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Causes of ecological gradients in leaf margin entirety:
Evaluating the roles of biomechanics, hydraulics, vein

geometry, and bud packing’

Thomas J. Givnish? and Ricardo Kriebel

PREMISE OF THE STUDY: A recent commentary by Edwards et al. (Am. J. Bot. 103: 975-978) proposed that constraints imposed by the packing of young
leaves in buds could explain the positive association between non-entire leaf margins and latitude but did not thoroughly consider alternative
explanations.

METHODS: We review the logic and evidence underlying six major hypotheses for the functional significance of marginal teeth, involving putative effects
on (1) leaf cooling, (2) optimal support and supply of the areas served by major veins, (3) enhanced leaf-margin photosynthesis, (4) hydathodal function,
(5) defense against herbivores, and (6) bud packing.

KEY RESULTS: Theoretical and empirical problems undermine all hypotheses except the support-supply hypothesis, which implies that thinner leaves
should have non-entire margins. Phylogenetically structured analyses across angiosperms, the El Yunque flora, and the genus Viburnum all demonstrate
that non-entire margins are indeed more common in thinner leaves. Across angiosperms, the association of leaf thickness with non-entire leaf margins is
stronger than that of latitude.

CONCLUSION: We outline a synthetic model showing how biomechanics, hydraulics, vein geometry, rates of leaf expansion, and length of development
within resting buds, all tied to leaf thickness, drive patterns in the distribution of entire vs. non-entire leaf margins. Our model accounts for dominance of
entire margins in the tropics, Mediterranean scrub, and tundra, non-entire margins in cold temperate deciduous forests and tropical vines and early-
successional trees, and entire leaf margins in monocots. Spinose-toothed leaves should be favored in short-statured evergreen trees and shrubs, primarily

in Mediterranean scrub and related semiarid habitats.
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A century ago, Bailey and Sinnott (1916) discovered a remarkable
pattern of evolutionary convergence: in dicotyledonous (term of
the authors) flowering plants, most woody species in lowland tropi-
cal forests have entire leaf margins, while most in cold temperate
forests have toothed or lobed leaves (Fig. 1). Bailey and Sinnott rec-
ognized the possibility that this pattern might have arisen through
lineages fixed for entire vs. non-entire leaf margins having differen-
tial latitudinal distributions for reasons other than leaf form. How-
ever, they dismissed that possibility, because most of the families
studied have both kinds of foliage and the association of marginal
entirety with latitude repeatedly holds within families as well. Bailey
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and Sinnott (1916) also found that arctic and alpine shrubs often
have entire leaves, reversing the latitudinal trend in marginal en-
tirety; that certain warm temperate areas (e.g., southern California,
Western Australia) have a high proportion of species with entire
leaf margins; and that the proportion of species with non-entire
margins is greater among herbs and vines than trees in tropical re-
gions. These latter patterns, however, have been largely ignored by
subsequent researchers. Paleobotanists have often used the fraction
of leaves with entire margins in paleofloras to reconstruct mean an-
nual temperature and/or paleolatitude, calibrated against the tropi-
cal to cold temperate pattern observed in modern floras (Wolfe,
1971; Peppe et al., 2011; Yang et al., 2015).

Despite the marked latitudinal gradient in leaf margin entirety,
surprisingly little consensus has emerged over the past hundred
years as to its adaptive significance. Edwards et al. (2016) briefly
discussed some of the arguments about the functional significance
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FIGURE 1 Leaves of Tilia heterophylla (left) and Mollia lepidota of Malvaceae subfamily Tilioideae
tribe Tilleae. Tilia exemplifies the leaves of many cold temperate woody plants, with toothed
margins and craspedodromous venation, with secondary veins penetrating to the margin; Mollia
exemplifies the leaves of many tropical species, with entire margins and camptodromous (in this
case, brochidodromous to reticulodromous) venation, with secondary veins fusing in loops that
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HYPOTHETICAL ADVANTAGES OF NON-
ENTIRE LEAF MARGINS

(1) Leaf cooling—Gates (1968) calculated that
sunlit leaves dissected into narrow lobes or
leaflets should equilibrate at cooler temperatures
and transpire less per unit area. Vogel (1970)
suggested that marginal teeth might also
increase convective heat loss, and Gottschlich
and Smith (1982) confirmed that convective
heat loss from model leaves of a given average
width increased with the depth of marginal
teeth—but this happened only as the teeth be-
came deep enough to narrow the interior of
the leaf and reduce its actual width. Given that
entire, lobed, compound, and toothed leaves
can all have the same effective width and im-
pact on heat exchange, transpiration, and
photosynthesis averaged over a leaf’s surface,
Givnish and Vermeij (1976) concluded that
the significance of such variations in leaf
shape cannot lie in their impact on heat bal-
ance and gas exchange. The query raised by
Edwards et al. (2016)—Why aren’t leaves
more dissected in the lowland tropics to dis-
sipate the greater heat load there?—in our
view cannot be resolved using heat-balance
models alone. The seemingly paradoxical oc-
currence of large entire leaves in the humid air
of lowland rainforests was first explained by
Givnish and Vermeij (1976), based on natural
selection maximizing the difference between
photosynthesis and the root costs associated
with transpiration as leaf temperature and the
rate of water loss per unit area rise with in-
creasing leaf width, yielding the prediction
that moister or more humid conditions that
reduce root costs favor broader leaves.

parallel the margin. Images derived with permission from the National Cleared Leaf Collection.

of marginal teeth in terms of how they might (1) cool leaves, (2)
optimize the areas supported and supplied by major veins, (3) en-
hance photosynthesis along the leaf margin early in the growing
season, (4) serve as hydathodes to prevent water supplied by root
pressure from flooding the mesophyll, or (5) reduce herbivory.
They concluded (p. 975) that “none of [these hypotheses] is terribly
well supported”, and instead explored the hypothesis that leaf shape
and non-entire leaf margins may instead reflect constraints im-
posed by the (6) packing of leaf primordia within resting buds.

In our opinion, the evidence for each of the six potential expla-
nations for the significance of leaf margin entirety merits further
examination. We briefly address the empirical and theoretical is-
sues, suggest that the preponderance of evidence strongly favors
the support-supply hypothesis, and propose an alternative frame-
work that takes into account how biomechanics, hydraulics, gas
exchange, bud packing, and the geometry of leaf venation can explain
all of the major patterns discovered by Bailey and Sinnott (1916),
not merely the partial latitudinal gradient discussed by Edwards
et al. (2016) and others.

(2) Optimal support and supply—Givnish

(1978, 1979) calculated that the optimal lam-
ina area for a major vein to support mechanically and supply with
fluids should taper linearly toward the distal tip of the vein. This
shape results in a distal decrease of the vein cross section at each
point along the vein, with a resulting decline in mechanical strength
that exactly matches the bending torques caused by the leaf masses
and lever arms beyond each point. This shape also results in a distal
tapering of vein cross-sectional area and supply capacity that ex-
actly matches the areas of leaf tissue that must be supplied with
water at each point along the vein. The shape of this area close to
the base of a leaf or the areas served by adjacent secondary veins
should be further selected, however, to avoid unproductive shading
by other leaves or duplication of mechanical/hydraulic service with
the areas around adjacent secondary veins. This model explains the
nearly universal tapering of leaves around their midribs toward
their tips. Givnish (1978, 1979) proposed that, in thin leaves, the
areas supported by adjacent secondaries should be somewhat me-
chanically independent of each other, because of the weak mechan-
ical strength of a thin lamina. Thin leaves should thus favor tapering,
triangular teeth toward the distal end of each secondary vein—like
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the distal portion of a leaf around its midrib—whereas the mechan-
ical support provided by a thick lamina should work against the
formation of separate teeth around each secondary. We add that, in
thinner leaves, the areas supplied by adjacent major veins should
also be more hydraulically independent of each other, given the
fewer parallel pathways by which water can move from the xylem
through the mesophyll (Sack et al., 2013) and the large fraction of
total leaf conductance found outside the xylem (Sack and Holbrook,
2006). Mechanical and hydraulic independence of the areas sup-
ported and supplied by individual secondary veins means that
those areas should taper distally, like leaves supported by a midrib,
thus favoring marginal teeth in thin leaves. Simulations suggest
that hydraulic supply can be critically limiting at the leaf margin;
hydraulically vulnerable areas—that is, those far from secondary
veins near their tips, on the leaf margin—are absent in toothed
leaves (Roth et al., 1995). A completely different argument, based
on minimizing the costs of supportive tertiary veins, accounts for
the adaptive significance of lobed leaves, predicting their occur-
rence in foliage that is thin in cross section and effectively broad
(i.e., with substantial widths of leaves, lobes, or leaflets), which
matches the distribution of lobed leaves primarily in temperate decidu-
ous forests and in the short-lived leaves of rapidly growing vines
and early-successional trees of the lowland tropics (Givnish, 1979).

Givnish (1978) provided evidence for this support-supply hy-
pothesis by showing that the fraction of species with entire mar-
gins, based on binned data, increased with leaf thickness in the El
Yunque dicot flora studied by Howard (1969). Even in a tropical
flora including only evergreen species, the expected connection of
entire margins to leaf thickness prevailed. Here we use StatPlus in
Excel to execute a phylogenetically unstructured logistic regression
on Howard’s data to demonstrate a highly significant rise (P <
0.0042 for 38 df) in the probability y of entire leaf margins as leaf
thickness x increases, y = 1/(1+exp[—(a + Bx)] for o = 2.6611 £
1.1057 (SE) and 8 = -0.0103 + 0.0036 (SE), even when the data are
unbinned (Fig. 2). Scripts and data for all statistical analyses are
deposited in Dryad (available from the Dryad Digital Repository:
http://dx.doi.org/10.5061/dryad.h1d1b; Givnish and Kriebel, 2017).
The observed pattern is consistent with the high fraction of species
with non-entire margins (90%) in tree species of the northern
United States, most of which are deciduous and have thin leaves
(mean thickness = 152 pum for 22 species from Iowa), and much
lower fractions of native dicots in subtropical Florida (16%; mean
thickness = 210 um for 33 species) and New Zealand (47%; mean
thickness = 406 pum for 38 species), both of which have large frac-
tions of evergreen taxa with much thicker leaves (leaf margin data
from Bailey and Sinnott, 1916; leaf thickness data from Wylie,
1946, 1954). Shrubs of Mediterranean climates are characterized by
thick, evergreen, sclerophyllous leaves, most of which have entire
margins (but see point 4 below). These comparisons suggest that
the connection between entire leaf margins and thick leaves seen in
the El Yunque flora might apply much more broadly and help ex-
plain the latitudinal pattern in marginal entirety.

On a global scale, Royer et al. (2012) used phylogenetically un-
structured analyses of a pool of 3549 species to show that the frac-
tion of woody species with toothed leaf margins decreases sharply
with leaf thickness, and that—after controlling for mean annual
temperature—species with toothed leaf margins are more likely to
be deciduous and have thin leaves, high leaf N content, a low leaf
mass per unit area, and ring-porous wood. The first finding pro-
vides strong evidence for the support-supply hypothesis (see
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FIGURE2 The fraction of species with non-entire leaves declines with leaf
thickness in the tropical montane non-monocot flora of El Yunque,
Puerto Rico (redrawn from Givnish, 1979). Inset: Distribution of leaf thick-
nesses and margin types by species, with a logistic regression showing
the probability of a species having non-entire margins as a function of
leaf thickness.

above). The latter findings are consistent with the leaf economics
spectrum (Wright et al., 2004) and the functional integration of
photosynthetic rate with stomatal conductance, transpiration rate,
stem hydraulic conductance, xylem diameter, and wood density
(Wong et al., 1979; Bucci et al., 2004; Santiago et al., 2004). In con-
trast to the data for woody species, Royer et al. (2012) found no
significant latitudinal shift in the fraction of herbaceous species
with toothed leaf margins. Royer et al. (2009) used phylogeneti-
cally structured analyses to show that the fraction and abundance
of toothed woody species increase significantly in moving from
ridges to riparian habitats and from shallow to deep soils across
100 sites in Australian subtropical notophyll vine rainforest (their
table 4, fig. 6). Studies in North America (Kowalski and Dilcher,
2003) and South America (Burnham et al., 2001) have also shown
a higher incidence of toothed species on moister sites at a given
mean annual temperature. We suggest that all of these patterns are
also consistent with the support-supply hypothesis, because thin-
ner (and thus toothier) leaves with higher photosynthetic capacity
are favored on moister and/or more fertile sites (Givnish, 1979,
1984).

Here we conduct the first phylogenetically structured tests of the
correlations among leaf margin entirety (mostly due to the pres-
ence/absence of marginal teeth), leaf thickness, and latitude on a
global basis, superimposing data for all traits gleaned from Royer
et al. (2009) on a broad-scale angiosperm phylogeny provided by
Zanne et al. (2014) and a more inclusive phylogeny to increase the
match of species using S.PhyloMaker (Qian and Jin, 2015). Branch
lengths are those given by the authors and based on time. Phyloge-
netic logistic regressions (Ives and Garland, 2010) using the phylo-
glm function in the R package phylolm (Ho and Ané, 2014) showed
that the fraction of non-entire leaves decreases linearly with leaf
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thickness (mm), significantly on the Zanne et al. tree (= -5.34 +
2.39 [SE), or = 0.0068, P < 0.026 for 181 non-entire species, 194 en-
tire species), and in highly significant fashion on the larger Qian-
Jin tree (f = —3.02 £ 0.55, a = 0.0078, P < 4.7 x 10 for 253
non-entire species and 362 entire species, including 97% of the 636
species for which Royer et al. tabulate leaf thickness and margin
type) (Fig. 3, and Figs. S1 and S2 in Appendix S1 (see online Sup-
plemental data with this article). Stochastic mapping of leaf entirety
conducted with the R package phytools (Revell, 2012) under the
best fitting all rates different (ARD) model of character evolution
on the Qian-Jin tree identified 31.9 shifts from entire to non-entire
leaves, and 95.1 from non-entire to entire margins. Marginal en-
tirety is thus highly labile, and non-entire leaves were more fre-
quently lost than gained. The lability of marginal entirety make its
strong correlation with leaf thickness very likely to reflect replicated
shifts in both variables, and thus strong evidence for the putative
functional relationship of marginal entirety to leaf thickness (see
Maddison and FitzJohn, 2015). We also found a significant increase
in the incidence of entire leaves with leaf thickness after applying a
phylogenetically structured logistic regression only to the 33 of the
40 El Yunque species that could be placed on the Qian-Jin tree (8=
-8.16+3.36, = 0.029, P < 0.016). Together, based on modern ana-
Iytical techniques, these results support the original findings of
Givnish (1979) for the El Yunque flora, show that they apply at a
global scale, and demonstrate that the highly significant pattern at
the global scale does not depend on idiosyncrasies of species sam-
pling in different data sets.

On the larger angiosperm tree, we also used phylogenetic gen-
eralized least squares regression (PGLS) to test whether leaf thick-
ness declined with latitude, using the R package nlme (Pinheiro
et al., 2016). As hypothesized, leaf thickness does decline with in-
creasing latitude (8 = —2.18 £ 0.81, P < 0.0074, Ornstein-Uhlen-
beck model for In leaf thickness vs. latitude; decline not significant
for untransformed data), while the fraction of non-entire leaves
increased with latitude (8 = 0.032 £ 0.010, & = 0.0052, P < 1.2 X
107) in a univariate PS logistic regression (see also Royer et al.,
2009 and Little et al., 2010). In a PS logistic multiple regression, the
incidence of non-entire margins increased with latitude L and de-
creased with leaf thickness 6 (8, = 0.021 + 0.0095, P < 0.024; 3, =
—5.73+1.24; P < 3.7 X 10°°). We calculated the normalized effect of
each trait x as 0.01- B -SD (x), the impact of a change in a trait equal
to 1% of its standard deviation across species. The normalized ef-
fect of leaf thickness on the incidence of entire leaves is 3.82 times
that of latitude, and the significance of the partial effect of leaf
thickness on leaf marginal entirety is nearly four orders of magni-
tude greater than that of latitude. The leaf margin-latitude nexus
thus appears to be consistent with latitude (perhaps together with
moisture seasonality in a more elaborate model) driving leaf thick-
ness, and leaf thickness is driving leaf margin evolution, but with a
small additional effect of latitude. On the basis of all the evidence,
we find strong support for the support-supply hypothesis, the only
previously proposed hypothesis providing a mechanism to predict
that thinner leaves should be more likely to have non-entire
margins.

(3) Enhanced leaf-margin photosynthesis—Early expansion and
maturation of tissue at the tips of leaf teeth and lobes in deciduous
species could yield high photosynthetic rates during leaf expansion
early in the spring (Baker-Brosh and Peet, 1997). The abundance of
veins and stomata near teeth and the thinner boundary layer at the
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leaf margin might also enhance early photosynthesis there in ex-
panding leaves, especially near teeth that might increase turbulence
(Royer and Wilf, 2006). Baker-Brosh and Peet (1997) demonstrated
higher photosynthetic rates per unit area near the leaf margins in
eight of 15 woody deciduous species (all with toothed or lobed mar-
gins) from North Carolina and in none of four species with entire
margins. Higher photosynthetic rates occurred within 2 mm of the
leaf margin early in the growing season in 60 woody species from
North Carolina and Pennsylvania and higher rates in toothed vs.
untoothed margins (Royer and Wilf, 2006). Photosynthesis per
unit area was up to 3-5 times higher in toothed margins than in the
rest of the leaf early in the growing season. The area near the leaf
margin is quite small in midsummer, but we estimate that it might
account for 15-30% of total leaf area just after bud break. So, for a
few days in early spring, toothed leaf margins might add a substan-
tial amount to total photosynthesis, increasing leaf carbon gain by
30-120% above what it would have been if the margin had the same
rate as the rest of the leaf. This contribution is probably caused
mostly (and perhaps entirely) by the earlier maturation of the tips
of secondary veins and adjacent lamina than tissue in the core of
the leaf or at the margin of untoothed leaves, which often lack rap-
idly developing vein termini (see later Synthesis section). As devel-
opment proceeds basipetally into the leaf interior, that area should
gain photosynthetic competence and erase most or all of the photo-
synthetic “advantage” of the leaf margin.

Consequently, differences in marginal toothiness are unlikely to
result in differences in leaf photosynthesis summed over the grow-
ing season. Plants might gain a substantial edge in carbon uptake
via toothed leaf margins over an entire growing season if they (1)
bear small leaves that mature more rapidly over their entire surface
and have a longer active season as a result; or (2) achieve higher
photosynthetic rates at the leaf margin via the reduced resistance to
diffusion through the boundary layer there. The fact that most
leaves, even in cold temperate areas, are far broader than their
toothed margins suggests that marginal photosynthesis is simply
not that important over the growing season. We know of no study
showing enhanced photosynthetic rates at the leaf margin after full
leaf expansion.

(4) Hydathodal teeth—Following earlier suggestions (Haberlandt,
1914; Rea, 1929), Feild et al. (2005) proposed that hydathodal teeth
prevent water supplied by root pressure from flooding the meso-
phyll. This function would allow plants to refill xylem embolisms or
drive leaf expansion without reducing photosynthesis via greatly
increased resistance to CO, diffusion through water vs. air. Their
experiments on Chloranthus japonicus support this conclusion; the
mesophyll of leaves with intact hydathodes did not flood, while
those with blocked hydathodes lost up to 40% of PSII photon yields,
potentially for hours in highly humid habitats (Feild et al., 2005).
Hydathodal teeth may thus be adaptive for cold temperate plants
seeking to refill freeze-thaw embolisms (Edwards et al., 2016).
Toothed leaves are significantly associated with ring-porous wood
(Royer et al., 2012), whose wide vessels can easily embolize during
frosts or drought; entire margins are associated with diffuse-porous
wood with narrower vessels less susceptible to cavitation. However,
large numbers of tropical plants possess hydathodes (Roth, 1990),
many arctic and alpine shrubs exposed to frequent frost lack teeth
of any kind (Bailey and Sinnott, 1916), species with toothed leaves
often do not produce root pressure (Edwards et al., 2016), most
temperate plants produce root pressure only briefly before the buds
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Angiosperm leaf-margin evolution
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open (Singh, 2016), monocots do produce root pressure (Singh,
2016) but almost none bear teeth, and several plants with entire
leaf margins nevertheless have functional hydathodes (Fahn, 1979).
Taken together, these facts strongly suggest that hydathodal activ-
ity cannot account for much of the ecological distribution of non-
entire leaf margins.

The largest veins in leaves are the first to embolize (Brodribb
et al., 2016), which may account for the position of hydathodes at
the ends of primary, secondary, and often tertiary veins; root pres-
sure could directly refill these veins and excess water be borne di-
rectly to the (potentially desiccated) leaf margin without flooding
the epidermis. The frequent placement of hydathodes on marginal
teeth may also allow the leaves to shed exudate rapidly and avoid
damage by pathogens or epiphylls, with the teeth acting as mini-
drip tips (Feild et al., 2005).

(5) Antiherbivore defense—Ehrlich and Raven (1964, 1967) first
claimed that the spinose leaf teeth of European holly were adapted
to deter herbivory by tent caterpillars, based on an experiment by
Merz (1959) showing the edge-feeding caterpillar Lasiocampa
quercus only fed on holly leaves after the spinose teeth were re-
moved. Givnish (1979) reasoned, however, that those spinose teeth
were set too far apart to act as an effective deterrent to feeding by
insects. Subsequently, Potter and Kimmerer (1988) showed that
Ehrlich and Raven had misinterpreted Merz’s experiment, which
entailed the removal of both spinose teeth and the fibrous leaf margin.
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They demonstrated that it was the removal of that leaf margin—not
the spinose teeth—that deterred feeding on American holly by
edge-feeding caterpillars.

Givnish (1976, 1979) proposed that spinose teeth on hollies and
similar plants were a defense against mammalian browsers (a view
subsequently adopted by Brown and Lawton, 1991 and others) and
that leaves would have to be very stiff for marginal spines to be an
effective defense. Spinose leaves should be favored in short woody
plants with tough, evergreen, sclerophyllous leaves accessible to
browsers because placement on the leaf margin would directly en-
hance the defense of the leaves against browsers and because mar-
ginal spines mounted on a stiff leaf would not fold up when ingested
and become ineffective. As a consequence, leaves with spinose teeth
should be favored in semiarid to arid areas that select for thick, stiff
evergreen foliage. Indeed, numerous shrubby species with holly-
like leaves are native to areas of Mediterranean climate (Fig. 4), in-
cluding several scrub oaks (e.g., Quercus chrysolepis, Q. dumosa, Q.
durata), Heteromeles arbutifolia, Prunus ilicifolia, and Rhamnus il-
icifolia in California chaparral (Givnish, 1979; Jepson Flora Project,
2016); numerous Quercus species (e.g., Q. ilex) in Mediterranean
macchia; Kageneckia oblonga, Colliguaya odorifera, Colletia spino-
sissima, and Retanilla ephedra (leaves are photosynthetic spines in
last two species) in Chilean matorral (see Schultz, 1995 for plant
lists), and many saw-toothed leaves and leafy spines in Banksia,
Grevillea, and Hakea in Australia, especially in the southwest
(Carlquist, 1974; Givnish, 1979; Groom and Lamont, 2015). Relatively

FIGURE 4 Holly-like leaves from (A-D) Californian chaparral and (E-H) Chilean mattoral, two forms of Mediterranean scrub from western North and
South America. (A) Rhamnus ilicifolia (Rhamnaceae); (B) Prunus ilicifolia (Rosaceae); (C) Quercus chrysolepis (Fagaceae); (D) Heteromeles arbutifolia (Ro-
saceae); (E) Colliguaya odorifera (Euphorbiaceae); (F) Retanilla ephedra (Rhamnaceae); (G) Colletia spinosissima (Rhamnaceae); (H) Kageneckia oblonga

(Rosaceae).



360 - AMERICAN JOURNAL OF BOTANY

few spinescent plants are found in fynbos (Campbell, 1986), but
half of them have holly-like leaves (Milton, 1991).

In general, evergreen oaks with holly-like leaves appear to be
common only in semiarid areas of winter rainfall that favor ever-
greens, including southern California, the Mediterranean region,
and the western Himalayan region (Brenner, 1902). Givnish (1976,
1979) reasoned that thorns on branches should replace spinose
leaves in short plants with deciduous foliage; such thorns could de-
fend several leaf cohorts, and soft deciduous leaves could too easily
fold in a browser’s mouth, rendering marginal leaf spines ineffec-
tive. The species of Prunus native to southern California nicely
illustrate these principles (Givnish, 1976). Evergreen shrubs acces-
sible to browsers on the mainland have spinose leaves (P. ilicifolia
subsp. ilicifolia), while those occurring on the Channel Islands were
unlikely to have been attacked by native mammalian herbivores
and have entire leaves (P. ilicifolia subsp. lyonii). Short (<3 m)
deciduous species (P. andersonii, P. fasciculata, P. fremontii, P. sub-
cordata) have thorny branches and toothed leaves; tall deciduous
species (P. emarginata, P. virginiana) also have toothed leaves but
lack thorns (data from Jepson Flora Project, 2016). More broadly,
Bowen and van Vuren (1997) found that sheep preferred feeding
on the Channel Island form over the California mainland form of
closely related species or subspecies in all six shrub genera exam-
ined (Ceanothus, Cercocarpus, Dendromecon, Heteromeles, Prunus,
Quercus). Although island and mainland taxa differed from each
other chemically in one or a few traits in one or two genera, the
principal difference was that island forms had a sparser array of
shorter leaf spines than their mainland relatives, clearing implicat-
ing the mechanism proposed by Givnish (1976).

So, contrary to Edwards et al. (2016), we believe there is strong
comparative evidence for spinose teeth being effective as defenses
against vertebrate herbivores in semiarid environments favoring
evergreen foliage. However, there appears to be no evidence that
more typical teeth in thinner leaves serve any defensive purpose.
They might protect emerging leaves from tiny insects, but there are
presently no data supporting such a role.

Taking into account the defensive spines of very thick leaves
greatly clarifies the connection of leaf margins to leaf thickness and
latitude. If we recode the spinose-leaved species on the larger an-
giosperm tree as having entire margins—distinguishing them from
plants with teeth favored by support-supply considerations—the
normalized effect of latitude on marginal entirety and its signifi-
cance vs. that of leaf thickness both decline relative to our earlier
analysis, while the relative significance of leaf thickness increases
(B, =0.030 £ 0.0099, P < 0.0024; B, = —8.24 £ 1.42; P < 6.8 X 10°).
Results are nearly identical if the spinose-leaved taxa are simply ex-
cluded (B, = 0.030 £0.0099, P < 0.0028; B, = —8.06 £ 1.42; P< 1.2 X
107%). The normalized effect of leaf thickness on marginal entirety is
now 3.7 times that of latitude and, as before, accounts for 79% of
the explanatory power in the multiple regression. Excluding the
unusual cases of spinose teeth increases the significance of the rela-
tionship of marginal teeth to thin leaves and latitude by roughly
two orders of magnitude, while leaving the strength of the effect of
each variable on leaf margins unchanged.

Spinose leaves do differ dramatically from most other leaves,
with or without toothed margins. In the Royer et al. (2012) data set,
spinose leaves average 487 £ 183 um in thickness; leaves with non-
entire margins, 175 £ 87 um; and leaves with entire margins, 297 +
181 um. Including spinose leaves among those with non-entire
margins raises the average for that category to 191 + 117 um,

increasing the SD by 33.4% and decreasing the difference in means
between entire- and non-entire-margined leaves by 13%. Treating
spinose leaves as having entire margins had little impact on the
number of state transitions estimated using stochastic mapping,
with 33.3 from entire to toothed margins, and 98.9 in the reverse
direction.

(6) Bud packing—Following Lubbock (1899) and Couturier et al.
(2011, 2012), Edwards et al. (2016) suggest that the pattern and du-
ration of packing of leaf primordia in resting buds plays a major
role in determining the presence and latitudinal distribution of
non-entire leaf margins. We question the role of leaf packing in
explaining this pattern. First, the proposals made by Lubbock
(1899) and Couturier et al. (2011, 2012) bear on leaf lobes, not
teeth; so far as we can tell, nothing they stated explains how bud
packing could account for toothed leaf margins. This point regard-
ing toothed margins is crucial, because the great majority of non-
entire leaf margins involve leaf teeth, not lobes (see Table 1). Of the
species with non-entire margins in the Royer et al. (2012) global
data set that we overlaid on the Qian-Jin tree, 78% are toothed
only, 18.5% are lobed and toothed (to which our hypotheses re-
garding marginal teeth would also apply), and only 3.5% are lobed
but not toothed.

Second, many plants produce toothed leaf margins but no rest-
ing buds whatsoever. For example, most late-summer herbs of in-
determinate growth in deciduous forests of the eastern United
States (e.g., Aster, Circaea, Eupatorium, Impatiens, Pilea, Solidago,
Urtica) bear toothed leaves (Givnish, 1987) that develop directly
from leaf primordia with no period of dormancy. Admittedly, some
of these involve hydathodal teeth, but the presence of teeth without
long periods of development in buds runs counter to the hy-
pothesis advanced by Edwards et al. (2016). Third, Edwards et al.
failed to provide any rationale as to how development within buds,
prolonged or short, could favor the development of toothed
margins or favor such margins to a greater extent at higher lati-
tudes. Clearly, neither teeth nor lobes are required for rapid leaf
deployment at high latitudes, as evidenced by the success of Lin-
dera, Pyrularia, Vaccinium, and numerous other entire-margined,
early-leafing shrubs at temperate and boreal latitudes. There has
been no demonstration, moreover, that packing primordia in buds
must result in either lobes or teeth, or that such leaves do in fact
unfurl any faster than those of species with leaves of comparable
area. The fact that arctic and alpine woody plants generally have
entire leaves (Bailey and Sinnott, 1916) even though they have lon-
ger apparent periods of leaf development and packing inside buds
than cold temperate species argues against this claim. Such tundra
species, however, may accord with the support-supply hypothesis

TABLE 1. Numbers and percentages of species with different kinds of leaf (or
leaflet) margins from Royer et al. (2012) that were overlaid on the Qian and
Jin (2015) tree. Third column indicates the percentages of species with non-
entire leaf margins that are toothed only, lobed and toothed, or lobed only.

% Non-entire

Leaf margin No. of species % Total species species
Entire 362 41.1 —
Non-entire 253 589 —

Toothed but not lobed 198 322 783
Lobed and toothed 46 74 182
Lobed but not toothed 9 1.5 36
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because they often have thick leaves (e.g., Diapensia, Empetrum,
Loiseluria, Rhododendron lapponicum, Vaccinium vitis-idaea), per-
haps reflecting the cold soil from which roots must inefficiently
harvest water, elevating the root costs of transpiration and favoring
narrow, thick leaves (Givnish, 1979). Importantly, however, Ed-
wards et al. (2016) observed that in Viburnum, the earliest-emerg-
ing leaves are sometimes more likely to be toothed than those that
emerge later on the same shoots, suggesting that leaves that spend a
long time developing in resting buds are more likely to have non-
entire margins than leaves that spend little or no time in resting
buds, though the causal pathway for this pattern remains unclear,
and whether it involves time in bud or correlated factors.

Fourth, causes for variation in the form or physiology of any
organ can always be found in terms of how (in developmental or
genetic terms) that organ forms and why (in adaptive terms) it
forms in a particular way. Addressing the first question—finding
the proximal reasons for possession of a trait—does not in any way
address the second issue—finding the ultimate drivers of that trait,
if they exist. Or vice versa. We may one day discover the character-
istic developmental pathway leading to toothed leaf margins. But it
is not clear that such a discovery would explain the context-specific
adaptive value of those margins. There are likely many different
outcomes to the coadaptation of the shape of developing leaves and
bud packing geometry, unlike the evolution of leaf size or growth
form to environmental conditions. It is not at all clear why bud
packing should shape leaves rather than leaf shape sculpt buds and
why environmental conditions would drive either (i.e., if particular
packings were to result in non-entire leaf margins resulting in faster
leaf expansion).

Finally, the proposal that bud packing somehow explains the dis-
tribution of entire and non-entire leaf margins in Viburnum may be
unnecessary: The support-supply hypothesis appears to account for
this pattern. On the basis of the phylogeny and leaf thickness data for
81 Viburnum taxa presented by Chatelet et al. (2013) and the leaf
margin types scored by Schmerler et al. (2012) for several dozen of
these species, and by us for the remaining taxa (data sets available
from the Dryad Digital Repository: http://dx.doi.org/10.5061/dryad.
h1d1b; Givnish and Kriebel, 2017), we found a significant phyloge-
netically structured logistic regression relating leaf margin to leaf
thickness, regardless of whether we pooled minutely toothed species
with those having non-entire margins (f = -10.14 + 3.71 SE, o =
3.51, P < 0.007) or entire margins (f = —7.81 £ 3.74, ¢ = 6.62, P <
0.037) (Fig. 5 and Fig. S3 in Appendix S1). Leaf margins are highly
labile. In the first of these analyses, stochastic mapping identified 22.7
transitions from entire to non-entire leaves and 23.3 in the opposite
direction. The second analysis identified 19.8 transitions from entire
to non-entire leaves and 23.9 in the opposite direction.

These reconstructions accord with the demonstration by
Schmerler et al. (2012) of repeated transitions from entire to non-
entire leaves, and vice versa, associated with latitude in a much
smaller set of Viburnum species. Our findings extend those results
by showing how they are coupled to shifts in leaf thickness. The high
value of o in the Viburnum analyses vs. the across-angiosperm and
El Yunque analyses (see above) point to a strong effect of phylogeny
on the distribution of entire vs. non-entire leaves within Viburnum,
probably due to the relatively small number of transitions inferred
within a genus rather than across a flora or all angiosperms. In the
pool of 81 Viburnum taxa surveyed, species with entire leaf margins
have an average leaf thickness of 229 £ 65 um (N = 20), significantly
greater (f = —3.03, P < 0.0035, 2-tailed t test with unequal sample
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variances for 69 df) than the thickness of 175 + 68 um (N = 51) for
species with toothed leaf margins. Those with minutely toothed
margins had an average thickness of 242 + 54 um (N = 10) and did
not differ significantly in that measure from those with entire
margins.

SYNTHESIS

Our analyses strongly point toward the support-supply hypothesis
and the importance of leaf thickness in determining broad-scale
ecological patterns in the distribution of entire vs. non-entire leaf
margins. Bailey and Sinnott (1916, p. 35) themselves stated that
“Among woody plants, well-developed non-entire margins occur
commonly on comparatively thin, soft leaves with prominent veins.
Entire margins, on the other hand, usually occur on thicker, stiffer,
more leathery leaves which are provided with structures that seem
to retard evaporation.” We believe, however, that a comprehensive
model for the evolution of entire vs. non-entire leaf margins must
integrate the support-supply hypotheses with a few additional con-
siderations, including the geometry of leaf venation, the relation-
ship of that geometry to leaf thickness, rapid leaf expansion, and
healing embolisms, and the relationship of leaf thickness to packing
within resting buds (Fig. 6), as we now explain.

The most important factor ignored in all the studies reviewed
here is the direct relationship of leaf margin geometry to venation
pattern. Across angiosperms, we believe there is a strong associa-
tion of toothed margins with craspedodromous or semicraspedo-
dromous venation and of untoothed margins with brachidodromous,
eucamptodromous, or reticulodromous venation (Fig. 7; see also
Fig. 1). In craspedodromy, the secondary veins terminate in teeth;
in semicraspedodromy, adjacent secondaries join near the margin,
but then give to rise to another secondary vein at the top of their
arch that penetrates to the margin. In brachidodromy, adjacent
secondaries form loops and arches that parallel the margin; eucamp-
todromy involves arcuate venation, in which the secondaries come
to parallel the leaf margin near their terminus; and reticulodromy
includes secondary veins that vanish into a network of increasingly
fine elements near the leaf margin (Fig. 7).

The association of toothed margins with craspedodromous or
semicraspedodromous venation is evident in the illustrations of
various tooth types defined by Hickey and Wolfe (1975), in which a
strong vein lies at the center of individual teeth and penetrates com-
pletely or nearly completely to the leaf margin. We were able to
document, for the first time, a strong quantitative association of ve-
nation pattern with leaf margin types, using the tree flora of the
Great Smoky Mountains sampled by Whittaker (1956: table 2). In-
spection of specimens in the National Cleared Leaf Collection
(http://peabody.research.yale.edu/nclc/) revealed that essentially all
Great Smoky Mountains tree genera with toothed margins (Acer,
Aesculus, Aralia, Carya, Clethra, Fagus, Fraxinus, Hamamelis, Ilex,
Ostrya, Prunus, Quercus, Tilia) have craspedodromous or semi-
craspedodromous venation (cleared leaves of Amelanchier and ar-
borescent Halesia were unavailable for inspection). Great Smoky
Mountains tree genera with untoothed margins (Cornus, Lirioden-
dron, Magnolia, Nyssa, Oxydendrum, Pyrularia, Rhododendron,
Robinia, Sassafras) all had brachidodromous, eucamptodromous,
or reticulodromous venation. A casual examination of the National
Cleared Leaf Collection suggests that this pattern may prove general.
We observed similar patterns in cleared leaves and photographs of
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FIGURE 5 Leaf thickness and marginal type in Viburnum superimposed on the molecular phylogeny of Chatelet et al. (2013), showing repeated evolu-
tion of thin leaves with non-entire margins. Symbols as in Fig. 3; here, however, species with minutely dentate margins have been grouped with those
having non-entire margins. Pie charts reflect the “all rates different” option selected by a ML test. Species names are shown to the right.
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FIGURE6 Integrated model for the evolution of (A) non-entire leaf margins and (B) entire and spinose leaf mar-
gins. The support-supply hypothesis is the direct path leading from leaf thickness to marginal entirety. Leaf
thickness should also affect leaf margins by favoring different kinds of venation, and being associated with
different levels of photosynthetic capacity, tendency to embolisms, and thus presence/absence of hydathodes
to heal embolism. Higher latitudes should favor deciduous leaves except in areas of winter rainfall at mid lati-
tudes or in areas of heavy leaching in boreal and low polar latitudes (Givnish, 2002); short-lived deciduous
leaves, adapted to favorable conditions during the growing season, are usually thin. Moist fertile sites and short
leaf lifetimes should favor thin leaves at any latitude (Givnish, 1979; Reich et al., 1997). The indirect and some-
what noisy relationship of leaf thickness to latitude may help account for the stronger effect of leaf thickness
on marginal entirety (see text). Short growing seasons favor rapid leaf expansion, which in turn should favor
plication of craspedodromous or semicraspedodromous venation to ensure rapid leaf expansion, as well as
thin leaf primordia to allow extensive preformation in buds. Short stature plus thick, evergreen leaves should
favor spinose leaf margins.
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uncleared leaves of Viburnum.
The patterns observed are con-
sistent with the support-supply
hypothesis, in that no teeth
would be favored if secondary
veins run parallel to the leaf mar-
gin: such veins never penetrate
to the leaf margin, and hence
teeth based on areas supported
and supplied independently by
individual secondaries cannot
arise (Fig. 6). We infer that this
point regarding venation may
also be the reason why almost all
monocots have entire margins,
given that most have parallel
veins that run along the leaf
margin, and even those lineages
with strongly branching vena-
tion (Givnish et al., 2005) have
veins that parallel the margin.
The few cases of toothed leaves
in monocots appear to involve
defensive leaf spines, as in sev-
eral bromeliads (e.g., Bromelia,
Dyckia, Encholirium, Hechtia,
Puya) from dry habitats in the
neotropics, and several species of
Agave from New World deserts.
What factors might favor
craspedodromous or semicraspe-
dodromous venation in non-
monocot angiosperms and thus
trigger the development of mar-
ginal teeth as the optimal areas
to be supported and supplied by
major veins reaching the mar-
gin? Moist, fertile conditions
and short growing seasons favor
the evolution of thin leaves with
short lifetimes, high photosyn-
thetic rates, high stomatal con-
ductances adapted to those rates
(Wong et al., 1979; Reich et al.,
1997), and thus, high rates of
transpirational water loss. Such
conditions should apply to de-
ciduous forest trees; rapid leaf
overtopping in fast-growing
vines and early successional
trees of the humid lowland trop-
ics (e.g., Cecropia, Macaranga)
should also result in thin leaves
with short lifetimes and high
photosynthetic and transpira-
tion rates (Fig. 6). Thin leaves
should also have, other things
being equal, low rates of extraxy-
lary conductance and thus re-
quire large veins to provide high
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Craspedodromous Semicraspedodromous Brochidodromous
Carpinus betulus Salix monticola Oxydendrum arboreum

|
| |
Eucamptodromous Reticulodromous
Cornus amomum Ledum columbianum

FIGURE 7 Examples of craspedodromous and semicraspedodromous venation, associated with non-entire leaf margins, and of brochidodromous,
eucamptodromous, and reticulodromous venation, associated with entire leaf margins. Leaves not to scale. Salix montana from the National Cleared
Leaf Collection; the others are from the ClearedLeavesDB (Das et al., 2014).
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rates of flow all the way to the hydraulically vulnerable areas nearest
the leaf margin (Roth et al., 1995). Thicker leaves should provide
greater extraxylary conductance and be associated with lower photo-
synthetic rates, longer lifetimes, and lower transpiration rates, and
thus permit looping connections between the secondary veins in
various forms of camptodromous venation; such connections
could promote greater long-term safety of the leaf hydraulic net-
work, and the major veins paralleling the leaf margin could be per-
mitted when extraxylary conductance is high (Fig. 6). Thin leaves
should also select for thicker veins with more mechanical tissue to
support the otherwise floppy lamina. In many species, high flow
rates in thin leaves may also lead to greater risks of embolism within
the leaf, selecting for root pressure to heal embolisms, especially in
larger veins (Brodribb et al., 2016), selecting in another way for
craspedodromous or semicraspedodromous venation leading to
the leaf margin and hydathodal teeth to prevent flooding of the me-
sophyll and possibly loss of photosynthetic capacity (Feild et al.,
2005) (Fig. 6). Craspedodromous or semicraspedromous venation
may also allow rapid expansion of preformed leaves in the bud; pli-
cation of areas between parallel secondary veins could allow them
to unfold rapidly as the buds open, providing a potential advantage
in areas with a short growing season. Fagus grandifolia exemplifies
this strategy; it has craspedodromous venation, plication, and the
highest rate of leaf expansion among the tree species of the Great
Smoky Mountains studied by Lopez et al. (2008).

Finally, Edwards et al. (2016) could be correct that packing of
developing leaves in resting buds may affect leaf margins, but for
reasons other than those they envisioned. Long periods of active
development of young leaves within buds might only be possible for
thin leaves that occupy relatively little volume (Fig. 6); this might
account for the shift from non-entire to entire leaf margins in pre-
formed vs. neoformed leaves on the same shoots of Viburnum
plants (Edwards et al., 2016). Given that repeated shifts from non-
entire to entire leaf margins across species in Viburnum are associ-
ated with increases in leaf thickness, it would be surprising if
developmental shifts within species involving the same leaf forms
were not also associated with increases in leaf thickness.

The selection pressures we have outlined involve a combination of
biomechanics, hydraulics, vein geometry, rates of leaf expansion, and
length of development within resting buds—all tied primarily to differ-
ences among species in leaf thickness and leaf longevity—as driving
ecological patterns in the distribution of angiosperms with entire vs.
non-entire leaf margins. This synthetic model (Fig. 6) would account
for a preponderance of entire leaves in the lowland tropics, Mediterra-
nean scrub, and alpine/arctic tundra, of non-entire leaves in cold tem-
perate deciduous forests and fast-growing vines and early-successional
trees of the tropics, and of the virtual absence of non-entire leaves in
monocots. Spinose-toothed leaves should be favored in short-statured
evergreen trees and shrubs, primarily in Mediterranean scrub and re-
lated arid and semiarid areas. Future progress in our understanding of
the evolution of leaf margins will likely depend on (1) a more thorough
survey of leaf thickness and leaf margins across all major angiosperm
lineages and a wide range of sites and latitudes; (2) tests of the assump-
tions of the leaf-thickness model via vein cutting experiments to assess
the degree of mechanical and hydraulic independence of areas served
by individual secondary veins; (3) determining whether the develop-
mental fields shaped by expanding secondary veins are narrower in
thinner leaves (and consequently might favor teeth, vs. a continuous
margin favored by overlapping fields); and (4) quantifying the extent to
which marginal teeth in different lineages function as hydathodes.
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