in FAA solution (37% formaldehyde-glacial acidic acid-95%
ethanol in deionized water). Transverse sections were made for one leaf from each of three
individuals. Rectangular samples were cut from the center of leaves halfway along the length of
the blade and gradually infiltrated under vacuum with low viscosity acrylic resin for one week
(L.R. White; London Resin Co., UK), and set in resin in gelatin capsules to dry at 55 °C
overnight. Transverse cross sections 1 um in thickness were prepared using glass knives (LKB
7800 KnifeMaker;LKB Produkter; Bromma, Sweden) in a rotary microtome (Leica Ultracut E,
Reichert-Jung California, USA), placed on slides, and stained with 0.01% toluidine blue in 1%
sodium borate (w/v). Slides were imaged with a light microscope using a 5x, 20x, and 40x
objective (Leica Lietz DMRB; Leica Microsystems) and camera with imaging software (SPOT
Imaging Solution; Diagnostic Instruments, Sterling Heights, Michigan USA). Additionally, one
leaf from each of three individuals was used to prepare chemically cleared leaf sections to
visualize veins. Square sections of 1 cm X 1 cm were cut from the center of the leaf at the widest
point, cleared with 5 % NaOH in ethanol, stained with safranin, and counterstained with fast-
green'". Sections were mounted with water in transparency film (CG5000; 3M Visual Systems
Division) and scanned (flatbed scanner; Canon Scan Lide 90; 1,200 pixels per inch), and further

imaged with a light microscope using a 5x and 10X objective.

Quantification of leaf dimensionsand vein traits

Leaf dimensions tested were leaf width, leaf length, and leaf area, with leaf width and leaf length
measured at the widest and longest regions of the leaf respectively. Leaf area was calculated as
leaf length x leaf width''®''®. Estimates of leaf area from length and width can be improved by

multiplying by a correction factor constant, which has been proposed as 0.7-0.9 for grasses' *''®,
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but as there is no standard value, we did not apply such a correction factor. Applying a constant
correction factor would have no influence on correlations or regression fits or their statistical
significance for trait-climate relationships. Further, applying a constant correction factor would
not influence the tests of scaling of vein traits with leaf area, which focused on power law scaling
exponents; multiplying estimates of leaf area by a constant would result only in change to the
power law scaling intercept, and not the exponent. Thus, applying a correction factor to leaf area,
or not, would have no influence any of the findings of our study.

We measured and analyzed cross sections of one leaf for each of three individuals per
species, to quantify the diameters and numbers of veins in the transverse plane for all vein
orders, excluding 5° veins, which generally were not visible in transverse sections, and for which
we used the chemically cleared and stained leaf sections. Vein orders were established for each
species based on vein size, presence/absence of enlarged metaxylem, and presence/absence of

: - 119,120
fibrous tissue above or below the vein

. The 1° vein or midvein was the large central vein
containing the largest metaxylem and fibrous tissue, and the 2° veins were the “large” veins that
were substantially smaller than the midvein and of similar structure. We identified the minor
veins as the smaller veins, i.e., the 3° “intermediate” and 4° “small” veins, and perpendicular 5°
transverse veins'*’. Notably, 4° veins occur only in NADP-ME C, grasses of the subfamily
Panicoideae (7/16 of the Cy4 species)”, and can be distinguished based on their smaller overall
size than 3° veins and their absence of sclerenchyma strands. For the species Lasiacis
sorghoidea, 2° veins were too few to be counted in our prepared transverse sections, and we
established vein orders and quantified associated traits using the chemically cleared and stained
leaves.

For each vein order, the vein length per area (VLA) was quantified as the vein number
per leaf width (cm™ or mm™), which is equivalent to vein length per unit leaf area (same units),
assuming an approximately rectangular leaf. Cross-sectional vein diameters (VD) were measured
excluding the bundle and mestome sheath cell layers, and averaging horizontal and vertical axes.
Cross-sectional diameters were measured for all xylem conduits in each vein order by
considering the lumen cross-sections as ellipses and averaging the major and minor axes. We
categorized two metaxylem types within major veins, based on their highly distinct sizes (i.e.,
large and small metaxylem), and one metaxylem type for minor veins (i.e., “small metaxylem”).

We focused on the large metaxylem conduits within major veins in calculating average conduit
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2L12 por Lasiacis

diameter values, as these would contribute the bulk of maximum flow
sorghoidea, as 2° veins were too few to be counted from our prepared transverse sections, we
could not quantify the conduits within these veins and thus analyses of 2° vein conduit
dimensions excluded this species.

For all vein orders, we estimated vein surface per unit leaf area (VSA), vein projected

area per unit leaf area (VPA), and vein volume per unit leaf area (VVA)5 ’

VSA =VLA x 7 X VD )
VPA = VLA x VD 3)
VVA = VLA X 1t X (VD/2)? 4)

Determination of vein allometries, and testing against predictions from developmental and
geometric scaling

We determined trait scaling relationships by fitting lines to log-transformed data. The
relationship of each vein trait (y) to a given leaf dimension (x) was considered as an allometric
power law:

y=ax’ 5)
log (y) = log (a) + blog (x)

where b is the scaling exponent.

We tested these relationships against the predictions from developmentally-based scaling
derived from the synthetic leaf developmental model (see “Construction of a synthetic model for
grass leaf devel opment, and derivation of allometric predictions based on developmental and
geometric scaling” and Box 1, Table 1, and Supplementary Table 6)°. A scaling relationship was
considered to be consistent with a prediction if its 95% confidence intervals included the
predicted slope. We tested whether a greater proportion of predictions were explained by
developmental scaling than by geometric scaling using a proportion test (Minitab 16; State

College, Pennsylvania, USA).

Testing assumptionsfor the linkages of photosynthetic rate with climate and vein traits
For the grass species grown experimentally, light-saturated rates of photosynthesis were
measured for plants in moist soil, enabling a test of the assumptions that Cs grass species from

arid or cold environments have high photosynthetic rates, and that photosynthetic rate would be
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related to vein length and surface area per leaf area. Light-saturated rates of photosynthesis were
measured from 17 Feb to 28 June 2010, between 0900 and 1500, on a mature leaf on each plant
for six plants per species. Measurements were taken of steady state gas exchange (< 2% change
over six minutes) using a LI-6400 XT portable photosynthesis system (LI-COR, Lincoln,
Nebraska, USA). Conditions within the leaf chamber were set to 25°C, with reference CO, 400
ppm, and PPFD 2000 pmol m™ s™, and the relative humidity was 60-80%, resulting in vapor
pressure deficits (VPD) of 0.80-1.6 kPa. Measurements were made on 1-2 leaves from each of 6
plants (except L. sorghoidea, 3 leaves from each of two plants). 5-9 leaves per species were
measured, with 6 on average. Leaves were harvested and scanned for leaf area (Canon Scan Lide
90, Canon USA, Lake Success, NY). Leaf-area normalized values were determined for net light-
saturated photosynthetic rate per leaf area (Agrea).

In addition, we tested for even stronger general support of the relationships of
photosynthetic rate with climate variables by combining our data for 8 Cs terrestrial species with
data for 13 Northern Hemisphere temperate terrestrial C; grass species from the GLObal Plant
trait NETwork (GLOPNET) database'>, for which photosynthesis, latitude and longitude data
for their field site were available (Supplementary Table 12). We extracted climate variables
mean annual temperature (MAT), mean annual precipitation (MAP), and monthly temperature
and precipitation to calculate growing season length (GSL) (see Testing for the linkage of |eaf
size and vein traits with climate across grass species worldwide above for methods of

calculation), based on the latitude and longitude from which each species was measured.

Phylogenetic reconstruction
A phylogenetic hypothesis for the 27 experimentally grown species considered in this study was
inferred from three markers from the chloroplast genome (rbclL, ndhF and trnKmatK), available

S - 124,125
for the exact same accessions in published datasets =

. Each marker was aligned individually
using MUSCLE'?®, and the alignments were manually refined. The total dataset was 6179 bp
long. The program BEAST'? was used to obtain a time-calibrated phylogeny under a relaxed
clock model with uncorrelated evolutionary rates that follow a log-normal distribution. The
substitution model was set to a general time reversible model with a gamma-shape parameter and
a proportion of invariants. The root of the tree (split of BOP and PACMAD clades) was forced to

follow a normal distribution with a mean of 51.2 Ma and a standard deviation of 0.0001 Ma,
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: . 128
based on previous estimates

. The addition of phytolith fossils would alter the absolute ages
estimated by molecular dating'”, but the relative ages would remain unchanged and the
comparative analyses consequently would be unaffected. Two parallel analyses were run for
10,000,000 generations, sampling a tree every 1,000 generations. Median ages across the 18,000
trees samples are a burn-in period of 1,000,000 generations were mapped on the maximum

credibility tree. The burn-in period was largely sufficient for the analysis to reach stability, as

verified with the program Tracer (http://beadt.bio.ed.ac.uk/Tracer).
1130

Using the R Language and Environment version 3.4. with the ape R package'' a
phylogenetic hypothesis for 1752 of the Grassbase species was extracted from a published
phylogeny available through Dryad'*?. The source phylogeny assessed relationships among 3595
species using a set of 14 sub trees using various genetic datasets in combination with three core

plastid markers rbclL, ndhF and matK, with dating based on macrofossil evidence’.

Testing trait-climate associations

To test trait-climate associations, we quantified the strength of correlations using Pearson r rather
than fitting specific predictive regression equations with R® values. For trait-climate associations
we calculated both ahistorical correlations and relationships accounting for phylogenetic
relatedness (PGLS or PRMA, see section Comparative analyses below). While the phylogenetic
analyses more robustly test our evolutionary hypotheses, the ahistorical Pearson r values better
resolve the strengths of existing relationships across species, especially when trends arise from
variation among groups that split in evolution deep in the phylogeny'>*. In both types of analysis,
the r values provide a conservative estimate of trait-climate relationships. As in previous

biogeographic trait-climate analyses'>*'*’

, we related species’ average trait values from a
database or experimental measurements to modelled native climates based on natural
occurrences; relationships would be yet stronger if traits and climate were matched for individual
plants'®. Additionally, the modelled native climates do not account for variation to which
species would be adapted in the field in temperature, irradiance and water availability due to
microclimate associated with topography and canopy cover, or soil characteristics; accounting
for this variation would likely improve the strength of trait-climate relationships'*°. Overall,

global associations of traits with climate that were supported by substantial, statistically

significant ahistorical r values indicate robust, biologically significant relationships, and
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significant phylogenetic correlations additionally indicate support for the evolutionary
hypotheses'>"'?®.

We implemented several further analyses to resolve the associations of traits with climate
in the worldwide grass trait database. We conducted phylogenetic multiple regression to test for
significant interactive effects of temperature and precipitation on leaf traits. Models including
MAT and MAP (or GST and GSP) alone or in combination, and including an interaction were
compared using Akaike Information Criterion (AIC)'. Prior to phylogenetic multiple regression
analyses, MAP values were divided by 50 to achieve a similar scale of values as MAT, and GSP
values were divided by 100 to achieve a similar scale of values as GST. Plant traits, MAP and
MAT were then log transformed, and MAT and MAP (and GST and GSP) were centered by
subtracting the mean to render coefficients of main effects and interaction terms biologically
interpretable'*.

The parametric correlation and regression statistics calculated in this study are subject to
assumptions, i.e., independence of observations, and the normal distribution and
homoscedasticity of residuals'*'. Evolutionary non-independence among species was adjusted

for using phylogenetic statistics' .

To check that the assumptions of normality and
heteroscedasticity did not influence statistical significance of univariate analyses, we checked for
significance of Spearman’s rank correlations, which are not subject to these assumptions, and
confirmed as significant (p < 0.05) the relationships presented in the text. For the multiple
regression of leaf area versus MAT and MAP in the 1752 species global database, the 29 species
with MAT < 0 °C resulted in a left-skew of log-transformed MAT and a notable
heteroscedasticity of residuals (Supplementary Fig. 1). To confirm that this skew did not
influence the findings of the multiple regressions, we repeated the analysis excluding the 29
species, which alleviated the skew and heteroscedasticity (Supplementary Fig. 2); the key finding
of the multiple regression analysis, i.e., the interactive effect of MAT and MAP, was unaffected
(Supplementary Table 8). Notably, the multiple regression analysis of leaf area versus growing
season temperature and growing season precipitation also confirmed the trend, with greater
normality and homoscedasticity of residuals, both when including all 1752 species and when

excluding the 29 species with MAT < 0 °C (Supplementary Tables 7 and 8; Supplementary Figs.
3-4).
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We conducted hierarchical partitioning analyses on log transformed data to resolve the
independent statistical associations of leaf size with individual climate variables'**. Finally, we
distinguished whether trait-climate correlations can be partially explained due to “triangular
relationships”, i.e., when data are missing in one or more corners of the plot, an analysis that can

: 11 143,144
provide special insights ™

. For example, a positive trait-climate correlation would arise at
least in part from a triangular relationship if high trait values are few or absent at lower values of
the climate variable, or if low trait values are few or absent at high values of the climate variable.
To test for the presence of triangular relationships, we implemented quantile regression analyses,
determining regression slopes fitted through the 5%, 50% and 95% quantiles of log transformed
data'* '’ A triangular relationship was supported when the regressions through the 95% and

5% quantiles differed according to t-tests.

Compar ative analyses
Comparative phylogenetic statistical analyses accounting for the effects of phylogenetic

covariance on trait-climate and trait-trait relationships were conducted using the R Language and

. . 130
Environment version 3.4.1 7.

Regression coefficients were estimated using phylogenetic least squares (PGLS) and/or

phylogenetic reduced major axis (PRMA), in each case basing the phylogenetic correction on

s A% estimated by maximum likelihood"’. For PGLS, corPagel”' was used in

150

Pagel’
combination with gls'* and optimized"' to establish maximum likelihood estimates of A in the 0
— 1 range; for PRMA, phyl.RMA"" was used. Confidence intervals for b estimated using PRMA
were determined following ref'>:

1—1?

iB(VB + 1 i \/E), WheT‘eB = N — 2 fl—(l,l,N—Z

where b is the fitted value for b; r is a correlation coefficient, for which we used a
phylogenetically corrected estimate based on the variance-covariance matrix output by
phyl.RMA; N is the number of pairs of observations; and f;_, 1 y—» is the critical value from the
F distribution.

Differences in species-level trait means between C; and C4 species were tested using a
phylogenetically corrected ANOVA, both parametric (based on phylogenetic generalized least
squares analysis, PGLS) and nonparametric'>*; phyloANOVA in R package''.
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The impact of phylogenetic corrections was evaluated by comparing PGLS or PRMA
with Pagel’s A estimated by maximum likelihood, to equivalent models in which Pagel’s A was
set to 0. When using Pagel’s A, to assess normality and homoscedasticity assumptions we first
extracted phylogenetic residuals. For PGLS, the function residuals was used to extract
normalized residuals; for PRMA, a custom code (available on request), derived from an original
provided by Professor Robert P. Freckleton, was used to produce an equivalent transformation of

raw residuals obtained from phyl.RMA. Normality was tested using Anderson Darling tests'™*

and heteroscedasticity using Bartlett’s test'*

. Additionally, PGLS was used to estimate Pagel’s A
for phylogenetic residuals, which should be 0.

The PGLS and PRMA approaches used to test for scaling relationships of vein traits with
leaf dimensions and to estimate the slopes of linearized power law relationships are phylogenetic
approaches equivalent to ordinary least squares and reduced major axis regressions, respectively.
Which of the two was used depended on the specific relationship tested. The least squares
approach is preferable in cases when a dependent Y variable is related to an independent X
variable, specifically when (1) there is much less error (i.e., natural variation and/or
measurement error) in X than Y, and/or when (2) conceptually, Y is causally determined by, or

to be predicted from, X, but never X from Y'>>'*

. By contrast, the reduced major axis approach
is preferable in cases when (1) X and Y have similar error, and/or when (2) X or Y are co-
determined, or their relationship arises from an underlying functional coordination, or either
could reasonably be predicted using the other; this approach is typically used in studies of
allometric scaling relationships among functional traits or organ dimensions'>>'*°. An exception
to the use of reduced major axis for allometry is when testing whether the allometric slope of a
relationship is consistent with an expected slope that was derived algebraically from other
equations, as only least-squares slopes are robust to algebraic manipulation'*. For example,
PGLS would be selected over PRMA to test an expectation for the scaling slope of vein surface
area per leaf area (VSA) with leaf length, that was derived algebraically by multiplying the
expected scaling slopes of vein length per area (VLA) and vein diameter (VD) with leaf length,
given that VSA is determined from VLA and VD (see, “Quantification of leaf dimensions and
vein traits’, above). Further, while least squares is appropriate for testing relationships of a

dependent versus an independent trait, reduced major axis can be preferable for illustrating the
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relationship in a plot, given that it captures more closely the central trend among two variables
with high and/or similar error'>>'*°,

Thus, we selected PGLS or PRMA for the tested relationships according to which was
most appropriate given the above principles, while noting that the application of any single
approach globally would not affect the findings of the study, but would reduce the accuracy of
the specific slope estimates. We used PRMA to test relationships of traits with climate variables,
as the magnitude of variation in modelled climate variables globally was similar to that for
species means for leaf traits. We also used PRMA for testing scaling relationships of vein
diameters with leaf length and width, and of xylem conduit diameters with vein diameters, given
the preference of this approach for testing allometric relationships, and the similar error in the X
and Y variables. We used PGLS for testing relationships of vein lengths, surface areas and
volumes per leaf area with leaf dimensions, given the higher variability in the vein traits than leaf
dimensions arising due to their determination from one or more vein traits as well as leaf
dimensions (e.g., vein length per leaf area = vein number / leaf width). Further, PGLS was most
appropriate for testing allometric slopes for the relationships of vein traits to leaf area, because
the expectations for these slopes from the developmental model were derived algebraically from
expected slopes of vein traits in relation to leaf length and leaf width'>. Finally, we used PRMA
in all figure plots to most clearly illustrate the central trends accounting for phylogeny'>>'>°,

Lastly, we evaluated whether the scaling of vein traits with leaf dimensions differed
between C; and Cy4 species. C; and Cy4 species were considered to differ significantly in trait-trait
or trait-climate associations if significant relationships were found independently for both

groups, and if there was no overlap in scaling slope 95% confidence intervals (CIs) using the

selected regression approach (PGLS or PRMA).

Modelling the impacts of leaf energy budget and testing hypotheses for the benefits of
smaller leaves under different climates

We considered three hypotheses for the advantage of small leaf sizes in cold or dry climates
based on their thinner boundary layer. Smaller leaves have been hypothesized to (1) experience

less damage under extreme temperatures, i.e. chilling on colds nights and overheating on hot

days>"*"!'%®(2) maintain higher rates of photosynthesis and/or higher leaf water use efficiency in
19,20

cold and/or dry conditions and (3) achieve higher gas exchange in favorable, warm and wet
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climates®, which would provide an advantage in mitigating the shorter diurnal and/or seasonal
growing periods of cold or dry climates.

To test hypothesis (1), i.e., that small grass leaves are typical in cold or dry climates
globally because they avoid extreme temperatures, we calculated the minimum threshold of leaf
size for chilling or overheating. We used the 100 cm” leaf size threshold for damage by nighttime
chilling and 30 cm’ for damage by daytime overheating, i.c., the lowest thresholds that were
modelled for eudicotyledons globally given in Fig. 3 of ref. 3. Those leaf size thresholds for
eudicotyledons were derived from estimated damage thresholds based on the “characteristic
dimension” of the leaf (d, i.e., the diameter of the largest circle that can be delimited within a
leaf) of 8.16 cm and 4.47 cm, according to eqn 4 in the supplemental information of ref 3 (LA =
1.5 d*). Thus, we used these threshold values to exclude species with leaf width < 8.16 cm and <
4.47 cm, and then tested whether the observed trends of leaf dimensions with MAT and MAP
globally remained. Significant trends for this restricted species set would indicate that thresholds
for leaf damage under extreme temperatures cannot explain trends for grasses with leaves
smaller than those thresholds. By testing trends against these very low thresholds, we provided a
very conservative test to establish that avoidance of extreme temperatures would not explain the
global climatic distribution of grass leaf size.

To test hypotheses (2) and (3), we used heuristic leaf energy balance modelling to
simulate the consequences for gas exchange of leaf sizes varying in size'””. Using the Tealeaves
R package'”’, given inputs of leaf width, wind speed, stomatal conductance and air temperature,
we simulated boundary layer conductance, leaf temperature, and transpiration rate. To represent
the bulk of the global range of grass leaf size, we focused on comparing the global 5™ and 95"
quantiles of leaf width (0.1 cm and 2.7 cm). We simulated leaves in wet and dry conditions by
setting stomatal conductance values at 0.4 mol m? s and 0.2 mol m™ s™, respectively'®’; our
tests showed that selecting other values would yield similar qualitative results. To represent
warm and cold climates we simulated gas exchange under air temperatures of 315 K and 280 K
(41.85 °C and 6.85 °C respectively)'®'. All other physical and environmental inputs were

159

maintained constant at typical values >". We used the output values of leaf temperature and

boundary layer conductance to simulate Cs; photosynthetic rate for leaves of different widths

162,163
1 5

using the Farquhar mode . We tested these effects at the two wind speeds, 0.1 m/s and 2

m/s. Lastly, we tested simulations for both amphistomatous and hypostomatous leaves, and we
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present results for amphistomatous leaves given that most grasses are amphistomatous'®*. To test

for the potential benefit of smaller leaves, we calculated the ratios of photosynthetic rate,

transpiration and leaf water use efficiency for a small relative to large leaf; values > 1 indicate an

advantage for the small leaf in cold or dry conditions. To test for the potential benefit of smaller

leaves in mitigating a shorter period with favourable climate, we calculated the ratios of

photosynthetic rate, transpiration and leaf water use efficiency under warm and wet conditions

for a small versus a large leaf; again, values > 1 signify a small leaf advantage.
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Extended Data Figure L egends

Extended Data Fig. 1 Time-calibrated phylogenetic trees for 1752 worldwide grass species
and for 27 grass species grown in a greenhouse common garden. (a) phylogeny for 1752
species trimmed from that of reference 196 and used for analyses of global scaling of leaf size
with climate. C; and C4 species in black and red respectively (n = 840 and n = 912 respectively).
(b) phylogeny for 27 species used for analyses of leaf vein scaling (black branches = 11 Cs, red
branches = 16 C4), emphasizing the inclusion of 11 independent C, origins. World map with

distributions of (C) 11 Cs species and, (d) 16 C4 species.

Extended Data Fig. 2. Worldwide relationships of grass leaf and plant dimensions with
species native climate, the global distribution of grassleaf size, and the scaling of grass |eaf
and plant dimensions. Relationships of (a) — (c) Leaf length, (d) — (f) leaf width, (g) — (i) leaf
area, and (j) — (I) culm height with mean annual temperature (MAT, °C), mean annual
precipitation (MAP, mm) and aridity index (AI). (M-0) Average across species of leaf area for
each country in the global database (International Working Group on Taxonomic Databases for
Plant Sciences, TDWG level 3 spatial units'®®), including countries for which > 20 species occur

in the global database (21 — 547 species for each country; gray for countries with < 20 species
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represented), i.e., (M) mean leaf area (N) median leaf area and (0) leaf area for the largest leafed
species (p) The scaling of leaf area with leaf length and (q) leaf width, (r) leaf area with culm
height, (S) culm height with leaf length and (t) leaf width and (u) leaf width with leaf length.
Leaf trait and climate data provided in Supplementary Table 2. N = 1752 globally distributed
grass species in panels (a) — (i), (p), (q) and (u) and 1729 in panels (j) — (1), (r), () and (t).
Corresponding regression coefficients for ahistorical analyses of relationships in panels (a) — (I):
0.14, 0.17, 0.14, 0.26, 0.34, 0.28, 0.24, 0.31, 0.26, 0.24, 0.29, and 0.3. Two-tailed
phylogenetically reduced major axis (PRMA) regressions were fitted for log (trait) = log (a) + b
log (trait) in panels (a) — (I) and (p) — (u). Significance: ***P < 0.001, **P < 0.01. P = (a)
0.0099, (b) 7.8 x 107, (c) 4.2 x 107, (d) 0.004, () 1.8 x 10, (f) 2.4 x 107", (g) 0.0014, (h) 2.9 x
10", (i) 2.2 x 1077, (j) 1.7 x 10, (k) 4.0 x 107, (1) 1.1 x 10>, (p) ~ 0, (q) ~ 0, (r) 3.17 x 10**,
(s) 1.92 x 107%%, (t) 7.92 x 10" and (u) 2.7 x 10%. C; and C4 species in red and blue,

respectively.

Extended Data Fig. 3. Worldwide association of grass |leaf size with species’ native climate
in 3D, and binned by 1/3" lowest, middle and highest mean annual temperature (MAT,
°C), or mean annual precipitation (MAP, mm) in 2D. (a) Leaf area (cm?) versus climate
variables, i.e. X = mean annual temperature (MAT, °C) and y = mean annual precipitation (MAP,
mm) in panel (@) and (C), and the horizontal axes are flipped, i.e., leaf area versus x = MAP and
y = MAT in panels (b) and (d). Relationships of (€) — (g) Leaf length, (h) —(j) leaf width, (k) —
(m) leaf area, and (n) — (p) culm height with mean annual precipitation (mm); N = 584 globally
distributed grass species in panels (€) —(m) and 576 for panels (n) — (p). Relationships of (q) —
(s) Leaf length, (t) — (v) leaf width, (w) — (y) leaf area, and (z) — (bb) culm height with mean
annual temperature (°C). N = 584 globally distributed grass species in panels (€) —(m) and (q) —
(y) and 576 for panels (n) — (p) and (z) — (bb). Panels (a) and (b) present the data for all species
in the global database (N = 1752); panels (c) and (d) exclude the 29 species with MAT < 0 °C,
for a clearer view of the bulk of the species. Projected grey shadows in (&) — (d) represent the
bivariate relationships. Parameters from multiple regression analysis are presented in
Supplementary Table 8. Two-tailed ordinary least square (OLS) regressions were fitted for log
(trait) = log (a) + b log (climate variable) in panels (€) — (bb). Significance: ***P < 0.001, **P <
0.01.P=(e) 8.1 x 107, (f) 2.2 x 10°, (g) 0.0002, (h) 0.0094, (i) 8.4 x 10, (j) 1.7 x 107", (k)
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0.0002, () 1.1 x 102, (m) 1.8 x 10™'%, (n) 0.0028, (0) 4.7 x 10, (p) 2.2 x 10", (q) 0.0106, (r)
2.9 %1070, (t) 7.0 x 107, (u) 6.7 x 10, (v) 1.5 x 10™"7, (w) 0.0001, (x) 7.9 x 10, (y) 2.6 x 107",
(2) 1.3 x 107, (ad) 1.7 x 10™ and (bb) 8.5 x 10™'°. C; and C4 species in red and blue,

respectively.

Extended Data Fig. 4. Quantile regression analyses of worldwide associations of grass |leaf
traits with species native climate. Relationships of (a) — () Leaf length, (d) — (f) leaf width,
(g) — (i) leaf area, and (j) — (I) culm height with mean annual temperature (MAT, °C), mean
annual precipitation (MAP, mm) and aridity index (AI). N = 1752 globally distributed grass
species in panels (a) — (i) and 1729 in panels (j) — (I). Two-tailed ordinary least square (OLS;
solid lines) and 95% and 5% quantile regressions (dotted lines) were fitted for log (trait) = log
(a) + b log (climate variable); quantile lines drawn if significantly different in slope at P < 0.05.

Cs and C4species in red and blue respectively.

Extended Data Fig. 5. Worldwide associations of grass leaf and plant dimensions with
species’ native climate, for specieswith leaf width < 8.16 cm or < 4.47 cm, i.e. below the
modelled threshold for damage due to night time chilling or over heating, and modeled | eaf
temper ature difference from air temperature for amiphistomatous grass leaves under
different air temper atures. Relationships of (a) — (b) Leaf length, (c) — (d) leaf width, (e) — (f)
leaf area, and (g) — (h) culm height with mean annual temperature (MAT, °C) and mean annual
precipitation (MAP, mm) for species with leaf width < 8.16 cm. Relationships of (i) — (j) Leaf
length, (k) — (1) leaf width, (m) — (n) leaf area, and (0) — (p) culm height with mean annual
temperature (MAT, °C) and mean annual precipitation (MAP, mm) for species with leaf width <
4.47 cm. N = 1748 globally distributed grass species for panels (a) — (f), 1725 for panels (g) —
(h), 1716 for panels (i) — (n) and 1694 for panels (0) — (p). Simulations were run with stomatal
conductance (mol m? s™) (q) — (t) 0.1, (u) — (x) 0.2 and (y) — (bb) 0.4, and wind speed (m/s), at
(), (u) and (y) 0.1, (r), (v) and (2) 0.5, (), (w) and (aa) 1, (t), (x) and (bb) 2, with leaf width
(cm) 0f 0.04, 0.1, 0.5, 0.9, 1.5, 2.7 and 11 shown as increasing darker blue lines. No difference in
leaf temperature from air temperature line in red. Two-tailed ordinary least square (OLS)
regressions were fitted for log (trait) = log (a) + b log (climate variable) in panels (&) — (p).
Significance: ***P < 0.001, **P < 0.01, *P < 0.05. P=(a) 2.1 x 10®, (b) 6.2 x 10", (c) 4.7 x
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1027, (d) 6.2 x 10, (€) 2.0 x 10, (f) 6.8 x 10, (g) 1.9 x 107*, (h) 1.3 x 107, (i) 2.4 x 107,
() 7.4 < 107, (k) 1.0 x 107, (1) 3.4 x 107, (m) 5.4 x 107, (n) 9.8 x 10, (0) 4.4 x 10 and
(p) 3.8 x 10%. C3 and C4 species in red and blue respectively.

Extended Data Fig. 6. Worldwide scaling of grassvein length per leaf area and vein
diameter with leaf size and species’ native climatic aridity, and of vein xylem conduit
diameter with vein diameter. Relationships of major vein length per area with (a) and (c) leaf
width, (b) and (d) leaf area and (C) aridity index (AI) (where lower values correspond to greater
climatic aridity). Relationships of vein diameters with (f, i, |, 0) leaf length, (g, j, m, p) leaf
width and (h, k, n, q) leaf area (= leaf length x leaf width). Relationships of vein length per area
with (r, u, X, aa) leaf length, (s, v, y, bb) leaf width and (t, w, z, cc) leaf area (leaf length x leaf
width). Relationships of vein xylem conduit diameters with vein diameter (dd) first order (1°)
veins, (e€) second order (2°) veins, (ff) third order (3°) veins and (gg) fourth order (4°). N=616
species in panels (@), 600 in panel (b), 170 in panel (C), 166 in panel (d), 21 in panel (€), 27 in
panels (f) — (ff) and 7 in panel (gg). Two-tailed ordinary least square (OLS) regressions,
phylogenetic generalized least square (PGLS) or phylogenetic reduced major axis (PRMA)
regressions were fitted for log (trait) = log (@) + b log (trait or climate variable) in panels (a) and
(b), (c) and (d), and (€), respectively. Phylogenetic reduced major axis (PRMA) or phylogenetic
generalized least square (PGLS) regressions were fitted for log (vein diameter or vein length per
area) = log (a) + b log (leaf length, width, or leaf area) in panels (f) — (q), and (r) — (cc),
respectively. Phylogenetic reduced major axis (PRMA) regressions were fitted for log (xylem
conduit diameter) = log (a) + b log (vein diameter) in panels (dd) — (gg). P* < 0.05, P** <0.01,
P*#% < (0.001. P=(a) 9.4 x 107, (b) 1.6 x 10", (c) 7.0 x 10, (d) 1.0 x 107", (&) 0.0051, ()
0.0007, (h) 3.0 x 107, (i) 3.9 x 10, (k) 0.0003, (s) 1.2 x 10™*, (t) 7.0 x 10, (v) 1.4 x 107, (w)
0.0167, (bb) 0.0020, (dd) 0.0110 and (ee) 0.0004. Line parameters for panels (f) — (cc) in Table
1 and Supplementary Table 10 and for (dd) — (gg) in Supplementary Table 11. Significant
relationships are plotted with PRMA to illustrate the central trends (see Methods). C; and Cy4
species in white and grey respectively. Standard errors for species trait values are found in

Supplementary Table 3.
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Extended Data Fig. 7. Scaling of |leaf vein projected area, vein surface area and vein volume
of given vein orders with leaf dimensions across 27 C; and C,4 grass species grown
experimentally. Relationships of vein projected area with (a, d, g, j) leaf length, (b, €, h, k) leaf
width and (c, f, i, 1) leaf area (leaf width x leaf length). Relationships of vein surface area with
(m, p, s, v) leaf length, (n, q, t, w) leaf width, and (0, r, u, X) leaf area (leaf length x leaf width).
Relationships of vein volume with (y, bb, ee, hh) leaf length, (z, cc, ff, ii) leaf width, and (aa, dd,
gg, jj) leaf area (leaf width x leaf length). Two-tailed phylogenetic generalized least square
(PGLYS) regressions were fitted for log (vein projected area, vein surface area per area or vein
volume) = log (@) + b log (leaf length, width, or area) and drawn when significant. P* < 0.05,
P** < 0.01, P*** <0.001; line parameters in Supplementary Table 10. P = (a) 0.0011, (b) 1.2 x
1072, (d) 0.0011, (€) 7.0 x 107, (g) 0.0335, (h) 0.0161, (k) 0.0167, (m) 0.0011, (n) 1.2 x 107'%,
(p) 0.0011, (g) 7.0 x 107, (s) 0.0335, (t) 0.0161, (W) 0.0167, (y) 8.2 x 10, (2) 5.4 x 10°, (bb)
5.2 x 107, (cc) 0.0037 and (ff) 0.0093. Significant trends are plotted with PRMA to illustrate the
central trends (see methods). Standard errors for species trait values are found in Supplementary

Table 3. Cs and Cy4 species in white and grey respectively.

Extended Data Fig. 8. Partitioning of the contributions of given vein orders of the venation
ar chitecture of C3 and C,4 grasses, with minor veins accounting for the differencesin vein
length per area. (a) Triticum aestivum, a C; species. (b) Aristida ternipes, a C4 species without
4° veins (C43; i.e., third-order veins are the highest longitudinal vein order). (C) Paspalum
dilatum, a C,4 species with 4° veins (Cy.4r; 1.¢., fourth-order veins are the highest longitudinal vein
order). (d) Vein length per area (cm cm™) distribution across vein orders for each type (C3 n=
11, C4-3L =9, C4-4L = 7). (€) Vein length per unit area, (f) vein surface area per unit leaf area,
(g) vein projected area per unit leaf area and (h) vein volume per unit leaf area distribution
across vein orders for each type (Cs n = 11, C4 = 16). Statistical comparisons by phylogenetic

ANOVA are presented in Supplementary Table 3.

Extended Data Fig. 9. Associations of light-saturated leaf photosynthetic rate with native
climate and vein traitsfor terrestrial Cs species, and the scaling of transverse 5° vein length
per area (5° VLA) with major vein length per area (major VLA) across 27 Czand C, grass

species grown experimentally. Relationships of area-based light-saturated photosynthetic rate
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(Aarea), measured with photosynthesis systems, with (a) mean annual temperature (MAT, °C), (b)
mean annual precipitation (MAP, mm), and (c¢) and growing season length (GSL, month).
Relationships of light-saturated photosynthetic rate per area with (d) major vein length per area
(VLA mgjor, cm cm'z) and (e) major vein surface area per area (VSAmsjor, unitless), and (f)
(transverse vein length per area (VLA ansverse, CM cm'z) with VLA ajor. Points and lines in red
represent 8 terrestrial C; grasses of this study grown in a greenhouse common garden, related to
the mean climate of their native distribution, supporting the assumption of higher photosynthetic
rate in colder and drier climates with shorter growing seasons. Open points represent 13
Northern Hemisphere temperate terrestrial Cs grass species from the global plant trait network
(GLOPNET; ref 126) measured in the field, as related to the mean climate at their field site.
Black lines represent the significant trend through all the points in panels (@) and (C), which,
given the disparate data sources combined here (and the consideration of field site rather than
native range climate for the GLOPNET species), provides yet stronger support for the generality
of the relationships of A, to MAT and GSL. Notably, these are conservative tests of the
relationships of photosynthetic rate with native climate, as measurements of A, using the
photosynthesis system chamber do not include the effect of the boundary layer conductance,
which is made very high and invariant®. Under natural conditions, and especially under slow
windspeeds, smaller leaves would have higher boundary layer conductances than larger leaves
(see simulation in Extended Data Fig. 5), and thus, under natural conditions, including the effects
of boundary layer, a yet stronger trend would be expected for small-leaved species of colder and
drier climates to have higher photosynthetic rates than larger-leaved species of warm, moist
climates. Two-tailed ordinary least square (OLS) regressions or phylogenetic reduced major axis
(PRMA) were fitted for log (trait) = log (a) + b log (trait or climate variable) in panels (a) — (€)
and (f), respectively. Significance: P* <0.05, P** <0.01, P* = 0.04 in a one-tailed test of the
hypothesized positive correlation. P = (a) 0.0301 red line; 0.0071 black line, (b) 0.0183, (c)
0.0474 red line; 0.0021 black line, (d) 0.0794, () 0.0138 and (f) 0.0061. Error bars represent
standard errors in panels (&) — (€). Standard errors for species trait values in panel (f) are found in

Supplementary Table 3. C; and C4species in white and grey, respectively, in panel (€).

Extended Data Fig. 10. Estimating leaf size from venation traits that can be measured on

small samples or fragments of grass leaves. (a) Leaf area and (b) leaf width predicted from 2°
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1312
1313
1314
1315
1316
1317

vein length per area. N = 600 and 616 in panels (a) and (b) respectively (Grassbase dataset;
Supplementary Table 2). The relationships were fitted with two-tailed ordinary least square
(OLS) regressions. These relationships would enable the determination of intact leaf size from
fragments that include at least two 2° veins, including fragmentary fossil remains. The 95%
confidence intervals are in blue and 95% prediction intervals in red. P*** < 0.001. P = (a) 1.4 x

10"*" and (b) 7.6 x 1077
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