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ABSTRACT: Quantifying the relative contribution of functional and
developmental constraints on phenotypic variation is a long-standing
goal of macroevolution, but it is often difficult to distinguish different
types of constraints. Alternatively, selection can limit phenotypic
(co)variation if some trait combinations are generally maladaptive.
The anatomy of leaves with stomata on both surfaces (amphisto-
matous) present a unique opportunity to test the importance of func-
tional and developmental constraints on phenotypic evolution. The
key insight is that stomata on each leaf surface encounter the same
functional and developmental constraints but potentially different
selective pressures because of leaf asymmetry in light capture, gas ex-
change, and other features. Independent evolution of stomatal traits
on each surface imply that functional and developmental constraints
alone likely do not explain trait covariance. Packing limits on how
many stomata can fit into a finite epidermis and cell size-mediated
developmental integration are hypothesized to constrain variation
in stomatal anatomy. The simple geometry of the planar leaf surface
and knowledge of stomatal development make it possible to derive
equations for phenotypic (co)variance caused by these constraints
and compare them with data. We analyzed evolutionary covariance
between stomatal density and length in amphistomatous leaves from
236 phylogenetically independent contrasts using a robust Bayesian
model. Stomatal anatomy on each surface diverges partially indepen-
dently, meaning that packing limits and developmental integration
are not sufficient to explain phenotypic (co)variation. Hence, (co)var-
iation in ecologically important traits like stomata arises in part be-

* Corresponding author; email: cdmuir@hawaii.edu.

ORCIDs: Muir, https://orcid.org/0000-0003-2555-3878; Galmés, https://
orcid.org/0000-0002-7299-9349; Pathare, https://orcid.org/0000-0001-6220
-7531; Xiong, https://orcid.org/0000-0002-6332-2627.

cause there is a limited range of evolutionary optima. We show how
it is possible to evaluate the contribution of different constraints by
deriving expected patterns of (co)variance and testing them using
similar but separate tissues, organs, or sexes.

Keywords: adaptation, amphistomy, developmental integration, leaf,
packing limits, phylogenetic comparative methods, stomata.

Introduction

Selection should move populations toward their multi-
variate phenotypic optimum if traits can evolve indepen-
dently and there is sufficient genetic variation. Yet diver-
gence in one trait often covaries with other traits, and
covariance can persist for millions of years (Schluter 1996).
Covariance is “a rough local measure of the strength of
constraint” (Maynard Smith et al. 1985, p. 267) that can be
broken down into functional and developmental constraints.
Functional constraints are “limitations imposed by time, en-
ergy, or the laws of physics” (Arnold 1992, p. S97). In other
words, certain trait combinations are not physically or geo-
metrically possible. A classic example is shell coiling among
invertebrate lineages in which the morphospace of possi-
ble phenotypes is constrained by hard geometrical limits
(Raup 1966; McGhee 1999). Within the space of possible
phenotypes, developmental constraints can “bias . . . the
production of variant phenotypes or [place] a limitation
on phenotypic variability” (Maynard Smith et al. 1985,
p. 267). For example, Fibonacci leaf arrangement (phyllotaxis)
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may arise from a packing constraint of primordia on the
developing apex (Mitchison 1977; Reinhardt and Gola
2022; but for an adaptive explanation, see Niklas 1988).
The adaptationist view is that all adaptive areas of trait
space are occupied and that natural selection constrains
phenotypic variation because maladaptive forms cannot
evolve. Under this view, interspecific trait covariation
evolves because “missing” maladaptive trait combinations
are nonrandomly distributed in trait space. For example, a
negative correlation between apparency and toxicity can
arise because prey can avoid predation by being cryptic
or toxic, but no prey population can exist for long if it is
both apparent and palatable. Understanding phenotypic
constraint is challenging, but a useful starting point is deter-
mining whether phenotypic covariation can be explained
by functional or developmental constraints (McGhee 1999,
2007; Olson 2019). If phenotypic covariation is inconsis-
tent with functional and developmental constraints, this
provides a strong impetus to test adaptive explanations.
This is sometimes referred to as selective constraint be-
cause selection eliminates phenotypic variation that is gen-
erally maladaptive.

In this study, we will address packing problems and de-
velopmental integration, specific forms of functional and
developmental constraints relevant to our study system,
stomatal anatomy. We introduce these concepts generally
in this paragraph. Packing a number of objects into a finite
space is a common functional constraint on organisms.
Regular geometries that appear in nature, such as helices
and hexagons (think DNA and honeycombs), are often
optimal solutions to packing problems (Mackenzie 1999;
Maritan et al. 2000). Notice that functional constraint does
not preclude selection, but the presence of a packing limit
changes the range of possible phenotypes. Developmental
integration is a form of developmental constraint on mul-
tivariate phenotypic evolution, and we use these terms in-
terchangeably in this study. Developmentally integrated
traits have a “disposition for covariation” (Armbruster et al.
2014), meaning that evolutionary divergence between line-
ages in one trait will be tightly associated with divergence
in another trait. Allometry is a classic, albeit contested,
example of developmental integration that may constrain
phenotypic evolution (reviewed in Pélabon et al. 2014).
Strong allometric covariation between traits within popu-
lations can constrain macroevolutionary divergence for
long periods of time depending on the strength and direc-
tion of selection (Lande 1979). However, developmental
integration does not necessarily hamper adaptation and
can even accelerate adaptive evolution when trait cova-
riation is aligned with the direction of selection (Hansen
2003). For example, fusion of floral parts increases their
developmental integration, which may increase the rate
and precision of multivariate adaptation to specialist polli-
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nators (Berg’s rule; Berg 1959, 1960; Armbruster et al.
1999; Conner and Lande 2014).

Stomatal anatomy on the leaves of flowering plants
provides an exceptional opportunity to test for functional
and developmental constraints because (1) there are thou-
sands of species to compare and (2) the main packing
constraints and developmental steps are analytically trac-
table. This means that it is possible to derive quantitative
predictions and test their generality using large compara-
tive data sets representing millions of years of evolution-
ary history. For this purpose, a heretofore unappreciated
fact about stomata is that many leaves have stomata on
both lower and upper surfaces. The packing and develop-
mental constraints are the same for stomata on each sur-
face, but the selection may differ. Therefore, if packing
and developmental constraints dominate, stomatal anat-
omy on each surface should diverge in concert. Failure to
do so implies that independent evolution is possible and
that selection against generally maladaptive phenotypes
explains at least some of the covariance between traits.
Phylogenetic comparisons of stomatal anatomy provide
a statistically powerful, general, and elegant way to dis-
tinguish different phenotypic constraints that would be
impossible in many other traits with as much ecological
significance. The next sections provide background infor-
mation on stomatal anatomy, how it varies, and why func-
tional or developmental constraints might be important.

How Stomatal Anatomy Varies and Why It Matters

Stomata are microscopic pores formed by a pair of guard
cells that regulate gas exchange (CO, gain and water va-
por loss) on the leaves or other photosynthetic surfaces
of most land plants. Stomata originated once in the history
of land plants around 500 Ma, diversified rapidly in density
and size, and have been maintained in most lineages except
some bryophytes and aquatic plants (recently reviewed
in Clark et al. 2022). Stomata respond physiologically by
opening and closing in response to light, humidity, tem-
perature, circadian rhythm, and plant water status (He-
therington and Woodward 2003; Lawson and Matthews
2020). The stomatal size, density, and distribution on a ma-
ture leaf do not change, so the maximum rate of gas ex-
change is fixed. However, the plant may respond plastically
to environmental cues, such as light and CO,, by altering
stomatal anatomy in new leaves (Casson and Gray 2008).
Physiological responses (aperture change) and plastic re-
sponses (new leaves with changed anatomy) may be alter-
native strategies for plants to acclimate to environmental
change (Haworth et al. 2013). Finally, stomatal anatomy
can evolve because of inherited changes in stomatal devel-
opment. Plastic and genetic changes in stomatal anatomy
are both ecologically important, but most studies do not
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use a common garden design that would tease apart their
relative contribution.

We focus on anatomical variation in the density, size,
and patterning of stomata on a leaf because these factors
set the maximum stomatal conductance to CO, diffusing
into a leaf and the amount of water that transpires from it
(Franks and Farquhar 2001; Sack et al. 2003; Galmés et al.
2013; Harrison et al. 2020). Plants typically operate below
their anatomical maximum by dynamically regulating sto-
matal aperture. Even though operational stomatal conduc-
tance determines the realized photosynthetic rate and wa-
ter use efficiency, anatomical parameters are useful in that
they set the range of stomatal function (de Boer et al. 2016)
and are correlated with actual stomatal function under nat-
ural conditions (Murray et al. 2020). All else being equal,
larger, more densely packed, but evenly spaced stomata in-
crease gas exchange (Franks and Beerling 2009; Dow et al.
2014; Lehmann and Or 2015). Smaller stomata may also be
able to respond more rapidly than larger stomata, proving
the ability of leaves to track short-duration environmental
change (Drake et al. 2013). Stomata are most often found
only on the lower leaf surface (hypostomy), but they occur
on both surfaces (amphistomy) in some species (Metcalfe
and Chalk 1950; Parkhurst 1978; Mott et al. 1982). Am-
phistomatous leaves have a second parallel pathway from
the substomatal cavities through the leaf internal airspace
to sites of carboxylation in the mesophyll (Parkhurst 1978;
Gutschick 1984). Thus, amphistomatous leaves have lower
resistance to diffusion through the airspace, which in-
creases the photosynthetic rate (Parkhurst and Mott
1990). If total stomatal and other conductances to CO,
supply could be held constant, then an amphistomatous
leaf will have a greater conductance than an otherwise
identical hypostomatous leaf. The magnitude of the ad-
vantage depends on the resistance to diffusion through
the internal airspace, which is variable among species.

The adaptive significance and ecological distribution of
leaves with different stomatal anatomies is complex, and
there is much yet to learn. Seed plants posses a wider
range of stomatal anatomies than ferns and fern allies,
which are restricted to having large stomata, at low den-
sity, only on the lower surface (de Boer et al. 2016). In
general, trees and shrubs have greater stomatal density
than herbs, but there is a of lot variation within growth
forms depending on the ecological niche (Salisbury 1928;
Kelly and Beerling 1995). A commonly observed trend is
that leaves from higher-light environments tend to have
greater stomatal density (Salisbury 1928; Mott et al. 1982;
Gibson 1996; Smith et al. 1998; Jordan et al. 2014; Muir
2015; Bucher et al. 2017). This may explain why, perhaps
counterintuitively, plants in dry environments tend to
have more stomata. Drier habitats are more open, en-
abling plants with higher stomatal density to photosynthe-

size more when water is available but close stomata during
drought (Liu et al. 2018). Over recent human history, sto-
matal density has tended to decline within species as atmo-
spheric CO, concentrations have risen (Woodward 1987;
Royer 2001). It is unclear whether most of this change is
plastic or genetic, but the overall direction is consistent
with the hypothesis that plants decrease gas exchange as
CO, availability increases.

Stomatal ratio is a continuous measure of how stomata
are deployed across leaf surfaces. The adaptive signifi-
cance of variation in stomatal ratio is uncertain, but we
have some clues based on the distribution of hypo- and
amphistomatous leaves. Despite the fact that amphistomy
can increase photosynthesis, most leaves are hypostoma-
tous. Amphistomy should increase photosynthesis most
under saturating-light conditions, where CO, supply lim-
its photosynthesis. However, the light environment alone
cannot explain why hypostomatous leaves predominate
in shade plants (Muir 2019), suggesting that we need to
understand the costs of upper stomata better. One factor
may be increased vulnerability to pathogens. For exam-
ple, upper stomata increase susceptibility to rust patho-
gens in Populus (McKown et al. 2014, 2019; Fetter et al.
2021). Amphistomy may also cause the palisade meso-
phyll to dry out under strong vapor pressure deficits
(Buckley et al. 2015). Other hypotheses about the adap-
tive significance of stomatal ratio are discussed in Muir
(2015) and Drake et al. (2019).

Major Features of Stomatal Anatomical Macroevolution

Two major features of stomatal anatomy have been recog-
nized for decades, but we do not yet understand the evo-
lutionary forces that generate and maintain them. We re-
fer to these features as “inverse size-density scaling” and
“bimodal stomatal ratio” (fig. 1). Inverse size-density scal-
ing refers to the negative interspecific correlation between
the size of the stomatal apparatus and the density of sto-
mata (Weiss 1865; Franks and Beerling 2009; de Boer
etal. 2016; Sack and Buckley 2016; Liu et al. 2021). Across
species, leaves with smaller stomata tend to pack them
more densely, but there is significant variation about this
general trend (fig. 1a). Stomatal size and density deter-
mine the maximum stomatal conductance to CO, and wa-
ter vapor but also take up space on the epidermis, which
could be costly for both construction and maintenance.
Natural selection should favor leaves that have enough sto-
mata of sufficient size to supply CO, for photosynthesis.
Hence, leaves with few small stomata and high photosyn-
thetic rates do not exist because they would not supply
enough CO,. Conversely, excess stomata or extra large sto-
mata beyond the optimum may result in stomatal interfer-
ence, where the CO, concentration gradient around one
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Figure 1: Two salient features of stomatal anatomy in flowering plants are the inverse relationship between stomatal size and density (a)
and the bimodal distribution of stomatal ratio (b). At broad phylogenetic scales, species with smaller stomata on their leaves (x-axis, log
scale) tend to have greater stomatal density (x-axis, log scale), but there is a lot of variation about the overall trend indicated by the gray
ellipse. Hypostomatous leaves (stomatal ratio = 0) are more common than amphistomatous leaves, but within amphistomatous leaves the
density of stomata on each surface tends to be similar (stomatal ratio = 0.5), which we refer to as bimodal stomatal ratio.

stomate merges with that of its neighbor (Zeiger et al. 1987;
Lehmann and Or 2015), incurs metabolic costs (Deans
et al. 2020), and/or risks hydraulic failure (Henry et al.
2019). The distribution of stomatal size and density may
therefore represent the combinations that ensure enough,
but not too much, stomatal conductance. Franks and Beer-
ling (2009) further hypothesized that the evolution of small
stomata in angiosperms enabled increased stomatal con-
ductance while minimizing the epidermal area allocated to
stomata.

A striking feature of the interspecific variation in sto-
matal ratio is that trait values are not uniformly distributed
but are strongly bimodal (fig. 15). Bimodal stomatal ratio
refers to the observation that the ratio of stomatal density
on the adaxial (upper) surface to the density on the abaxial
(lower) has distinct modes (fig. 1b). Amphistomy occurs
most often in herbaceous plants from open, high-light
habitats (Salisbury 1928; Mott et al. 1982; Gibson 1996;
Smith et al. 1998; Jordan et al. 2014; Muir 2015, 2018;
Bucher et al. 2017). Muir (2015) described bimodal stoma-
tal ratio formally, but the pattern is apparent in earlier
comparative studies of the British flora (see Peat and Fitter
1994, their fig. 1).

Packing Limits, Developmental Integration,
and Stomatal Anatomy

Given the significance of stomata for plant function and
global vegetation modeling (Berry et al. 2010), we would
like to understand what factors constrain their anatomi-
cal variation. Here, we focus on interspecific variation in
mean trait values rather than intraspecific variation. Pack-

ing constraints and developmental integration could ex-
plain inverse size-density scaling. The density and size of
stomata on a planar leaf surface can be viewed as a packing
problem where the total area allocated to stomata cannot
exceed the total leaf area. This is a functional, or geometric,
constraint because certain combinations of large size and
high density are not physically possible. This functional
constraint cannot explain why combinations of low density
and small size are rare, but it may explain why stomatal size
must decrease when density increases as the leaf runs out of
space. The packing limit of functional stomata is less than
the entire leaf area, but the exact value is unclear. The real-
ized upper limit is close to one-third or one-half (de Boer
et al. 2016; Sack and Buckley 2016; Liu et al. 2021) for
the species’ mean, not an individual leaf.

Guard cell size and spacing between stomata (the in-
verse of density) are developmentally intertwined because
guard cells and epidermal pavement cells between stomata
develop from the same meristem. Before guard cell meris-
temoids form via asymmetric cell division (Dow and Berg-
mann 2014), the size of guard and epidermal cells are
influenced by meristematic cell volume and expansion.
Evolutionary shifts in meristematic cell volume or expan-
sion rate could cause both increased stomatal size and lower
density because epidermal cells between stomata are larger
(Brodribb et al. 2013). For example, larger genomes increase
meristematic cell volume (Simova and Herben 2012), which
sets a lower bound on final cell volume. Although different
expansion rates in guard and epidermal pavement cells can
reduce the correlation in their final size, the fact that species
with larger genomes tend toward having larger stomata
and lower density may indicate an effect of development
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integration on stomatal anatomy (Beaulieu et al. 2008;
Simonin and Roddy 2018; Roddy et al. 2020). Develop-
mental integration in this case would not necessarily slow
adaptive evolution if the main axes of selection were
aligned with the developmental correlation. For example,
if higher maximum stomatal conductance were achieved
primarily by increasing stomatal density and decreasing
stomatal size, as proposed by Franks and Beerling (2009),
then developmental integration might accelerate the re-
sponse to selection compared with a case where stomatal
size and density are completely independent.

Muir (2015) showed that bimodality can arise adap-
tively if fitness optima are restricted to separate regimes.
Specifically, if either the fitness costs or benefits of allocat-
ing additional stomata to the upper surface are nonlinear
with the correct curvature, then there are distinct “hypo-
stomatous” and “amphistomatous” regimes. An alterna-
tive hypothesis is that stomatal traits on the ab- and adaxial
surfaces are developmentally integrated because stomatal
development is regulated the same way on each surface.
In hypostomatous leaves, stomatal development is turned
off on the adaxial surface. In amphistomatous leaves, sto-
matal development proceeds on both surfaces, but evolu-
tionary changes in stomatal development affect traits on
both surfaces because they are tethered by a shared devel-
opmental program. This is a developmental constraint be-
cause the fact that stomatal development is the same on
each surface constrains the type of variation available for
selection. Developmental integration would lead to a bi-
modal trait distribution because leaves would either be
hypostomatous (stomatal ratio equal to zero) or have sim-
ilar densities on each surface (stomatal ratio of approxi-
mately 0.5). To our knowledge, this hypothesis has not
been put forward in the literature.

Hypotheses and Predictions

The overarching question is whether major features of
stomatal anatomy in terrestrial angiosperms are consis-
tent with packing constraints and/or developmental inte-
gration mediated by cell size. Since stomata on both sur-
faces of amphistomatous leaves are subject to the same
functional and developmental constraints, if these cons-
traints are most important we predict similar patterns
of trait covariation on abaxial and adaxial surfaces. Con-
versely, if traits covary differently on each surface it would
indicate that stomatal anatomical traits can evolve inde-
pendently and selection against generally maladaptive trait
combinations shapes covariation. Analogously, variation
in the genetic correlation and interspecific divergence of
sexually dimorphic traits in dioecious species demonstrate
that integration is not fixed and can be modified by selec-
tion (Barrett and Hough 2013). We framed specific hy-

potheses and predictions around how functional or devel-
opmental constraints might explain either inverse size-
density scaling or bimodal stomatal ratio.

Inverse Size-Density Scaling. Both packing limits and de-
velopmental integration could contribute to inverse size-
density scaling. If limits on the fraction of epidermal area
occupied by stomata constrains the combinations of sto-
matal size and density that are evolutionarily accessible,
then we predict that evolutionary divergence in stomatal
size and/or density will decrease as the fraction of epider-
mal area occupied by stomata increases. Furthermore, if
divergence slows as epidermal area occupied by stomata
because of a packing limit, it should slow down the same
way for both ab- and adaxial surfaces.

The second hypothesis is that cell size mediates devel-
opmental integration between stomatal size and density.
If developmental integration is the primary reason for in-
verse size-density scaling, then amphistomatous leaves
will exhibit identical size-density scaling on each surface.
If the stomatal size and density scale differently on each
surface, this implies that they can evolve independently
and that selection against generally maladaptive trait com-
binations shapes their covariance. Furthermore, we pre-
dicted that divergence in genome size, which is strongly
associated with meristematic cell volume (Simov4 and
Herben 2012), would covary with stomatal size and density
similarly on each surface.

Bimodal Stomatal Ratio. If the developmental integration
hypothesis is correct, it also implies that stomatal size and
density will diverge in concert on each surface because the
developmental function is fixed. Therefore, we predict that
divergence of stomatal traits on one surface will be isomet-
ric with divergence in stomatal traits on the other surface.
This type of developmental integration limits the expres-
sion of variation and could give rise to a bimodal stomatal
ratio. Suppose that in hypostomatous leaves, stomatal de-
velopment is completely suppressed. In amphistomatous
leaves, stomatal development proceeds identically on each
surface because the developmental function is identical.
This would lead to a tendency for equal density on each
surface.

We formalized these hypotheses into a mathematical
framework to derive quantitative predictions that we tested
in a phylogenetic comparative framework by compiling sto-
matal anatomy data from the literature for a broad range of
flowering plants.

Material and Methods

Unless otherwise mentioned, we performed all data wran-
gling and statistical analyses in R version 4.2.2 (R Core



Team 2022). Source code is publicly available on GitHub
(https://github.com/cdmuir/stomata-independence) and
archived in the Dryad Digital Repository (https://doi.org
/10.5061/dryad.Orxwdbs42; Muir et al. 2022).

Theory: Divergence With and Without
Developmental Constraint

Developmental integration could shape patterns of phe-
notypic macroevolution, but a major hindrance to prog-
ress is that verbal models do not make precise quantita-
tive predictions that distinguish it from alternatives. An
advantage of testing developmental integration in sto-
mata is that their development is well studied (Bergmann
and Sack 2007; Dow and Bergmann 2014; Sack and Buck-
ley 2016). We can leverage that knowledge to build a de-
velopmental function and derive equations for phenotypic
(co)variance caused by developmental integration. If ob-
served patterns of evolution are inconsistent with develop-
mental integration, theory may also help identify which
parameters lead to developmental disintegration. We com-
bined and extended stomatal development models to pre-
dict how stomatal density and length would diverge if
stomatal development were constrained and how those
predictions would change if stomatal development were
unconstrained. We summarize our methods verbally here
and direct readers interested in the mathematical details to
the supplemental PDF. A graphical summary is provided
in figure S3. We imposed constraint by assuming the sto-
matal developmental function is constrained. The devel-
opmental function maps cell size prior to differentiation
onto stomatal size and density using two parameters. The
first parameter describes how cell volume is apportioned
between epidermal cells and guard cell meristemoids dur-
ing asymmetric cell division (Dow and Bergmann 2014).
The second parameter is a stomatal index (Salisbury
1928; Sack and Buckley 2016), determined by amplifying
and spacing divisions after asymmetric cell division (Dow
and Bergmann 2014). When these parameters are fixed, di-
vergence in stomatal size and density is determined by di-
vergence in meristematic cell volume and expansion prior
to asymmetric division. We relaxed this constraint by treat-
ing parameters of the developmental function as random
variables that can diverge between species. We used ran-
dom variable algebra to derive predicted (co)variance in di-
vergence between stomatal length and density (for key ran-
dom variable algebra theorems, see Lynch and Walsh 1998).

Data Synthesis

We searched the literature for studies that measured sto-
matal density and stomatal size, either guard cell length
or stomatal pore length, for both abaxial and adaxial leaf
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surfaces. In other words, we did not include studies un-
less they reported separate density and size values for each
surface. We did not record leaf angle because it is typically
not reported, but we presume that for the vast majority of
taxa the abaxial is the lower surface and the adaxial is the
upper surface. This is reversed in resupinate leaves, but to
the best of our knowledge our synthesis did not include
resupinate leaves. None of the species with resupinate
leaves listed by Chitwood et al. (2012) are in our data
set. We refer to guard cell length as stomatal length and
converted stomatal pore length to stomatal length assum-
ing that guard cell length is twice pore length (Sack and
Buckley 2016). Table 1 lists anatomical traits and sym-
bols. Abaxial traits are subscripted with “ab”; adaxial
traits are subscripted with “ad.”

Data on stomatal anatomy are spread over a disparate
literature, and we have not attempted an exhaustive syn-
thesis of amphistomatous leaf stomatal anatomy. We be-
gan our search by reviewing articles that cited key studies
of amphistomy (Parkhurst 1978; Mott et al. 1982; Muir
2015). We supplemented these by searching Clarivate
Web of Science for “guard cell length” because most stud-
ies that report guard cell length also report stomatal den-
sity, whereas the reverse is not true. We identified addi-
tional studies by reviewing the literature cited of articles
we found and through opportunistic discovery. The final
data set contained 5,104 observations of stomatal density
and length from 1,242 taxa and 38 primary studies (ta-
ble S5). However, many of these data were excluded if tax-
onomic name and phylogenetic placement could not be re-
solved (see below). Finally, we included some unpublished
data. Stomatal size data were collected on grass species de-
scribed in Pathare et al. (2020). We also included unpub-
lished data on 14 amphistomatous wild tomato species
(Solanum sect. Lycopersicum and sect. Lycopersicoides)
grown in pots under outdoor summer Mediterranean
conditions (C. D. Muir, J. Galmés, and M. A. Conesa,
unpublished data). We took ab- and adaxial epidermal

Table 1: Stomatal anatomical traits with mathematical symbol,
description, and scientific units

Symbol Definition Unit

D,, Stomatal density on abaxial (lower) pores mm™
surface

D.4 Stomatal density on adaxial (upper) pores mm™>
surface

fs Fraction of epidermal area allocated unitless
to stomata

L, Guard cell length on abaxial (lower) um
surface

L. Guard cell length on adaxial pm

(upper) surface
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imprints using clear nail polish of the midportion of the lam-
ina away from major veins on the terminal leaflet of the
youngest, fully expanded leaf from one to five replicates
per taxon. With a bright-field light microscope, we counted
stomata in three 0.571-mm” fields of view and divided by
the total area to estimate density. We measured the aver-
age guard cell length of 60 stomata, 20 per field of view, to
estimate stomatal size. The data set is publicly available as
an R package ropenstomata (https://github.com/cdmuir
/ropenstomata). We collected data on genome size from
the Angiosperm DNA C-values database (Leitch et al.
2019; Pellicer and Leitch 2020). When multiple ploidy
levels were available for a taxon, we chose the lowest
one for consistency.

Phylogenetically Independent Contrasts

We generated an ultrametric bifurcating phylogeny of
638 taxa by resolving and removing ambiguous taxonomic
names, placing taxa on the GBOTB.extended megatree of
seed plants (Zanne et al. 2014; Smith and Brown 2018),
and resolving polytomies using published sequence data.
Divergence times in this phylogeny are based on extensive
fossil calibration (for further details, see Magallon et al.
2015; Smith and Brown 2018). The complete methodology
is described in the supplemental PDF.

From this phylogeny, we extracted 236 phylogenetically
independent taxon pairs (table S1). A fully resolved bi-
furcating four-taxon phylogeny can have two basic to-
pologies: ((A, B), (C, D)) or ((A, B), C), D)). Taxon pairs
include all comparisons of A with B and C with D in each
four-taxon clade. We extracted pairs using the extract_
sisters() function in the R package diverge (ver. 2.0.4;
Anderson and Weir 2021) and custom scripts (see source
code). Taxon pairs are the most closely related pairs in
our data set, but they are mostly not sister taxa in the
sense of being the two most closely related taxa in the tree
of life. For each pair we calculated phylogenetically inde-
pendent contrasts (Felsenstein 1985) as the difference in
the log,,-transformed trait value (for a similar approach,
see Beaulieu et al. 2008). Contrasts are denoted as Alog
(trait). We log-transformed traits for normality because
like many morphological and anatomical traits, they
are strongly right skewed. Log transformation also helps
compare density and length, which are measured on dif-
ferent scales, because log-transformed values quantify
proportional rather than absolute divergence.

Parameter Estimation

All hypotheses make predictions about trait (co)variance
matrices or parameters derived from them (see the sup-
plemental PDF and subsections below). Within- and

among-species covariation is a hallmark of developmen-
tal integration (Armbruster 1988), but other evolution-
ary processes also lead to covariance. Distinguishing be-
tween them requires deriving predictions and testing
whether observed covariance is consistent with one hy-
pothesis or another. We estimated the 4 x 4 covariance
matrix of phylogenetically independent contrasts be-
tween log-transformed values of Alog(D,,), Alog(D.4),
Alog(L,,), and Alog(L.s) using a distributional multire-
sponse robust Bayesian approach. See table 1 for variable
definitions. We denote variances as Var[Alog(trait)] and
covariances as Cov[A log(trait,), Alog(trait,)]. We used a
multivariate ¢ distribution rather than a normal distribution
because estimates using the former are more robust to ex-
ceptional trait values (Lange et al. 1989). We also estimated
whether the variance in trait divergence increases with time.
Under many trait evolution models (e.g., Brownian mo-
tion), interspecific variance increases through time. To ac-
count for this, we included time since taxon-pair divergence
as an explanatory variable affecting the trait covariance
matrix.

For the packing limit hypothesis, we tested whether the
variance in stomatal trait divergence, Var[Alog(trait)],
decreases as stomatal allocation increases. The fraction
of epidermal area allocated to stomata (f;) is the product
of stomatal density and area occupied by a stomatal appa-
ratus. Because guard cell shape is similar in most plant
lineages except grasses, the area can be well approximated
from guard cell length as A = jL?, wherej = 0.5 for most
species with kidney-shaped guard cells and j = 0.125 for
grasses with dumbbell-shaped guard cells (Sack and
Buckley 2016). For each contrast, we calculated the aver-
age fs on each surface between those two taxa for use as
our explanatory variable. The statistical model allowed
the effect of f; on Var[Alog(trait)] to vary between traits
and leaf surfaces. We also included time since taxon-pair
divergence as an explanatory variable and used a multi-
variate t distribution as described above.

We fit all models in Stan (ver. 2.29; Stan Development
Team 2022) using the R package brms (ver. 2.17.0; Biirk-
ner 2017, 2018) with a CmdStanR backend (ver. 0.5.2;
Gabry and Ce$novar 2022). It ran on two parallel chains
for 1,000 warm-up iterations and 1,000 sampling itera-
tions. All parameters converged (R ~ 1), and the effective
sample size from the posterior exceeded 1,000 (Vehtari et al.
2021). We used the posterior median for point estimates and
calculated uncertainty with the 95% highest posterior den-
sity (HPD) interval from the posterior distribution.

Hypothesis Testing

Does Divergence Slow as Epidermal Space Fills? We tested
the packing limit hypothesis by estimating whether the
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fraction of epidermal area allocated to stomata ( fs) affects
Var[Alog(trait)] for each trait and leaf surface. If there
is an upper bound on f;, we predict the effect of f;
on Var[Alog(trait)] will be less than zero. Specifically, the
95% HPD intervals should not include zero. Furthermore,
the coefficient should be the same on each surface, so the
95% HPD intervals for difference should encompass zero.

Is Size-Density Scaling the Same on Both Leaf Surfaces?
We tested whether the covariance between divergence in
stomatal length and stomatal density on each leaf surface
is the same. If size and density are developmentally inte-
grated, we predict that the covariance matrices will not
be significantly different. Specifically, the 95% HPD inter-
vals of the difference in covariance parameters should not
include zero if

Var[Alog(D,,)] # Var[Alog(D,4)], (1)
Var[Alog(L,,)] # Var[Alog(L.)], (2)

Cov[Alog(L,,), Alog(D,,)] # Cov[Alog(L.),Alog(D,0)]. (3)

Do Abaxial and Adaxial Stomatal Traits Evolve Isomet-
rically? If stomatal traits on each surface are develop-
mentally integrated, then divergence in the trait on one
surface should result in a 1:1 (isometric) change in the
trait on the other surface. Furthermore, there should be
relatively little variation away from a 1:1 relationship.
Conversely, if traits can evolve independently, then the
change in the trait on one surface should be uncorrelated
with changes on the other. We tested for isometry by esti-
mating the standardized major axis (SMA) slope of diver-
gence in the abaxial trait against divergence in the adaxial
trait for both stomatal length and stomatal density. If change
on each surface is isometric, then the HPD intervals for the
slope should include 1. We used the coefficient of determi-
nation, 1%, to quantify the strength of integration, where
a value of 1 is complete integration and a value of 0 is
complete disintegration.

Results

Theory: From Developmental Integration
to Disintegration

We asked how divergence in stomatal length and density
would covary if the developmental function were con-
strained and compared it to their divergence when the de-
velopmental function can evolve. When the developmen-
tal function is constrained, this means that allocation to
guard cell meristemoids during asymmetric division and
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stomatal index are fixed (for a mathematical description,
see the supplemental PDF). Under these assumptions, di-
vergence in stomatal length and density is mediated en-
tirely by divergence in meristematic cell volume and ex-
pansion prior to differentiation. Developmental integration
is strong because divergence in density is perfectly nega-
tively correlated with divergence in size. In contrast, stoma-
tal length and density can diverge independently when the
developmental function is not fixed. Divergence in asym-
metric cell division affects stomatal size independently of
density; divergence in stomatal index affects stomatal den-
sity independently of size. Divergence in the developmen-
tal function causes developmental disintegration because
stomatal density and size can diverge independently. De-
velopmental integration is minimal when asymmetric cell
division and/or stomatal index diverge more than meriste-
matic cell volume and expansion. The three main conclu-
sions are that (1) developmental constraint leads to devel-
opmental integration; (2) different (co)variance in divergence
of stomatal length and density on each surface implies the
developmental function is not fixed; and (3) divergence in
different components of the developmental function affect
stomatal length and density differently. See the supple-
mental PDF and table S4 for more a complete derivation
and detailed predictions.

Empirical Results

The variance in trait divergence decreases as the fraction
of epidermal area allocated to stomata, f;, increases (figs. 2,
S1). The effect of fs was strongest for adaxial stomatal den-
sity (D,q) and 95% HPD intervals did not overlap zero for
three of four comparisons (table S2). Variance in diver-
gence for D,4 declined more rapidly with fs than did that
for abaxial stomatal density (D,; difference [95% HPD in-
terval] in slope, log-link scale: —10.7 [—17.2 to —4.2]).
Variance in length divergence declined similarly with fs
on both surfaces (difference [95% HPD interval] in slope,
log-link scale: —2.8 [—9.6 to 4]).

Stomatal length negatively covaries with stomatal den-
sity similarly on both surfaces, but on the adaxial surface
there are many more taxa that have low stomatal density
and small size compared with the abaxial surface (fig. 3).
In principle, this pattern could arise either because size-
density covariance differs or the variance in adaxial sto-
matal density increases faster than that for abaxial stoma-
tal density. The interspecific variance increases with time
since divergence for all traits (table S3). For consistency,
we therefore report estimates conditional on time since
divergence set to zero. Across pairs, we estimate that the
covariance between size and density is similar. The median
estimate is Cov[Alog(L.s),Alog(D.s)] — Cov[Alog(L.,),
Alog(D,,)] = 3.18 x 107*, but zero is within the range
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Figure 2: Evolutionary divergence slows down as epidermal space fills up. This pattern is consistent with functional constraints (packing
limits) constraining evolution, but only when stomata occupy a large fraction of epidermal area. The shaded area in each facet indicates the
estimate of where 95% of the 236 phylogenetically independent contrasts fall as a function of the fraction of epidermal area allocated to
stomata per surface. Each point is the absolute value of Alog(trait) for stomatal density (left facets) or length (right facets) on the adaxial
(upper facets) and abaxial (lower facets) surface. The fraction of epidermal area allocated to stomata is the average value per surface between
the two taxa in each contrast. Divergence in anatomical traits is more variable when stomata occupy a smaller area, especially for adaxial
stomatal density (upper left facet). See table S2 for all parameter estimates and confidence intervals.

of uncertainty (95% HPD interval: —3.85 x 107° to 4.26 x
107*). However, the variance in adaxial stomatal density
is significantly greater than the abaxial stomatal density
(fig. 4). We estimate that Var[Alog(D,4)] is 4.00 x 1072
(95% HPD interval: 1.42 x 107 to 7.07 x 107%) greater
than Var[Alog(D,,)]. The variance in stomatal length was
similar for both surfaces, with an estimate of —4.54 x
107* (95% HPD interval: —1.67 x 107> to 7.45 x 107*).
We analyzed a smaller set of 79 contrasts with data on
both genome size and stomatal anatomy. Consistent with
previous studies (Beaulieu et al. 2008; Jordan et al. 2015;
Simonin and Roddy 2018), increased genome size was as-
sociated with increased stomatal length on both surfaces
(fig. S2). The association between genome size and stoma-
tal density was negative, as expected, but weaker. Only the

slope for adaxial stomatal density was significantly less
than zero (fig. S2).

Stomatal density on each surface is less integrated than
stomatal length. The relationship between stomatal den-
sity on each leaf surface is visually more variable than that
for stomatal length (fig. 5). This pattern occurs because
the slope and strength of integration for stomatal density
on each surface is much weaker than that for stomatal
length. The SMA slope between Alog(D.,) and Alog(D,.)
is less than 1 (estimated slope = 0.742; 95% HPD interval:
0.619 to 0.883), and the strength of association is weakly
positive (estimated r* = 0.113; 95% HPD interval: 0.0431
to 0.205; fig. 6). In contrast, the relationship between
Alog(L,s) and Alog(L,,) is isometric (estimated slope =
1.03; 95% HPD interval: 0.955 to 1.12) and strongly
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Figure 3: Inverse size-density scaling differs between the surfaces of amphistomatous leaf, indicating different phenotypic constraints. The
panels show the relationship between stomatal length (x-axis) and stomatal density (y-axis) on a log-log scale for values measured on the
abaxial leaf surface (left) and the adaxial leaf surface (right) across 638 taxa.

positive (estimated > = 0.762; 95% HPD interval: 0.691
to 0.82; fig. 6).

Discussion

Functional and developmental constraints may slow ad-
aptation by preventing traits from evolving independently
toward a multivariate phenotypic optimum. An alternative
view is that phenotypic evolution is limited primarily be-
cause most phenotypes are maladaptive and selected
against, sometimes referred to as selective constraint. In
this study, we took advantage of the fact that amphisto-
matous leaves produce stomata on both abaxial (usually
lower) and adaxial (usually upper) surfaces. Packing limits,
a functional constraint, and developmental integration
should result in similar (co)variance in divergence of sto-
matal traits on each surface (see the supplemental PDF),
whereas differing selective pressures for each surface would
lead to different patterns of divergence. Although some
patterns of trait (co)variance are compatible with packing
limits or developmental integration (see below), indepen-
dent evolution of stomatal density on each surface across
flowering plants is notably inconsistent with these cons-
traints. We therefore conclude that selection against gener-
ally maladaptive trait combinations plays a major role in
the evolution of stomata and possibly other ecologically
important traits. It should not be surprising that stomatal
traits respond to natural selection, but it is nevertheless
plausible that some stomatal trait combinations that would
have high fitness are precluded by nonadaptive constraints.
Our results challenge these nonadaptive explanations, es-
pecially for stomatal density.

Neither packing limits nor developmental integration
were sufficient to explain two major patterns of diver-
gence in stomatal traits (fig. 1). Although evolutionary di-

vergence slowed as the allocation to stomata f; increased,
the effect of f; was different on each surface (figs. 2, S1; ta-
ble S2). The contrasting pattern of divergence on each
surface is inconsistent with a common packing limit
and suggests instead that a different range of adaptive sto-
matal trait combinations on the lower and upper leaf sur-
face. Contrary to the developmental integration hypothe-
ses, the greater variance in stomatal density compared
with length on the adaxial surface indicates that density
is more labile on this surface, although traits on each sur-
face are not completely decoupled (figs. 4, 6; table S3).
Consistent with the developmental integration hypothe-
ses, divergence in stomatal length on each surface evolves
isometrically at the same rate, suggesting that guard cell
dimensions may not be able to evolve independently on
each surface (fig. 6). The evolutionary lability of stomatal
density, despite constraints on size, show that inverse size-
density scaling and bimodal stomatal ratio cannot be at-
tributed entirely to developmental integration. Combina-
tions of small stomata and low density that are not found
on the abaxial surface are found on the adaxial surface, in-
dicating that these rare trait combinations are developmen-
tally accessible.

While phylogenetic comparisons usually cannot prove
that phenotypic variation is adaptive, ruling out alterna-
tive hypotheses as the sole explanation is an important
step toward quantifying the relative importance of adap-
tation in macroevolution (McGhee 1999; Olson 2019).
Establishing that traits can evolve quasi-independently
is necessary but not sufficient to show that selection is
the primary process shaping phenotypic evolution. Pack-
ing limits and developmental integration may bias phe-
notypic evolution, even if they do not preclude certain
stomatal trait combinations. Therefore, future research will
need to combine stomatal developmental (dis)integration



804 The American Naturalist

a ‘?‘Q abaxial surface ﬂ? adaxial surface
E 5] E 5]
£ 2 £ 2
I o
2" 2"
L]
= =
2 01 2 0-
[} [}
© ©
®© ©
© 11 © 11
S €
) o
n n
% 21, . . . ~ o 2L . . . .
% -0.50 -0.25 0.00 0.25 0.50 (—<3] -0.50 -0.25 0.00 0.25 0.50
Alog(stomatal length [um]) Alog(stomatal length [um])
b var(length) var(density) cov(length,density)
0.0100 4 0.1251 0.005 1
8 0.00751 0.100 7 0.0004 - -------- +—-
® 0.0754
-2 0.0050 - - 1
g 0.050 1 0.005
= 0.0025 A : 0.010
o 0.0000F------=-- _+_ _. 0.025+ :
——————— 0000t nm oot e o 0015
© © (OB © © [ORr © © (OB
® @® o ®© (] ® o ®© ® [0} o ©
T 8 ©8% |8 ® o8 |8 ® o8
L= E E
TE T3 T
[ @® @®
© e) e)
® ® ®©
leaf surface

Figure 4: Greater overall phenotypic constraint on abaxial stomatal anatomy is evinced by more variable evolutionary divergence in adaxial
stomatal density, but covariance between density and length is similar on both surfaces. a, Data from 236 phylogenetically independent
contrasts of change in log(stomatal length) (x-axis) and log(stomatal density) (y-axis) for abaxial (left) and adaxial (right) leaf surfaces. Each
contrast is shown by black points, and every contrast appears on both panels. Gray ellipses are the model-estimated 95% covariance ellipses.
The negative covariance is similar for both surfaces, but the breadth in the y direction is larger for adaxial traits, indicating greater evolu-
tionary divergence in log(stomatal density). b, Parameter estimates (points), 66% (thick lines), and 95% highest posterior density (HPD)
intervals for estimates of trait (co)variance. Gray points and lines represent ab- and adaxial values; black points and lines represent the es-
timated difference in (co)variance between surfaces. Only the variance for stomatal density (middle) is significantly greater for the adaxial
surface (95% HPD interval does not overlap the dashed line at zero). Reported parameter estimates are conditioned on zero time since di-

vergence between taxa (see “Results”).

with biophysical models of how stomatal anatomy would
vary adaptively (Olson and Arroyo-Santos 2015). Although
these questions and approaches apply to any phenotype,
stomata will be a useful trait because of their ecological sig-
nificance and broad application to most land plants.

Do Packing Limits and Developmental Integration
Lead to Inverse Size-Density Scaling?

Stomata cannot occupy more than the entire leaf surface,
but realistically there is probably an upper packing limit
below this hard bound. If this packing limit drives inverse
size-density scaling, we should observe that divergence
in stomatal size and density decrease as this limit is ap-

proached. Near the limit, large changes that reduce fs
are possible, but changes that increase f; must be small
so as not to exceed the limit. Furthermore, the same pack-
ing limit should apply to both ab- and adaxial leaf sur-
faces. Although we observe that divergence decreases with
fs» the relationship is not the same on both surfaces (figs. 2,
S1; table S2). This implies that other factors constrain sto-
matal size and density before they approach a packing limit.

If meristematic cell volume and expansion integrate
stomatal size and density (Brodribb et al. 2013), then we
predicted that inverse size-density scaling would evolve
with the same (co)variance for both ab- and adaxial leaf
surfaces (see the supplemental PDF). Contrary to this pre-
diction, there are many combinations of stomatal density
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Figure 5: Stomatal density on each surface is less constrained (lower correlation) than stomatal length (higher correlation). Relationship
between stomatal density and length on each leaf surface in a synthesis of amphistomatous leaf traits across 638 taxa. The panels show
the relationship between the abaxial trait value (x-axis) and the adaxial trait value (y-axis) on a log-log scale for stomatal density (left)
and stomatal length (right). The dashed line in across the middle is the 1:1 line for reference.

(D;) and length (L;) found on adaxial leaf surfaces that are
absent from abaxial leaf surfaces (fig. 3). In principle, the
different relationship between traits on each surface could
be caused by different evolutionary variance in stomatal
density (Var[Alog(D,,)] # Var[Alog(D,4)]) and/or co-
variance (Cov[Alog(L,,),Alog(D,,)] # Cov[Alog(L.4),
Alog(D,4)]) on each surface. However, the covariance re-
lationship between density and length is similar on each
surface, whereas the evolutionary variance in adaxial sto-
matal density is significantly higher than that for abaxial
density (Var[Alog(D,,)] < Var[Alog(D.4)]; fig. 4). Given
that the average stomatal length is usually about the same
on each surface (see below), these results imply that plants
can often evolve stomatal densities on each surface with-
out a concomitant change in size. Based on our theoretical
analysis, we interpret these results to mean that cell divi-
sions affecting stomatal index are less evolutionarily con-
strained than the asymmetric cell division preceding the
guard cell meristemoid (fig. S3; table S4).

The disintegration of stomatal size and density on ad-
axial leaf surfaces implies that the inverse size-density
scaling on abaxial surfaces (Weiss 1865; Franks and Beer-
ling 2009; de Boer et al. 2016; Sack and Buckley 2016; Liu
et al. 2021) is not a developmental fait accompli. The la-
bility of D,; may explain why there is so much putatively
adaptive variation in the trait along light gradients (Muir
2018) and in coordination with other anatomical traits
that vary among precipitation habitats (Pathare et al. 2020).
There may appear to be a tension between our results
and recent findings that genome size, which is strongly cor-
related with meristematic cell volume (Simova and Herben
2012), correlates strongly with mature guard cell size as
well as the size and packing density of mesophyll cells
(Roddy et al. 2020; Théroux-Rancourt et al. 2021). How-

ever, most plant species are far from their minimum cell
size, as determined by genome size (Roddy et al. 2020;
fig. 3). Genome size explains 31%-54% of the variation in
stomatal density across the major groups of terrestrial
plants (Simonin and Roddy 2018), but there is huge varia-
tion in stomatal density and stomatal length in angiosperms
with rather similar genome size (see fig. 2 in Simonin and
Roddy 2018). Genome size, a proxy for meristematic cell
volume, is more strongly related to stomatal size than den-
sity (fig. S2). Yet the decoupling of size and density on the
adaxial surface suggests that meristematic cell volume is
probably not a strong constraint on the final size of epider-
mal pavement and guard cells because of different division
and expansion rates after the asymmetric cell division stage.
A possible resolution is that meristematic cell volume limits
the range of variation in species with exceptionally large ge-
nomes, but most species can modify stomatal size and den-
sity independently of each other to optimize photosynthesis
(Jordan et al. 2015; Simonin and Roddy 2018; Roddy et al.
2020; Théroux-Rancourt et al. 2021).

Does Developmental Integration Lead
to Bimodal Stomatal Ratio?

We predicted that if abaxial and adaxial stomata are devel-
opmentally integrated, then we should observe a strong
isometric relationship between trait divergence on each
surface. Consistent with this prediction, divergence in sto-
matal length on each surface is isometric (SMA slope =
1.03) and strongly associated (r* = 0.762; fig. 6). In con-
trast, divergence in stomatal density on each surface was
not isometric (SMA slope = 0.742) and much less inte-
grated (r* = 0.113; fig. 6). Since average stomatal density
on each surface can evolve quasi independently, a wide
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since divergence between taxa (see “Results”).

variety of stomatal ratios are developmentally possible. The
stomatal developmental function is not constrained to be
identical on each surface. If natural selection favored an in-
termediate stomatal ratio between modes, developmental
processes should not constrain the expression of genetic
variation to achieve it. This supports the hypothesis that
the bimodal stomatal ratio pattern (Muir 2015) arises be-
cause natural selection rarely favors intermediate trait val-
ues, not because intermediate values are developmentally
inaccessible.

Limitations and Future Research

The ability of adaxial stomatal density to evolve indepen-
dently of stomatal size and abaxial stomatal density is not
consistent with packing limits or developmental integra-

tion as the primary cause leading to inverse size-density
scaling or bimodal stomatal ratio. However, there are
two major limitations of this study that should be ad-
dressed in future work. First, while D,, can diverge inde-
pendently of other stomatal traits globally, we cannot rule
out that developmental integration is important in some
lineages. Developmental constraints are often localized to
particular clades but are not universal (Maynard Smith
et al. 1985). For example, Berg’s rule observes that vegetative
and floral traits are often developmentally integrated, but
integration can be broken when selection favors flowers
for specialized pollination (Berg 1959, 1960; Conner and
Lande 2014). Other traits evince developmental modular-
ity, such as the independent evolution of leaf and petal ve-
nation (Roddy et al. 2013). Analogously, developmental
integration between stomatal anatomical traits could



evolve in some lineages, due to selection or other evolu-
tionary forces, but become less integrated in other line-
ages. For example, D,, and D,4 are positively genetically
correlated in Oryza (Ishimaru et al. 2001; Rae et al. 2006),
suggesting that developmental integration may contribute
to low variation in stomatal ratio between species of this
genus (Giuliani et al. 2013). A second major limitation is
that covariation in traits like stomatal length, which ap-
pear to be developmentally integrated on each surface,
could be caused by other processes. For example, since
stomatal size affects the speed and mechanics of stomatal
closure (Drake et al. 2013; Harrison et al. 2020; but see
Roddy et al. 2020), there may be strong selection for sim-
ilar stomatal size throughout the leaf to harmonize rates of
stomatal closure. Coordination between epidermal and
mesophyll development may also constrain how indepen-
dently stomatal traits on each surface can evolve (Dow
et al. 2017; Lundgren et al. 2019; Théroux-Rancourt et al.
2021; Borsuk et al. 2022).

Future research should identify the mechanistic basis
of developmental disintegration between D,, and D,
Multiple reviews of stomatal development conclude that
stomatal traits are independently controlled on each sur-
face (Lake et al. 2002; Bergmann and Sack 2007), but we
do not know much about linkage between ab-adaxial po-
larity and stomatal development (Kidner and Timmer-
mans 2010; Pillitteri and Torii 2012). Systems that have
natural variation in stomatal ratio should allow us to
study how developmental disintegration evolves. Quanti-
tative genetic studies in Brassica oleracea L., Oryza sativa
L., Populus trichocarpa Torr. & A. Gray ex Hook., Populus
interspecific crosses, and Solanum interspecific crosses
typically find partial independence of D,, and D,4; some
loci affect both traits, but some loci only affect density
on one surface and/or genetic correlations are weak (Ishi-
maru et al. 2001; Ferris et al. 2002; Hall et al. 2005; Rae et al.
2006; Laza et al. 2010; Chitwood et al. 2013; McKown et al.
2014; Muir et al. 2014; Porth et al. 2015; Fetter et al. 2021).
For example, Populus trichocarpa populations have puta-
tively adaptive genetic variation in D,q. Populations are
more amphistomatous at northern latitudes with shorter
growing seasons that may select for faster carbon assimila-
tion (McKown et al. 2014; Kaluthota et al. 2015; Porth et al.
2015). Genetic variation in key stomatal development tran-
scription factors is associated with latitudinal variation in
D,4, which should help reveal the mechanistic basis of
developmental disintegration between surfaces (McKown
et al. 2019).
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