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Fig. S1. Amphistomy is weakly associated with thicker leaves and drier
habitats. Each point represents a species from the global dataset. The thick line
and gray polygon are the median and 95% confidence intervals from the posterior
distribution of predicted stomatal ratio as a function of leaf thickness or mean annual
precipitation based on phylogenetic regression. The fitted lines and confidence inter-
vals are drawn with growth form set to ‘perennial’ and other continuous predictor
variables set to their median.



Table S1. Multiple selective regimes are manifest in a multimodal trait
distribution. Models with multiple components (k) corresponding to distinct selec-
tive regimes under a bounded Ornstein-Uhlenbeck process fit the data significantly
better than models with a single regime (lower Bayesian Information Criterion [BIC]).
In particular, the model with with three regimes is much more strongly supported
than models with one or two regimes (see Fig. 1B-D for a visual representation of
regimes). A mixture of multiple regimes, in turn, gives rise to a multimodal distribu-
tion with hypo-, amphi-, and hyperstomatous modes. For a given mixture, each of k
regimes is represented as a component ¢ parameterized by the strength of constraint
(¢;) around the long-term average (6;) and a mixture weight w;.

k  Parameters log-likelihood df  BIC

1 ¢=04 0, =017 w; =1 -604 2 12209
$»1 =025 60, =004 w =0.52 -252.5 5 536.9
$2 =998 0, =046 wy =048

3 ¢1=016 0, =0.02 w; =047 -237.7 8 526.6

$o=1724 05 =047 wy=0.38
¢ =204 03=035 ws=0.16
4 ¢ =6.99 0, =0 wy = 0.44 -235.6 11 541.6
¢3 =16.85 03 =047 w3 =0.38
¢y =181.8 0, =099 wy=0




Table S2. Growth form, anatomy, and precipitation jointly determine
stomatal ratio. Three models with varying levels of phylogenetic signal (Brown-
ian motion [top|, Pagel’s A [middle|, and nonphylogenetic [bottom|) identify growth
form, leaf thickness, and mean annual precipitation as significantly associated with
stomatal ratio.

Stomatal Ratio ~ df SS MS F P

Brownian Motion

log(Leaf Thickness) 1 0.017 0.017 20.31 8.08 x107°
Mean Annual Precipitation 1  0.021 0.021 24.11 1.21 x107°
Elevation 1 0 0 0.08 0.78
Leaf Area Index 1 0 0 0.05 0.82
Growth Form 5 0.039 0.008 9.06 2.74 x107®

Pagel’s A = 0.64

log(Leaf Thickness) 1 0.008 0.008 24.38 1.05 x107
Mean Annual Precipitation 1  0.009 0.009 26.03 4.67 x10~7
Elevation 1 0 0 0.26 0.61
Leaf Area Index 1 0 0 0 1
Growth Form 5 0.027 0.005 15.52 2.77 x10~%
Nonphylogenetic

log(Leaf Thickness) 1 2376 2376 31.67 294 x107®
Mean Annual Precipitation 1 1.711 1.711 22.81 2.31 x107°
Elevation 1 0.009 0.009 0.12 0.72
Leaf Area Index 1 0.031 0.031 041 0.52
Growth Form 5 15.897 3.179 42.38 7.36 x107*




Appendix S1: Hypothesized benefits and costs of am-
phistomy

There are at least seven viable, non-mutually exclusive hypotheses for on the adaptive

significance of amphistomy, five of which I evaluate here.

H1: Leaf thickness

The most widely cited and frequently tested diffusional limitation hypothesis is that
amphistomy is adaptive in thick leaves. Models (1; 2) and experiments (3) demon-
strate that the path length from substomatal cavities to chloroplasts can impose a
large constraint on photosynthesis, especially when leaf thickness exceeds approxi-
mately 300 pm. Several studies have found a positive correlation between leaf thick-

ness and amphistomy (1; 4; 5; 6; 7; 8; 9), but the evidence is equivocal (10; 11; 12).

H2: Light

A second hypothesis is that amphistomy is favoured in high light, open environments
because CO5 becomes more limiting at high irradiance. H1 and H2 are difficult to
disentangle, and could even reinforce one another, because leaf thickness increases
under high irradiance (13). However, several studies have argued that the light
environment, rather than leaf thickness, is the primary factor affecting selection on

amphistomy (14; 15; 16; 11; 4; 17).



20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

H3: Precipitation

Wood (18) observed that amphistomy was common in Australian deserts. Although
amphistomy is sometimes common in dry environments, most studies conclude that
precipitation is indirectly correlated with amphistomy because drier habitats also
tend to be more open (14; 17). Nevertheless, the fact that amphistomy can in-
crease water-use efficiency (1; 19) suggests that it might be favoured in dry habitats,

independent of other factors.

H4: Altitude

Anatomical surveys demonstrate that amphistomy is sometimes more common in
high elevation communities compared to nearby low elevation communities (20; 21;
22), possibly because lower CO, partial pressures place a greater premium on effi-
cient diffusion. However, this hypothesis is complicated by the fact that diffusion
coefficients are higher at elevation because the air is thinner (23), meaning that CO,

diffusion could actually be less limiting.

H5: Growth form

Independent of leaf anatomy and the abiotic environment, the strength of selection
on photosynthetic rate might be stronger among certain growth forms (e.g. forbs
vs. trees) because of their different life history strategies. Salisbury (1927) noted
qualitatively that herbs tended to amphistomatous, an observation later confirmed

by Peat and Fitter (1994). However, other reviews have argued that stomatal ratio
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is not closely connected with any particular growth form (24; 11).

Two hypotheses I have not considered because of methodological limitations are
that amphistomy is associated with vertically-oriented, isobilateral leaves (24) and
that amphistomy, by doubling the conductive leaf surface area, relieves a constraint
the stomatal size-density tradeoff (25; 8). I did not have sufficient, reliable informa-

tion on leaf orientation and guard cell size to evaluate these hypotheses.

Costs of upper stomata

This study reaffirms at a global scale that most species are hypostomatous. The
most parsimonious explanation for the preponderance of hypostomy is that there is
cost to having stomata on the upper surface of the leaf. A fitness cost associated
with increased evaporation (26) cannot explain the dearth of stomata on the upper
leaf surface, though this explanation occasionally appears in the literature (27). In
fact, amphistomy is common in some dry habitats (18; 1; 14; 4) and amphistoma-
tous plants can be functionally hypostomatous when stressed by regulating stomatal
aperture differentially on each surface (28; 29; 30; 19). Although amphistomatous
plants can be functionally hypostomatous, the reverse is not true. Hence, anatomical
amphistomy should be favoured whenever the capacity to be functionally amphis-

tomatous is advantageous.

Besides evaporation, several fitness costs have been suggested, including decreased
water-use efficiency of amphistomy in large leaves (1), photodamage to guard cell
chloroplasts (W.K. Smith, pers. comm.), occlusion of upper stomata by water block-

age (31), and increased susceptibility to foliar pathogens (2). Increased evaporation
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is an unlikely explanation since so many desert species are anatomically amphis-
tomatous (see above), but to my knowledge, most other hypotheses have not been
rigorously tested. However, (32) showed that adaxial (upper) stomata pore area, but
not abaxial (lower) pore area, was strongly correlated with susceptibility to a rust
pathogen. Hence, the pathogen susceptibility hypothesis is best supported by the

current data.
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Appendix S2

Assembling a comparative data set

Stomatal ratio and leaf thickness I collected quantitative data on stomatal
ratio and leaf thickness from previously published studies (see Appendix S6 for full
list of data sources). These data are spread across a large and diverse literature,
including functional ecology, taxonomy, agriculture, and physiology. Hence, nei-
ther a standardized nor exhaustive search was possible. I started by using Web of
Knowledge to locate studies that cited seminal papers on the adaptive significance of
amphistomy, specifically (1) and (11). Once I found a paper with data, I examined
papers that cited those ones. Finally, I found additional data sources in compre-
hensive reviews of plant anatomy (33; 24; 34). For all data papers, I recorded the
mean leaf thickness, abaxial (lower) and adaxial (upper) stomatal density for each
species. Where only ranges were given, I used the midpoint. If the study included
a treatment, I collected only data from the control treatment. If studies measured
both juvenile and adult leaves, I used only adult leaves (no study reported only ju-
venile leaves). Usually data were given in a table, but occasionally I used ImageJ
(35) to extract data from figures or contacted authors for data. I only included data
from studies that intentionally examined both surfaces for stomata; I excluded data
from studies that described species categorically as “hypostomatous”, or “amphistom-
atous”, or “hyperstomatous”. Excluding qualitative data was necessary because there
is no standard definition of “amphistomy” — it has sometimes been used to describe
species that have approximately equal densities on each side (1) and at other times

for species that have any stomata on the both surfaces (36; 37).
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Climate and elevation Based on the a priori hypotheses, 1 extracted data on
mean annual precipitation (average 1950 — 2000), elevation (Worldclim (38)), and
light environment (average leaf area index between 1982 — 1998 based on remote
sensing (39)). For light environment, I used a satellite indicator of leaf area index,
the number of leaf layers between the ground and top of the canopy. Lower leaf
area index is interpreted as a more open light environment. The strength of these
global data sources is that I was able to obtain data for every species from the same
dataset. A limitation of these data is that even the highest resolution (=~ 1 km)
data might miss important temporal and microsite variation. I discuss these limita-
tions in light of the findings in the Discussion. For climate and elevation, geographic
coordinates for each species are needed. For this, I downloaded all georeferenced
herbarium specimens for a given species from GBIF (last accessed Jan 15-18, 2015)
using the occ_search function in R package rgbif (40). I filtered out or manually
edited clearly erroneous locations (e.g. lat = 0 or lon = 0 or where lat and lon were
clearly reversed). The mean and median number of GBIF georeferenced occurrences
per species was 737 and 194, respectively. I calculated the trimmed-mean (10% trim)
mean annual precipitation, elevation, and leaf area index to further remove speci-
mens well outside the species’ range, possibly because they were, say, misidentified,

cultivated, or improperly georeferenced.

Growth Form I partitioned species by growth form into the following categories:
trees, small trees/shrubs, shrubs, and herbaceous species (forbs and grasses). Herba-
ceous species were further subdivided into annuals, biennials, and perennials. Species
that were variable or intermediate (e.g. annual/biennial, annual/perennial, bien-

nial/perennial, or annual /biennial /perennial) were classified as ‘biennial’. Subshrubs
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with some woody growth were lumped with perennials rather than shrubs. Where
possible, I obtained growth form data from associated data papers. When this infor-
mation was not given, I used regional floras, supplemented by online trait databases
such as USDA Plants (41) and Encyclopedia of Life (42). When these sources were
unavailable or ambiguous for a given species, I checked the primary taxonomic liter-

ature by searching the species name in Google Scholar.

Taxonomic name resolution [ submitted taxonomic names in the database to
the Taxonomic Name Resolution Service (TNRS) (43). I used names given by TNRS
when it returned an accepted name or synonym with overall score greater than 0.97
(scores are between 0 to 1). I scrutinized names where TNRS deemed the name
illegitimate, gave no opinion, or was otherwise ambiguous. At that point, I consulted
additional plant taxonomic repositories: The Plant List (44), International Plant
Names Index (45), and the Euro+Med PlantBase (46). When no accepted names
were identified, I used original name given by the authors. For two very recent
papers with up to date taxonomy by experts (8; 47), I used the names given by those

authors.

Testing adaptive hypotheses for stomatal ratio using phyloge-

netic regression

For this analysis I quantified stomatal ratio as min(upper density, lower density ):max(upper

density, lower density). In this form, stomatal ratio equals 1 when the densities on
each surface are the same, and goes to 0 as the distribution become more asymmet-

rical (hypostomy or hyperstomy). Note that this form differs from what I use in

10
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analyzing multimodality because I wanted to specifically test which factors favour
the phososynthetically optimal distribution (amphistomy) versus suboptimal distri-
butions (either hypo- or hyperstomy). I constructed a phylogeny for species in the
dataset using a Phylomatic (48) megatree approach. To examine whether results
were robust to phylogenetic correction, I analyzed the data using three methods:
Brownian motion (high phylogenetic signal), Pagel’s A (intermediate phylogenetic
signal), and no phylogenetic signal (normal ANOVA). For the intermediate signal
model, I estimated Pagel’s A using maximum likelihood. Phylogenetic models were
fit using phylogenetic least squares in the R package caper (49).The trait dataset
and phylogeny used in these analyses are available on Dryad (50).
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Appendix S3: An evolutionary process model for pro-

portion traits

Making evolutionary sense of a biological pattern requires an underlying process
model to provide the theoretical foundation on which data analysis rests. A pow-
erful approach in macroevolution involves modelling trait evolution on phenotypic
landscapes with or without constraint (51; 52; 53). If models with constraint describe
the data better than those without, then there is compelling evidence that pheno-
typic landscapes are shaped by some combination of selective, genetic, functional, or
developmental constraints. Furthermore, phenotypic landscapes may change under
multiple regimes, meaning that a trait is best described by a mixture of distributions,
each generated under separate regimes (54; 55; 56). Current evolutionary process
models such as Brownian motion and Ornstein-Uhlenbeck assume that traits follow
a Gaussian distribution, but this is clearly inappropriate for traits like stomatal ra-
tio. In this section, I modify previous evolutionary process models to accommodate
proportion traits and derive the expected pattern given phenotypic landscapes that
are constrained versus those that are unconstrained. This model provides a strong
theoretical foundation for the model-based statistical inference described below. A

glossary of symbols used in this text are provided in Table S3.

In both models with and without constraint, I assume that total stomatal density
follows a random walk over macroevolutionary time, though the exact process is
irrelevant here. Imagine for a set area (Ap.s) of leaf (e.g. 1 um?) there are Np(t) =
Aleat D1(t) = Ajeat(Du(t) + Dr(t)), where Np(t) is the total number of stomata in
that area at time ¢. Total stomatal number Nr(t) is the sum of upper (Ny(t))

12
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Table S3. Glossary of symbols used in process models of stomatal trait
evolution.

Symbol Description

r Stomatal ratio: ratio of upper to total stomatal density
Nr, Ny, N Number of stomata in a focal leaf area Aj,

The total number Np is the sum of upper Ny and lower N, stomata
Dy, Dy, D, Density of stomata in total, upper, and lower surfaces

Aleat Focal leaf area

v Diffusion coefficient of stomatal ratio

0 Long-run average stomatal ratio

@ Return rate to long-run average ratio

) Defined as va

M, Drift function of stomatal ratio r in diffusion approximation

Visz Diffusion function of stomatal ratio r in diffusion approximation

and lower (Np(t)) stomata. Let ANy, = Np(t + 1) — Np(t) be the change in total
stomatal number that must be made up of changes in upper stomata, lower stomata,
or some combination of both. I assume that the contribution to ANz, from upper
and lower stomata is proportional to their density. For reasons explained below, I
define v = Np(t + 1) as the total stomata at time ¢ 4 1. The transition rate u;; from
Ny = i upper stomata at time ¢t to Ny = 7 upper stomata at time ¢+ 1 is binomially

distributed with a rate determined by the stomatal ratio 7:

i = (;)rj(l —r) je{0,1,2,...,v} (S1)

Note that stomatal ratio here is defined as the proportion of upper stomata, r =
Ny /(Ny + Np) = Ny/Np = Ny /v. What this assumption says is that increasing
stomatal density (upper or lower) from 100 to 120 is much easier than increasing

density from, say, 0 to 20 or 10 to 30. Formally, the mean and variance of stomatal

13
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ratio in the next time step is therefore:

) =E| 2] =7 (2)
ol

In other words, the average stomatal ratio does not change, but the variance
increases each time step. When v is large, the distribution can be approximated with
a normal distribution and a diffusion approximation can be used to model the long
term evolution of the trait. This diffusion process is analogous to Brownian motion,
except that the trait is bounded by 0 and 1. It is also mathematically equivalent
to one-locus, two-allele population genetic models of neutral evolution (see (57) for
a detailed derivation). I will make reference to results from this literature without
rigorously deriving them here. In particular, it has been shown that the stationary

distribution of the diffusion is:

(54)

where

14
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and the time scale is in units of v~ 1.

Thus, v can be interpreted as a diffusion
coefficient without necessarily specifying a genetic or developmental mechanism that
governs the amount of variance in stomatal ratio from one time to the next. Solving

for f(r) without constraint on stomatal ratio yields:

6

f(r) = T (S8)

Thus, without constraint on stomatal ratio, most species should be hypo- or hyper-
stomatous under this model (Fig. S2), as these act like absorbing boundaries. This
shows, perhaps surprisingly, that bounded traits evolving without constraint behave
very differently from standard quantitative traits, which are usually expected to fol-
low a unimodal Gaussian distribution. A plausible alternative approach to absorbing
boundaries is to assume reflecting boundaries. In other words, species don’t get stuck
at 0 or 1, but can ‘bounce’ back into the middle of the distribution. In this case,
the stationary distribution of the trait is uniform between 0 and 1. Thus, even with
reflecting boundaries, one would not expect bounded traits to follow a distribution

with an interior mode in the absence of phenotypic constraint.

Next, I modify the model to include constraint around a long-run average ¢, which

15
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may be interpreted an optimum of a selective regime. This process model is analogous
to an Ornstein-Uhlenbeck process for a proportion trait. I again use the diffusion

approximation, but this time the drift and diffusion coefficients are:

Ms, = a(f — 1) (S9)

Vpe = "LZ1) (S10)

v
a is the return rate to f. Greater values of o constrain trait variation more tightly

around #. With these coefficients and setting the first constant of integration ¢; to 0

yields:

f(T’) — CQI/T2OW0_1(1 i T)Qau(l—&)—l (Sll)
where:

1
Cy = 1// prPevi=1(] — 7")2‘“’(1’9)’1611” (S12)
0
1

- vB(2av6,2av(1 — 0)) (513)

B(-) is the beta function. Setting ¢; to 0 can be justified by recognizing that the

distribution should be symmetrical (x = 1 — ) when 6 = 0.5, which only occurs if
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¢; = 0 (S.P. Otto pers. comm.). Further, I confirmed the accuracy of the analytically-

derived stationary distribution using stochastic simulations (data not shown).

Defining ¢ = av, the stationary distribution simplifies somewhat to:

r2¢0—1 (1 _ T)2¢(1_0)_1

1) = "Baes.20(1=9)

(S14)

This is the Beta(a, 8) distribution with a@ = 2¢f# and § = 2¢(1 — 6). Note that,
following standard notation, « here refers to the first shape parameter of the Beta
distribution, not the constraint factor of the evolutionary process model. This re-
sult means that the well-known statistical properties of the Beta distribution can
be leveraged to understand the stationary distribution of a proportion trait under
a constrained phenotypic landscape. For example, the Beta distribution takes on
a variety of shapes that begin to resemble the distribution of proportional traits
like stomatal ratio (Fig. S3). Hence, the evolutionary process model developed here
provides a strong theoretical justification for fitting the stomatal ratio data to a mix-
ture of Beta distributions in order to infer the regimes shaping this trait across plant
species. Although I have derived the model with stomatal ratio in mind, it should
be applicable to wide variety of proportional traits evolving under a constrained

phenotypic landscapes.
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Fig. S2. Without constraint, a proportion trait like stomatal ratio (r)
will evolve toward a distribution in which most species are 0 or 1.
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Fig. S3. A proportion trait like stomatal ratio evolving under a single
regime is Beta distributed. The Beta distribution can take on a wide variety of
shapes depends on the long-run average 6 and the levels of constraint ¢ (greater ¢

equals greater constraint).
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Appendix S4: Phenotypic distributions have time to reach sta-

tionarity

Appendix S3 showed that under a bounded Ornstein-Uhlenbeck model, a proportion
trait like stomatal ratio should be Beta-distributed at stationarity. Hence, fitting
the data to a Beta distribution would be valid if the trait distribution is close to
stationarity. In particular, if the rate (denoted «) at which lineages return to the
long-run average (0) is fast relative to the frequency of regime shifts (e.g. hypo- to
amphistomy), then the observed distribution is probably close to stationarity. In
this appendix, I estimate the rate of stomatal ratio regime shifts using SIMMAP and
the return rate («) under a standard OU model (OUyopy) as it is not yet possible to

estimate this parameter using the OUy, model.

Mapping regime shifts using SIMMAP

I calculated the probability that each species (i.e. a tip in the phylogeny) belongs to
one of three regimes (hypo, amphi, or intermediate) identified using finite mixture
models. The probability of belonging to a given regime was calculated using Eq
S21 with parameter estimates from the the three-regime model (k = 3 parameters
in Table S1). From the tip state probabilities, I estimated the maximum likelihood
transition matrix ) between regimes using the make.simmap function in the R pack-
age phytools version 0.4-56 (58). The function implements SIMMAP, a method for
mapping discrete trait evolution on phylogenies (59). The asymmetric transition rate
model (AIC = 858) fit better than symmetric (AIC = 878) and equal rate (AIC =

911) models. The full transition matrix is:
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Gh—i Gh—a
Q = di—h Gi—a

Ga—h  Ga—h

The subscripts below each transition rate ¢ indicate the regimes (a = amphistom-
atous; i = intermediate; h = hypostomatous). The maximum-likelihood estimated

transition matrix is:

0 0
Q=118x%x10?2 1.3 x 102
50x10°* 5.1 x 1073

Interestingly, the transition rates from the intermediate to hypo- or amphistomatous
regimes (gi_n, ¢isa) are much higher than that from hypostomy or amphistomy to
intermediate (qn_si,¢ai). This suggests that the intermediate regime is relatively
transitory, whereas lineages that enter hypo or amphi regimes remain there for a
long time. Next, I simulated 1000 maps of regime shifts on the tree from Q. For
each species, in all 1000 simulated maps, I calculated the median time a species had
spent in its current regime. For species in hypo- and amphistomatous regimes, the
time was very high, 93 and 225 my, respectively. Species spent much less time in the

intermediate regime (median = 42 my).
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Estimating phylogenetic signal using OUwie

In Ornstein-Uhlenbeck models, low « indicates a weak ‘pull” back toward the long-
average 6. In contrast, high o means that traits value bounce around rapidly. Hence,
« estimates phylogenetic signal. For example, the phylogenetic half-life, or time it
takes for the trait correlation between ancestor and descendant to be halved, is equal
to log(2)/cv. Isimulated 1000 stochastic character maps from the estimated transition
matrix Q For each tree, I used the R package OUwie version 1.45 (60; 61) to fit single
and three-regime Brownian motion and Ornstein-Uhlenbeck models. Specifically, 1
fit single-regime Brownian motion (BM;) and Ornstein-Uhlenbeck (OU;) models as
well as three-regime Brownian motion (BMS3 — separate diffusion parameters for each
regime) and Ornstein-Uhlenbeck (OUM3 and OUMV3). Both OUMj and OUMV;
models fit different optima (@) for each regime but assume a shared . However,
the OUMV3 allows different diffusion parameters (02) for each regime. I did not
use models (OUMV3, OUMVA;) that estimate different o’s for each regime because
these were often numerically unstable and the regime-specific a’s were very similar
(data not shown). Following (62), I estimated parameters as the median across 1000
character maps. I compared model fit using the median BIC across 1000 character

maps.

OU orm results confirm those using OUyes: a three-regime OU model fits much better
(lower BIC) than single-regime and BM models, even after accounting for phyloge-
netic nonindependence. It also suggests for hypo and amphi regimes, there is ample
time for trait distributions to approach stationarity. The estimated phylogenetic
half-life, log(2)/a = 22 my is far below the median estimate for time species have

evolved in their present-day regime, 42-225 my, depending on the regime.
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Table S3: Parameter estimates of one (X;) and three (X;) regime models
using OUwie. I fit Brownian motion (BM) and Ornstein-Uhlenbeck (OU) models
to the stomatal ratio data. Unlike the OUy,parameter estimates, these analyses
account for phylogeny. « is the return rate to the long-run average (6;) of regime i. o?
is the diffusion coefficient for regime 7. For one regime models, maximum likelihood
parameters are reported. For three-regime models, I report the median parameter
and Bayesian Information Criterion (BIC) values from 1000 maps of regime shifts
across the phylogeny.

Model  « o? o3 o2 0, 0 03 BIC
BM, na 4.9 x10™* na na 0.162 na na -180
ou, 5.6 x10™% 7.3 x10™* na na 0.188 na na -216
BMS; na 1.5 x107* 1.5 x10™% 2 x107*  0.012 na na -462
OUM; 24 x107%2 1 x10~® na na -0.026 0.238 0.467 -602
OUMV; 3.1 x107%2 5 x107* 1.1 x107%2 5.6 x10~* -0.005 0.226 0.468 -804
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Appendix S5: Fitting evolutionary process to pattern
using finite mixture models estimated with maximum

likelihood

Before presenting statistical details, I must provide some caveats about my approach.
Although I do not think these qualifications affect any of the main conclusions of
this paper, they are important for others who might use similar methods or, better
yet, seek to extend them. I tested for multiple regimes using a conceptually similar
but somewhat different approach than previous studies. Current methods for infer-
ring multiple selective regimes (54; 55; 56) cannot yet accommodate Beta-distributed
traits, and there is no general solution to the stochastic differential equation in Ap-
pendix S3. Future work is needed to develop numerical methods to integrate the
bounded Ornstein-Uhlenbeck process model elaborated here into existing statistical
frameworks for multi-regime inference. However, the fact that distantly-related plant
families converge on similar trait distributions strong suggests that the main results

are robust to phylogenetic nonindependence.

I infer the number of regimes acting on stomatal ratio by fitting a mixture of sta-
tionary distributions derived from the process model above to the data. By fitting
the data to the stationary distribution, I implicitly assume that evolution is suffi-
ciently rapid to ignore phylogenetic signal. Numerical simulations of the diffusion
indicate that the transitory distribution is also Beta (data not shown), meaning that
evidence for multiple regimes cannot be an artifact of transitory behaviour within
a single regime. In this section I derive the likelihood functions and describe an

expectation-maximization algorithm to find the maximum likelihood mixture model
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314

315

316

317

318

319

320

321

given the data. R code to implement these methods is available on Dryad (50). In
general, finite mixture distributions are the summation of £ > 2 mixture components

(i.e. probability distributions) with density f;(z) and mixture weight w;:

= szfz(l') (S15)

Here the i-th mixture component has a probability density f;(z) given by the
stationary distribution in Eq S14 with parameters 6;, ¢;. The likelihood of a mixture
distribution given k£ mixture components and a data vector & with sample size n is

the weighted sum of the likelihoods of each component:

L(w,d,0;x, k) X:wZ (¢s,0;; ) (S16)

The parameter vectors w, ¢, and @ are defined as:

w = {wy,...,w} (S17)
¢ = {¢1,.... o} (S18)
0= {0.....00) (S19)

For the i-th component, the likelihood of parameters ¢; and 6; given the data is the
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337

product of the probability densities of each datum (xy, zs, ..., x,):

Li(¢i,05) = Hfz GHONG (S20)

To obtain reasonable fits, I found it necessary to modify the likelihood to incorpo-
rate left- and right-censored data. This is because the stomatal ratio dataset contains
many 0’s (all stomata are on the lower surface of the leaf) and 1’s (all stomata on the
upper surface). Under most parameterizations of the Beta distribution, the proba-
bility density of 0 and 1 is co or 0. I left- and right-censored the data at x; = 0.001
and x, = 0.999 as these were very close to the lowest and highest values reported
in the dataset (except 0 and 1), respectively. This means that any datum reported
as 0 was statistically interpreted as falling anywhere between 0 and 0.001. Likewise,
a datum reported as 1 was assumed to fall between 0.999 and 1. A reasonable in-
terpretation is that a stomatal ratio so close to 0 or 1 would be practically difficult
to measure. Biologically, a stomatal ratio less than 0.001 or greater than 0.999 are
indistinguishable from 0 and 1. With censoring, the likelihood of the i-th component

becomes:

n

£4(61, 00 @) = [[ £ (25 00,0 F(ay; 61, 01D (1 = Flay; 61, 6,))1 ) (821)

Jj=1

F(x; ¢;,0;) is the cumulative density function of the Beta distribution; [;(z) and

I,(z) are indicator functions:
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0 if x = a

Ii(z) = (522)
1 if x # x
0 if x =2,

I(x) = (S23)
1 if © # x,

To find the maximum likelihood mixture distribution, I used an expectation-
maximization (EM) algorithm similar to (63). EM algorithms are particularly well-
suited to fitting mixture distributions. Here, I describe the initialization, expectation

(E-step), and maximization (M-step) procedure.

Initialization

The data were divided into k evenly-sized components. For example, if £ = 2,
data below the median were assigned to component 1; data above the median were
assigned to component 2. For each component, the initial weight was therefore
Wi init = 1/k. Within each component, I used the optim function in R to estimate the
maximum likelihood parameters (6™ and 6™} of a Beta distribution. Note that I
am using parenthetical superscript to indicate the iteration of the algorithm, starting
with the initial parameterization, followed by ¢ = 1,2,3,... until the likelihood

converges. The initial parameter vectors are therefore:
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w™ = {1/k ... 1/k} (S24)

S C N (525)
olm) = o™ 6 (S26)

51 Expectation

2 In the E-step, the expected likelihood is calculated under the parameters estimated
s from the previous iteration. The mixture weights are then updated and carried
s forward to the M-step. For the first iteration following initialization, the mixture

s weights w) conditional on the initial parameterization are:

wV) = &=ty (527)

(i'nit)

s where y;;  is the probability that x; belongs to component ¢ given initial parameters:

ity _ 0™ f (g 0™, 0
1 g(;(;j; k’, u;(init)7 ¢(init)7 H(init))

(S28)

a7 In subsequent iterations, the equations are similarly:
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N ()
wltth = 2l (529)
o w f;, e, 60)
yZJ g(mj;kaw(t)a¢(t)70(t))

(S30)

Maximization

During the M-step, estimates of ¢ and 6 are updated using maximum likelihood

conditional on mixture weights calculated in the E-step:

{@5,67) = srgmaxc (9, B3,k w®) (s31)

I used the optim function in R to find the parameters that maximized the likelihood
function. After the M-step, the next iteration begins at the E-step and continues
until the likelihood converges to a stable value. As with other hill-climbing likelihood
searches, EM does not guarantee convergence at the maximum likelihood. With the
stomatal ratio data, I found that multiple initialization procedures yielded the same
final parameter estimates, suggesting that the algorithm was successfully converging

on the maximum likelihood solution.
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Appendix S6: Cost-benefit model

In this model, I opted to tradeoff the precision of a biophysical diffusion model for a
more general, albeit realistic, model with fewer parameters. Hence, the cost-benefit
model of stomatal ratio is true to the underlying physics but otherwise not strongly
dependent on specific assumptions. Future work will be needed to test if this more
general model is consistent with mechanistic biophysical models. The symbols used

in the model are summarized in Table S5.

Table S4. Glossary of symbols used in the cost-benefit model.

Symbol Description

SR Stomatal ratio: ratio of upper to total stomatal density

S logit of stomatal ratio (SR)

Sopt Stomatal ratio (logit scale) that maximizes fitness benefits

Birax Maximum fitness benefit when S = Sy

o? Shape factor of benefit function

Cnax Maximum fitness cost of when all stomata are on the upper side (SR = 1)
St Stomatal ratio maximizes fitness (benefits minus costs)

I model selection on the logit of stomatal ratio (upper:total), which I denote S =
logit(SR) = log (SR/(1—SR)), so that feasible trait variation (SR is constrained from
0 to 1) is continuous and unbounded. Fitness as a function of stomatal ratio depends
on the difference between the benefits (f(S5)) minus the costs (g(S)). Therefore,

fitness as a function of stomatal ratio is:

W(S) =1+ f(5) —9(5) (S32)

Based on biophysical theory (1; 2), I assume that there is an intermediate optimal
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385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

stomatal ratio (Sopt) at which photosynthetic rate is maximized. Above and be-
low that optimum, photosynthetic rate decreases, which I modelled as a Gaussian

function:

(S*Sopt)2

F(S) = Buaxe™ 28 (933)

Bax defines the maximum fitness when S = Sopi. Bpax 1S @ complex function of the
external environment, total stomatal conductance, internal photosynthetic capacity,
and other factors. For simplicity, I do not explicitly model how these factors affect
Buax here, but rather treat it is a phenomenological variable. o2 acts akin to a shape
factor when the function is viewed from a logit scale. When o2 is large, the benefit
function has an inverted-U shape. There are increasing returns to fitness of the first
few upper stomata, but diminishing returns to further increases in S (Fig. 3A).
In contrast, when o2 is small, the benefit function is more bell-shaped; the fitness
benefit of the first few upper stomata is large, but with diminishing returns (Fig.

3C).

I assumed a linear cost (e.g. increased susceptibility to foliar pathogens (32))
for each additional upper stomate. Note however that the model is agnostic to the
specific mechanism underlying the fitness cost or costs. The total cost as a function
of stomatal ratio is the product of the total stomatal density, the stomatal ratio
(upper:total density), and the cost per upper stomate. I define the slope of the cost
function as Cpay, which is equal to the total stomatal density times the cost per

upper stomate:
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4

2

h(SR) = Cuuax SR (S34)

On a logit scale, the total cost asymptotically approaches Ci.:

Cmax

9(8) = Tre5 (S35)

If more were known about the cost of having upper stomata, a more realistic model
could be constructed. Without such knowledge, I believe it is judicious to start with
the simplest model that makes few assumptions and therefore could apply to a large
number of particular underlying mechanisms. Substituting Eqs S33 and S35 into

Eq S32, fitness as a function of S is:

2
S-S
( opt) Cmax

w =1 Bmax o 202 -
(5) + ¢ 1+e5

(S36)

Note that if the cost function were applied to lower rather than upper stomata, as
might be the case for specialized taxa such as aquatic plants, then one could obtain
the same results, except that hyper- rather than hypostomy would prevail, as in the
Poaceae data. The fitness function is maximized where the marginal benefit of the

next upper stomate is equal to the marginal cost:

ar(S) _ dg(s)
dS dsS

(937)

I did not obtain an analytical solution, so instead I used the optim function in R

32



413

414
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416

417

418
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422

(64) to numerically solve for the stomatal ratio that maximized fitness (Sg;) under
varying ratios of fitness cost (Chax) to benefit (Bpax). I tuned the benefit:cost ratio
by fixing Bpax to 1 and varying Cpax between 0.01 and 100. I also varied the
shape factor o2 between 0.1 and 10, which appeared to capture the full range of
relevant model behaviour. For all numerical solutions, I assumed that the optimal
stomatal ratio for photosynthesis was 0.5, hence S,y = 0 on a logit scale. Next,
I generated hypothetical trait distributions under a scenario where the benefit:cost
ratio varies uniformly from 1072 to 102. I solved for Sg, with 10* evenly spaced
values of Bpayx : Cimax under low, medium, and high values of o2. R code for finding

numerical solutions is available from Dryad (50).
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Appendix S8: Additional detail on stomatal ratio distributions

within families

There were at least two selective regimes in 9 of 10 families analyzed (Fig. 2). In
one family, Rubiaceae, all species were inferred as members of a hypostomatous
regime. Two regimes are supported in most (8 of 9) multi-regime families, except
Asteraceae, in which three regimes are favoured (Fig. 2A).In all mutli-regime families
except Poaceae, there are distinct regimes associated with hypo- and amphistomy;
in Poaceae, there are hyper- and amphistomous regimes instead (Fig. 2E). However,
the hyperstomatous species of Poaceae in this study may not be representative of
the family since they are wetland specialists in the genus Spartina (77). Generally,
the internal (i.e. amphistomatous) mode is closely centered around 0.5, as predicted
from biophysical theory (1; 2), except in in the Rosaceae, where the inferred optimum

is closer to 0.25.
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