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ABSTRACT: The Adaptive Geometry of Trees had an important con-
ceptual influence on plant ecology and helped inspire many new
approaches to understanding succession, plant adaptation, and
plant competition. Its central model provided an elegant potential
explanation for how optimal canopy form should shift with ecolog-
ical conditions, change those conditions through time, and thus
help drive succession and be a consequence of it. Yet on close exam-
ination, this deeply inspirational model does not lead to the predic-
tions for which it is widely known. Here I show that the Horn model
actually favors monolayer canopies over multilayers under all light
conditions if relative growth rate (growth per unit investment) is
maximized. Horn’s conclusion that multilayers would be favored
over monolayers in brighter sites is an artifact. I propose that self-
shading multilayers might gain an advantage in brightly lit sites by re-
ducing water loss, reducing the costs of branch construction and main-
tenance, reducing photoinhibition, increasing light capture in sidelit
microsites, and increasing water and nutrient supplies (or leaf longev-
ity) when combined with one or more of the previous potential ad-
vantages. I conclude with a brief discussion connecting Horn’s model
to other conceptual frameworks in plant ecology and outlining possi-
ble future extensions.

Keywords: adaptation, monolayer, multilayer, growth maximiza-
tion, optimality theory.

The greatest homage that can be paid to an empir-
ical theory is the constructive criticism that makes it
obsolete at an early age. (Horn 1971, The Adaptive
Geometry of Trees)

Nearly half a century ago, Horn (1971) used two simple
principles—the nonlinear response of photosynthesis to
photon flux and the filtering of sunlight within tree can-
opies—to explain why early-successional trees in temper-
ate deciduous forests often scattered their leaves in multiple
layers (e.g., birch, aspen) while late-successional species of-
ten packed their leaves in a single, densely packed layer
(e.g., beech, hemlock; fig. 1). He argued that these differ-
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ences in canopy geometry maximized carbon acquisition
under sunny versus shady conditions, that as a result mul-
tilayers would have a growth advantage early in succession
and monolayers an advantage later, and that the density of
shade cast by forests would perforce increase through time
after canopy closure. The Adaptive Geometry of Trees was
a seminal and highly creative contribution to plant ecology,
explaining how optimal plant form should shift with eco-
logical conditions, change those conditions through time,
and thus both help drive succession and be a consequence
of it.

Horn’s slender book had an outsized influence on think-
ing about optimality theory, plant competition, and succes-
sion, racking up 1,224 citations (Google Scholar, April 2019),
including many by influential publications (e.g., Grime 1979;
Givnish 1982, 1988; Tilman 1987, 1994; Canham et al. 1990,
1994; Pacala et al. 1996; Weiher et al. 1998; Westoby et al.
2002 [all cited >275 times each]). For those of us reading
it at the time, The Adaptive Geometry of Trees was highly
stimulating because it showed how simple principles might
lead to quantitative predictions of how competitively opti-
mal plant form should vary with environmental conditions,
providing potential explanations for species distributions in
time and space, trait-environment correlations, and tempo-
ral and spatial patterns in plant community composition
and structure—themes that all of the authors just cited ex-
plored in depth.

Yet Horn’s model is, in terms of its original formula-
tion, flawed, and it does not yield the predictions for
which it is widely recognized. This fact has escaped all no-
tice, and it removes the only explanation we had for the
early dominance of multilayers and the later dominance
of monolayers in temperate forest succession. Here I
briefly lay out the problem and outline a number of other
factors that may instead drive the multilayer-monolayer
shift.

Horn’s (1971) model assumes horizontal leaves, a sta-
tionary sun directly overhead, no wind or clouds, a non-
reflective forest floor, and a closely packed forest canopy
that eliminates sidelighting. There are two central assump-
tions. The first is that net photosynthesis P shows a
Michaelis-Menten response to incident photon flux density
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Figure 1: Multilayer and monolayer phenotypes. Left to right: Drawings of typical differences in branching pattern, with several vertically
overlapping branches in multilayers and a shell of branches in monolayers; multilayered canopy of early-successional, sun-adapted quaking
aspen (Populus tremuloides) from Colorado versus monolayered canopy of late-successional, shade-adapted witch hazel (Hamamelis
virginiana), an understory tree in a Pennsylvania forest; orthotropic shoot (with erect axis and leaves scattered in loose spirals) of quaking
aspen (orthotropy is characteristic of many multilayered trees and is adapted for energy capture and canopy growth in sunny environments
[Givnish 1995]) versus plagiotropic shoot (with horizontal axis and leaves packed tightly in two horizontal ranks) in American beech (Fagus
grandifolia; plagiotropy is characteristic of many monolayers and is adapted for energy capture and canopy growth in shady environments
[Givnish 1995]); and plots of leaf area density as a function of relative height in the canopies of four tree species in temperate German forests
(Hagemeier and Leuschner 2019). Shade-tolerant, late-successional Carpinus betulus and Tilia cordata strongly concentrate their foliage in a
single layer, while shade-intolerant, early-successional Betula pendula and Quercus petraea scatter their foliage more evenly across several
layers. Note, however, that all species shown hold their leaves in multiple layers and that the total leaf area index (m* leaves m > ground area
occupied) is slightly lower in the multilayers, contrary to the Horn model. The photograph of quaking aspen was taken by Brady Smith,
USDA Forest Service, Coconino National Forest, and the photograph of witch hazel was taken by Nicholas A. Tonelli; both images are avail-
able for reproduction via Wikimedia Commons (CC BY-2.0). The photographs of shoots of quaking aspen and American beech were taken
by the author.
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I (PFD; pmol photosynthetically active radiation m™2s™")
with half-saturation at I = k, dark respiration R, and as-
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integral is taken from the top of the canopy to the desired
depth. All parameters used in this article are listed in table 1.

Given these constraints, Horn (1971) asks which of two
trees occupying a given ground area A—a monolayer,

for correct form P= % (1) with leaves packed in a single shell, or a multilayer, with
used in leaves scattered over several layers—will have the highest
calculations  The second is that the PFD penetrating the canopy to a total carbon gain G = [ AP(h)F(h) dh, integrated from

given depth obeys Beer’s law:

the top to the bottom of the canopy. The best monolayer
under these conditions involves complete coverage of a
single layer and has a total return of

I = Iexp <—J F(h) dh), 2)

Typesetter error

see final page
where I, is the PFD at the top of the canopy, F(h) is the G=A Py (3) for correct form
fraction of ground covered by leaves at height s, and the (I, +k)—R)’ used in

calculations
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Table 1: Parameters used in this article

937

Parameter Description

P Net photosynthetic rate per unit leaf area (umol CO, m™?s7")

P Maximum gross photosynthetic rate per unit leaf area (umol CO, m™> s™")

k Photon flux density that results in half-saturation of net photosynthesis in the
Michaelis-Menten model (umol photons m™ s™')

R Respiration rate per unit leaf area (umol CO, m™2 s7%)

C Instantaneous light compensation point (umol photons m™> s™")

I Photon flux density in the photosynthetically active spectrum (pmol photons m~ s™')

I, Photon flux density at the top of a plant’s canopy (umol CO, m™ s™")

P(h) Net photosynthetic rate as a function of leaf height (umol CO, m™ s™")

P(I) Net photosynthetic rate as a function of photon flux density (umol CO, m~>s™")

F(h) Fraction of ground area occupied by horizontal leaves at height h (unitless)

A Ground area occupied by a plant canopy (m?)

G Total instantaneous carbon gain for a plant canopy (umol CO, s™")

LAI Leaf area index (m” leaf area m™ ground area)

L Total leaf area (and mass) of a canopy (m” leaf area or g leaf mass)

o Cost of leaf construction (g CO, m™* leaf)

Q Net photosynthetic return per unit investment per unit time (s™")

LMA Leaf mass per unit area (g leaf tissue m™ leaf tissue)

SLA Specific leaf area = 1/LMA (m?” leaf tissue g™' leaf tissue)

B Annual cost of branch construction for a monolayered canopy

B Annual cost of branch construction for a multilayered canopy

A Branch length = canopy radius ()

b Allometric exponent relating branch construction cost to branch length

m Number of leaf layers in a multilayered tree canopy

According to Horn’s model, the optimal multilayer un-
der the same conditions will add leaves to the bottom of
the canopy until the return P goes to zero at the instanta-
neous leaf compensation point C = Rk/(P,,, — R),result-
ing in a total return of

6 = arun(5) - rn(1). o

When G per unit ground area is plotted against incident
PED for a monolayer and multilayer for plants with the
same photosynthetic parameters, the curves cross, with
the optimal monolayer having an energetic advantage at
low I, and the optimal multilayer having an advantage at
high I, (fig. 2). Furthermore, the optimal multilayer will
hold a greater leaf area index (LAI; ratio of leaf area to
ground area occupied) the greater the amount of light at
the top of the canopy. Given Beer’s law, I, exp(—LAI) =
C, where C is the instantaneous leaf compensation point
(see above). Consequently, according to Horn’s model,
the optimal LAI (leaf area per unit ground area, m> m—>
[unitless]) for an individual tree crown would be

LAI = —ln(?) =Inl, — InC, (5)

0

implying that optimal LAI should increase with the loga-
rithm of light availability.

Canopy geometries that return more energy under a
given set of conditions are assumed to yield a competitive
advantage under those conditions. According to Horn
(1971), monolayers have an advantage in low light be-
cause they exhibit no self-shading, which would decrease
or negate photosynthesis under shady conditions (eq. [1]);
multilayers have an advantage under brighter conditions
because they can maintain several layers of leaves
(f F(h)dh > 1) at full or at least nonnegative rates of net
photosynthesis. Horn (1971) uses this model to predict
that multilayers will dominate early succession, soon after
a disturbance removes the canopy and creates sunny con-
ditions, but that as those plants grow and shade the ground
they favor saplings below them with fewer and fewer
layers, more and more densely packed, so that canopy ge-
ometry tends increasingly toward monolayers and under-
story shade increases through succession.

The fundamental but previously unrecognized prob-
lem with this model—in both its mathematical and verbal
form—is that it involves a comparison between big plants
(multilayers) with lots of leaf tissue and small plants
(monolayers) with much less. If we instead ask whether
a monolayer or a multilayer will yield a greater photosyn-
thetic return for a given total investment in leaf mass (as-
sumed proportional to leaf area), then we have to divide G
in equations (3) and (4) by total leaf mass. If, for simplicity,
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Figure 2: Sample calculations of photosynthetic returns per unit
area for optimal monolayers (red) and multilayers (blue) as a func-
tion of photon flux density (PFD), based on the Horn (1971) model.
All assume that P, = 1;for A,k = 200,R = 0.1; for B, k = 200,
R = 0.25; and for C, k = 600, R = 0.25. Note the crossover in the

we choose our units so that A = 1 and leaf mass per unit
area = 1, then an optimal monolayer will have a total
leaf area (and mass) L = 1, while the optimal multilayer
will have total leaf area (and mass) defined by C =
Iyexp(—L) (eq. [1] and Horn’s optimality criterion of
P = 0 at the bottom of a multilayer). Dividing G by L to
get the photosynthetic return on a given investment (g
CO, g ' leaf day~')—a key determinant of whole-plant rel-
ative growth rate (g g™ plant day™'; e.g., see Kruger and
Volin 2006)—we invariably find that monolayers outper-
form multilayers at all light levels (fig. 3). There is no cross-
over; monolayers always win.

Cutting through all the equations, it is easy to see why.
If we assume a Michaelis-Menten photosynthetic response
to light (eq. [1]) and self-shading within a multilayer’s can-
opy, each unit area (or mass) of leaf can do no better than a
leaf at the top of a monolayer’s canopy and will often do
substantially worse. Consequently, monolayers always win,
often by a proportionally very large amount (fig. 3). Gen-
erally, the bigger k is and the greater R is relative to P,
the bigger the advantage of monolayers when the costs
of leaf construction are ignored; large values of k and R in-
crease the negative effect of self-shading on the return on
investment of the lower leaves. However, when leaf con-
struction costs are included, monolayers are favored over
multilayers regardless of the relative magnitude of k and R.
If o is the cost of leaf construction (g CO, m~? leaf), then
G/L is proportional to G/(ceL), the ratio of return rate to
initial cost (which we used above as a growth metric),
and is linearly related to net energetic return per invest-
ment per unit time: @ = (G—alL/T)/al = G/aL—1/T,
where T is leaf longevity and oL/T is the cost of construct-
ing a unit area of leaf, amortized over its lifetime but not
taking into account opportunity costs (see Givnish 1984;
Givnish et al. 2004).

This approach to assessing optimal canopy geometry,
based on optimizing the returns on a given energetic in-
vestment, is similar to the one I used to reanalyze the clas-
sic data of Bjorkman et al. (1972) on photosynthetic adap-
tation of individual leaves to high, intermediate, and low
PFDs (fig. 4; Givnish 1988). Bjorkman et al. (1972) used
measurements of photosynthesis per unit leaf area as a
function of PFD—P(I)—for leaves of Atriplex triangu-
laris grown at I = 920, 290, and 92 pumol m 2 s to show
that those response curves crossed and to make the para-
digmatic argument that, as a result, the differences in ac-
climation shown were adaptive, with plants grown at low
light having an energetic advantage at low light levels,
those grown at intermediate light having an advantage

curves, with monolayers having an advantage at low PFD and
multilayers having an advantage at high PFD, with the crossover
point increasing with k and R.
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Figure 3: Sample calculations of photosynthetic returns per unit
leaf investment (assumed to be 1 per unit area here) for optimal
monolayers (green) and multilayers (blue) as a function of photon
flux density, based on the model presented in this article. Multi-
layer photosynthesis per unit area (dashed red line) based on the
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at intermediate light levels, and those grown at high light
having an advantage at high light levels. The problem is
that Bjorkman et al. (1972) blurred the distinction be-
tween what they defined as “Low,” “Intermediate,” and “High”
light—the specific PFDs at which the plants were grown
and supposedly adapted—and low, intermediate, and high
light ranges in general. Givnish (1988) showed that there
was no evidence for leaves acclimated to low or intermedi-
ate light levels having higher photosynthetic rates at those
specific levels. However, there is no reason why photosyn-
thesis per unit leaf area should yield an energetic or growth
advantage per unit investment, given that area per se has
little or no cost and that leaves acclimated to higher light
levels have greater mass per unit area (LMA; g m™?) and
higher N concentration (mg N g™' leaf). Only when photo-
synthesis is expressed per unit leaf mass or per unit soluble
protein (main component of leaf N) do we see clear evi-
dence for an energetic advantage of different kinds of leaves
at the light levels at which they were developed (fig. 3).

In the case of Atriplex leaf acclimation, there are super-
ficial parallels to Horn’s ideas regarding the advantages of
multilayers and monolayers, given that the leaves accli-
mated to brighter light are thicker (although this trend
may be general only in temperate deciduous plants, given
that shade tolerance should often increase with leaf lon-
gevity [Givnish 1988, 2002] and some highly shade-tolerant
tropical understory plants have long-lived, thick, tough
leaves [Coley 1983; Santiago and Wright 2007]). But greater
leaf thickness—and greater mass per unit area and number
of layers of chlorophyllous cells—in Atriplex leaves from
brighter conditions are also coupled to greater leaf soluble
protein content per unit mass and greater stomatal conduc-
tance. The data presented by Givnish and Montgomery
(2014) on photosynthetic light responses of Hawaiian
lobeliads—arguably the strongest case to date for interspe-
cific leaf-level adaptation to different light levels, with cross-
over in mass-based light response curves—show instead an
increase and then a decrease in leaf mass per unit area with
native PFD among the species with the highest photosyn-
thetic rates at increasing PFDs.

Generally, among plants in sunny environments, leaf
mass per unit area decreases with leaf nitrogen concentra-
tion and increases with leaf longevity (Reich et al. 1998;
Wright et al. 2004); often, quite thick and long-lived
leaves are seen in evergreen C; treelets found in the densely
shaded understories of tropical rain forests (Bruy et al.
2018). Greater leaf longevity can increase shade toler-
ance—and make the long-term returns from even cells
deep within a densely shaded leaf positive—by amortizing

Horn model is shown for comparison. The same parameter values
for Py, k, and R were used as in figure 1. Note that return on invest-
ment is always greater for monolayers.
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Figure 4: Photosynthesis as a function of photon flux density (PFD) in Atriplex triangularis, expressed as daily carbon balance per unit leaf
area (a), mass (b), and soluble protein content (¢; based on calculations of Givnish 1988). Within each graph, arrows indicate the specific
high, intermediate, and low PFDs to which leaves were acclimated (920, 290, and 92 pmol m > s/, respectively). In each graph, leaves ac-
climated to high PFD have the greatest photosynthetic rates at high irradiance levels, those acclimated to intermediate PFD have interme-
diate rates, and those acclimated to low PFD have the lowest rates. However, leaves acclimated to a given irradiance have the greatest pho-
tosynthetic rate at that irradiance in all cases only if photosynthesis is expressed per unit investment in mass or soluble protein (Givnish

1988).

construction costs over long periods (Givnish 2002). Leaf
thickness often increases toward drier environments among
evergreen species (Orians and Solbrig 1977; Givnish et al.
2014), but deciduous species in such environments can
have quite thin leaves (Grubb 1992). Thus, a simple one-
to-one mapping of PFD to leaf mass per unit area (and, of-
ten, leaf thickness) does not exist and cannot be used to
support Horn’s original model by analogy.

We are left with a paradox: Horn’s model, when cor-
rected, predicts that monolayers should have an advan-
tage across all stages of succession, from open to fully
closed sites, yet multilayered birches, poplars, and willows
do dominate early succession. While Horn’s original model
is flawed, his method for quantifying the number of leaf
layers within tree crowns at different stages of succession
remains solid, but it should be complemented with mea-
sures of total LAI. We are left, however, with the central
question: What factors might give multilayers an advan-
tage, and why would they do so under brightly lit condi-
tions especially?

Several factors might yield a energetic advantage for
multilayered canopies: (1) reductions in water loss and
the associated costs of root and xylem investment or pho-
tosynthesis foregone, (2) savings in the costs of construct-
ing and maintaining branches, (3) reduced photoinhibi-
tion in lower leaf layers, (4) adaptation to sidelit microsites,
and (5) greater supplies of water and/or soil nutrients (or
greater leaf longevity) when combined with one or more

of the previous potential advantages. All of these could pro-
vide an advantage to multilayers, even when their LAI is
the same (or even less) than that of co-occurring mono-
layers—a circumstance that can arise as a result of sparse
coverage within individual layers of multilayers (see fig. 1)
and that would be fatal to the original Horn model.

Factor 1: Reduced Water Loss

The shaded leaves lower in multilayered canopies in sun-
lit sites will be exposed to a far lower heat load than leaves
at the top of the canopy as well as cooler air temperatures,
greater humidity, and lower wind speeds, all caused partly
by the leaves higher in the canopy. As a result, transpira-
tion should be greatly curtailed lower in a multilayered
canopy while photosynthesis will be less affected, given
the saturating response of carbon uptake to PFD (eq. [1]).
Reductions in water loss could yield substantial energetic
savings and increase whole-plant growth compared with
a monolayer having identical physiological characteristics,
by reducing the costs of root and xylem construction or by
increasing leaf water potential at a given root and xylem al-
location and thereby increasing photosynthesis via effects
on stomatal conductance or mesophyll photosynthetic ca-
pacity (Givnish 1979, 1986; Tang et al. 2002; Brodribb and
Holbrook 2003; Tezara et al. 2003; Lawlor and Tezara 2009;
Scoffoni et al. 2018). Several of the models mentioned use
the concept of “transpirational costs” or the “cost of water



loss”—in terms of the required allocation to roots, depres-
sion of cellular photosynthetic capacity, or a limited daily
total of transpiration—introduced by Givnish and Vermeij
(1976) and Cowan and Farquhar (1977) to account for
global patterns in leaf size and stomatal conductance; tran-
spirational costs should also be considered in evaluating
the impact of canopy geometry on plant growth.

Horn (1971) himself recognized that multilayers would
have lower water requirements than monolayers but viewed
that as an additional benefit of a multilayered canopy, not
the principal driver favoring such a canopy. Forty-nine
years ago, Horn did not understand how water shortage
could be made commensurate with carbon gain and reduce
whole-plant growth, nor did he see the fundamental prob-
lem for his light-centered theory created by the fact that
multilayers would have lower energetic returns on invest-
ment than monolayers at all light levels. I suggest that water
economy may instead be one of a few prime drivers favor-
ing multilayered canopies. Their apparent disadvantage in
photosynthesis (fig. 3) may be offset, in terms of effects on
whole-plant growth, by savings in root and xylem costs or
by greater realized carbon uptake due to higher stomatal
conductance and/or mesophyll photosynthetic capacity as
aresult of operating at higher leaf water potentials. Brighter
conditions would favor plants with greater LAI both by
creating greater heat loads and evaporative demands, thus
increasing the benefits of self-shading, and by reducing the
photosynthetic disadvantage of some lower, partly shaded
leaves. Givnish (1984) made a directly related argument
for why leaf bases of butterflyweed (Asclepias tuberosa)
shift from being heart- to wedge-shaped in moving from
sunny/dry sites to shadier/rainier sites along transects from
Missouri to Pennsylvania and Virginia (Wyatt and Anto-
novics 1981). All leaf-base shapes have roughly equal widths
and, thus, similar convective and water loss properties, but
leaf arrangement along erect stems leads to greater self-
shading and lower water loss if the leaf bases are heart-
shaped and to less self-shading and greater water loss if
they are narrowly wedge-shaped (Givnish 1984). The can-
opy near the stem has effectively more layers with cordate
leaves, and such multilayered canopies occur in sunnier or
drier habitats, as argued above for tree canopies.

To the extent that windier conditions or hotter tem-
peratures increase transpiration of leaves in the upper
canopy, we might expect them to favor greater numbers
of leaf layers. Wider leaves also tend to increase transpira-
tion under sunlit conditions, favoring more leaf layers, but
this must be set against the shadows cast deeper into the can-
opy by such leaves, favoring fewer layers (see Horn 1971).

In either woody and herbaceous plants, after we take
into account the benefits of water savings of multilayers
for whole-plant growth, we might still apply Horn’s opti-
mality criterion of adding leaves to the lower part of the
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canopy until no net return comes from them. However,
the compensation point C—traditionally calculated only
on the basis of instantaneous rates of net photosynthesis
(see eqq. [1], [5])—must be adjusted to take into account
nighttime leaf respiration, the costs of leaf construction
amortized over leaf life span, and the costs of stem and
root construction associated with new leaves amortized
over a similar period (Givnish 1984, 1988, 2002). These
costs increase the effective value of R and decrease the op-
timal LAI of multilayers. Such adjustments favor changes
in the opposite direction to those expected on the basis of
water savings mentioned in the previous paragraph, with
greater root costs and lower maximum rates of photosyn-
thesis per unit leaf elevating the ecological compensation
point (Givnish et al. 2004) that incorporates all of the
costs mentioned. The balance of these two effects should
favor increased LAI with increased moisture, nutrient, or
CO, supply under constant light conditions and decrease
LAl in taller plants at sites of a given level of productivity.
These patterns reflect the expected impact on optimal LAI
of declines in the amortized cost of roots per unit leaf
mass, increases in maximum photosynthetic rate, or in-
creases in the amortized cost of stem tissue per unit leaf
mass, respectively.

Globally, LAI of whole communities does tend to in-
crease with precipitation (Specht and Specht 1989; Ellis
and Hatton 2008; Donohue et al. 2013; Jin and Goulden
2014; Berner and Law 2015; Berner et al. 2017) and with
the ratio of precipitation to potential evapotranspiration
(lio et al. 2014). Across a rainfall gradient in Oregon, LAI
also increases with leaf N concentration (Pierce et al.
1994). Increased PFD at a given moisture supply should fa-
vor higher LAI if the resulting benefits of reduced water
loss outweigh the downsides of maintaining shaded leaves
low in the canopy under such conditions. We do not yet
have a quantitative model to weigh those two factors against
each other. However, the recent elegant analysis of Yang
et al. (2018) might be modified to apply to individual
plants rather than communities and to maximize the rate
of carbon uptake per area per leaf investment per area—
that is, the rate of carbon uptake per leaf investment—
rather than simply the rate of carbon uptake per area. Yang
etal. (2018) weigh the advantages of increasing LAI versus
stomatal conductance (and, hence, photosynthesis) of in-
dividual leaves against each other, taking the cost of tran-
spiration into account, and predict that LAI should (as ob-
served) increase with the ratio of precipitation to potential
evapotranspiration and with increasing CO, levels.

Factor 2: Reduced Branch Costs

Given that branch mass increases with the third to fourth
power of branch length (King 1981), multilayers might
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have an advantage in whole-plant growth in mass because
they can support the same total leaf mass as a monolayer
in a narrower crown with shorter branches that are indi-
vidually—and, potentially, in aggregate—cheaper than
those of the monolayer. If the yearly cost of an increment
to a branch of length A is kA" and a monolayer requires n
such radial branches to support a total area A = A’ of
closely packed leaves, its annual cost of branch construc-
tion would be B = nkA® = nk(A/w)"’. By comparison,
consider a multilayer with leaves that cover only half of
each layer but bears the same aggregate leaf area A in m
layers (m > 2), each having a total leaf area of A/m and
involving a canopy area of A/2m. Its annual branch cost
would then be B’ = mnx(A/annr)b/2 = 27y 2B If
b/(2 — b) < 2Inm/ In2, a multilayer will have an annual
cost of branch construction less than a comparable mono-
layer; this is true for all reasonable values of b and m and
involves a relative savings of 50%-90% (fig. 5). Given that
trees allocate roughly 35% of their annual biomass growth
to branches and twigs (Givnish 1995), this savings should
be a substantial fraction of whole-plant carbon uptake;
savings in branch costs might thus also be a key factor fa-
voring multilayered canopies.

In addition to an advantage in energy capture, a multi-
layered canopy that sheds lower branches while they are
still short and redirects energy to the leader can have a big
advantage in height growth (Horn 1971; Givnish 1988,
1995). Conversely, broader crowns and an emphasis on

horizontal spread can give monolayers an advantage in
the shade well below a forest canopy but reduce the rate
of height growth and the cost of replacing old, shaded
branches (Givnish 1988, 1995).

Iwasa et al. (1984) formulated a game-theoretic model
for the height distribution of foliage within tree crowns
based on shading and its impact on photosynthesis as well
as on the costs of vertical and horizontal branches for
trees with a given total amount of foliage. They concluded
that for stands of identical individuals, the evolutionarily
stable strategy involved vertically tapering gradients of
leaf area density for isolated trees and taller crowns with
progressively more of the foliage held higher in the can-
opy at increasing tree density. The predicted canopies were
thus all multilayers, not monolayers, and the cost of
branches was a major driver. This model is a step in an-
other useful direction and shows how the Horn model
might also be modified to produce predictions favoring
multilayers over monolayers under at least some condi-
tions. However, ambiguities exist in the Iwasa et al. (1984)
model regarding the relationship of total leaf area density
to height above the ground and the crown diameter at that
height, and excluding the substantial costs of transpiration
and branch construction, the possibility of varying the total
amount of leaf tissue per unit area, the calculation of rates
of return per unit leaf and branch mass, and the opportu-
nity costs associated with holding foliage low versus high in
the canopy all leave openings for a great deal of interesting

Savings in branch cost

10 >50%

>80% >90%

Figure 5: Percent savings of modeled branch costs as a function of the allometric branch exponent b and the number of branch layers m
(see main text). Blue indicates savings of 50%, red indicates savings of 80%, and green indicates savings of 90%. As indicated by the tree
diagrams, branch cost savings in multilayers increase as crown width declines, the number of branch layers increases, and (especially) as the

power-law exponent relating branch cost to branch cost increases.



theoretical work to adapt the original Horn model and in-
corporate the impact of canopy geometry on water loss
and the costs of roots and branching. One of the big ques-
tions is how the existence of such opportunity costs could
ever permit plants to hold shaded leaves; the high ineffi-
ciency of nutrient retranslocation (only ~50% for N and
P; see Zhang et al. 2018) and the complete abandonment
of cellulose in shed leaves and twigs would almost surely
be important.

Factor 3: Reduced Photoinhibition

Photoinhibition is a reduction in photosynthetic capacity
caused by exposure to bright light and is especially likely
and pronounced when temperature, nutrient availability,
water shortage, or salinity limit carbon uptake and inter-
rupt the ongoing process of photosystem II repair (Mu-
rata et al. 2007; Nishiyama and Murata 2014). Plants employ
a variety of morphological and physiological mechanisms
to protect against photoinhibition, including reduction of
incoming radiation via steeply inclined or highly reflective
leaves, leaf movement, chloroplast movement, and non-
photosynthetic chlorophyll fluorescence quenching in-
volving the zeaxanthin-violaxanthin cycle (Powles and
Bjorkman 1982; Powles 1984; Demmig-Adams and Adams
1992; Osmond and Grace 1995; Ruban 2009, 2016). The
possibility that a multilayer could benefit by protecting
some of its lower leaves via self-shading is an intriguing
possibility that appears never to have been recognized, let
alone explored, theoretically or empirically. The potential
benefits of multilayers would be greatest in sunny, open sites
that are short on water or nutrients or are exposed to espe-
cially high or low temperatures. It is possible that photo-
inhibition might be important only at particular times of
year; in this case, an important question becomes whether
a greater or lesser number of leaf layers is favored by fluc-
tuating conditions.

Factor 4: Adaptation to Sidelighting

Horn’s model ignores the possibility of sidelighting be-
cause it assumes a stationary sun directly overhead and
closely packed neighboring trees. However, Horn (1971)
also noted that the low angle of the sun at high latitudes
might favor steeply sided conical canopies in conifers in
the boreal zone; sidelighting would, in other words, directly
illuminate a canopy perpendicular to the sun’s rays. Such a
steeply conical canopy would be multilayered in the sense
of having multiple branches that are superimposed verti-
cally, but it would also effectively approach a monolayer
oriented toward the sun. I would add that if vertically over-
lapping branches are sufficiently far apart, as louvers, side-
lighting can illuminate leaves held in the interior of the
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crown. Conical canopies and flexible limbs in conifers at
high altitudes and latitudes also help shed snow (Horn
1971).

Kuuluvainen (1992) provided calculations demonstrat-
ing that—as long suspected (Horn 1971; Briinig 1976;
Ashton 1978; Terborgh 1985)—broad, flat canopies in-
tercept more light at lower latitudes and narrow, conical,
and cylindrical canopies intercept more at higher latitudes.
However, Oker-Blom and Kellomiki (1982), Kuuluvainen
(1992), Vermeulen (2014), and Lindh et al. (2017) also re-
alized that at high latitudes, lateral shading of trees due to
low solar angles is important in dense stands. Vermeulen
(2014) argued that as a result, the evolutionarily stable
strategy for crown shape in the boreal zone should actually
be umbrella-like in crowded stands and conical only in
open, less well-stocked stands. Sidelighting might be im-
portant in favoring multilayered or pagoda-like canopies
in tropical forests as well. In a Peruvian tropical lowland
forest, Terborgh and Mathews (1999) compared two un-
derstory trees: Rinorea viridiflora, with whorls of vertically
superimposed branches, and Neea chlorantha, with more
vertically oriented branches. Rinorea was more common
in microsites lit from low zenith angles, and their multi-
layered, pagoda-like canopies with superimposed branches
were more efficient in intercepting light from lateral sources;
Neea was more common in microsites lit from high zenith
angles, and their canopies were more efficient in intercept-
ing light from above.

Factor 5: Effect of Greater Moisture or Nutrient
Supplies and Greater Leaf Longevity

As argued above, greater supplies of soil moisture and
nutrients should favor greater LAI in early-successional
trees exposed to full sunlight, partly by reducing the eco-
logical compensation point of individual leaves. Increased
leaf longevity should do the same thing by allowing leaf
construction costs to be amortized over longer periods
of time, thus reducing their costs per unit time (Givnish
1984, 1988, 2002). In temperate forests, evergreen foliage
may be positively associated with shade tolerance in moist
and/or relatively fertile sites (e.g., in Abies, Ilex, Taxus,
and Tsuga), where substantial leaf longevity decreases the
ecological compensation point, and negatively associated
with shade tolerance on dry, infertile sites (e.g., in Pinus),
where long-lived leaves are favored by resource shortage
and almost surely associated with high root costs and a
high ecological compensation point for individual leaves
(Givnish 2002). Considerations of how a leaf’s ecological
compensation point should increase with soil moisture
and fertility and decrease with plant height also naturally
leads to predictions regarding how maximum tree height
should increase along gradients of increasing moisture
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supply versus demand, of increasing soil nutrients, and of
decreasing disturbance rate (Givnish 1984, 1988; Givnish
et al. 2014).

Moister or more fertile conditions (or greater leaf lon-
gevity) might also help favor greater LAI in early-
successional or canopy trees because greater illumination
would reduce the proportional disadvantage of self-
shading (fig. 3). For this reason, greater PFD should favor
greater LAI whenever any of the four other factors dis-
cussed above give multilayers an advantage.

Broader Issues

Horn’s (1971) model for optimal canopy geometry helped
shape thinking by a generation of plant ecologists. Like
all ecological models, Horn’s analysis obtained clarity
and interpretability at the cost of reduced realism; there
are many relevant factors that simply were not included
in the monolayer-multilayer model. Specifically, that model
did not include within-crown variation in leaf inclination
and orientation, temperature, and photosynthetic capacity
and photosynthetic light response; movement of the sun
across the sky; shading by adjacent competitors; shading
by a tree’s own trunk and branches; costs of building and
maintaining leaf, stem, and root tissue; and eddy transport
of carbon dioxide through the canopy (Givnish 1988). Some
of these are likely to have important effects and should be
included in more sophisticated models; the preceding dis-
cussion shows how inclusion of tissue construction costs,
solar angle, and crowding might affect predictions. Leaf
inclination would, almost surely, greatly increase optimal
LAIL With a stationary sun, leaves at the top of a sunlit can-
opy could be inclined so as to hold much more leaf area
per unit ground area and—at least potentially—maintain
full photosynthetic capacity while reducing transpirational
costs per unit leaf area; this effect might be an important
driver of observed patterns in community LAI, together
with ecohydrological integration (see Yang et al. 2018).
King (1981) used the calculus of variations to answer a
question that Horn (1971) articulated but was unable to
tackle: How should trees allocate energy between the can-
opy and the supporting branches and trunk in order to
maximize the rate of height growth? Quaking aspen
(Populus tremuloides) operates very close to the optimal
canopy-to-bole ratio (King 1981). Perhaps not surpris-
ingly, the crown width-to-height ratio associated with max-
imum rates of height growth is similar to the mean ratio
seen across crowded forest stands around the world, sug-
gesting that maximization of height growth and associated
tree allometry is a driver of the self-thinning law (Givnish
1986). Field (1983) analyzed how shifts in leaf photosyn-
thetic properties—and especially leaf N content, which helps
set those properties—with shading and leaf age should de-

termine the optimal pattern of N retranslocation within
growing canopy and its implication for optimal leaf life
span. This important idea has received extensive study
(e.g., Kitajima et al. 1997, 2002, 2005; Anten and Ackerly
2001; Mediavilla and Escudero 2003; Wright et al. 2006),
with the most recent definitive study by Reich et al. (2009)
pointing to positive, instantaneous leaf-level carbon bal-
ances at the end of a leaf life spans—and thus the need
to integrate nonleaf costs in predicting optimal leaf lon-
gevity, as argued by Givnish (1984, 1987, 2002).

Horn’s observation that mid- and late-successional
trees with few branch layers replace pioneers with larger
numbers of branch layers may apply best only to tem-
perate forests. Low-density stands (e.g., savannas, wood-
lands, partially open wetlands), in which only a small frac-
tion of the ground is covered by tree canopies, would
perforce increase sidelighting. Other things being equal,
such low-density stands should favor more leaf layers
within individual tree crowns. As noted earlier, trees (es-
pecially conifers) at high altitudes and latitudes often have
conical canopies and flexible limbs to help shed snow;
these inevitably tend to hold their leaves in multiple lay-
ers. Finally, in tropical forest succession, pioneers such as
Cecropia, Ochroma, and Macaranga tend to have mono-
layered canopies with gigantic leaves held at low angles,
while later-successional species often have multilayered
canopies (at least in the sun) with smaller leaves held at
higher angles (Bazzaz and Pickett 1980). The sun crowns
of temperate pioneers Betula and Quercus hold their leaves
at high angles, while those of later-successional Carpinus
and Tilia hold their leaves at low angles (Hagemeier and
Leuschner 2019). The possible advantage of gigantic simple
or compound leaves as “throwaway branches” in sparsely
branched, shade-intolerant pioneers (see Givnish 1979)
is likely to be greatest in tropical forests that permit long
periods of continuous development, are sheltered from sea-
sonal frosts that might kill the one or few buds on which
sparsely branched palms and treelets depend, and have
high enough rainfalls and humidity to allow large, often
very broad leaves to function. Large leaves cast massive
shadows and perforce are likely to be arranged in mono-
layered crowns.

Reich et al. (1992) proposed that higher leaf N concen-
trations and specific leaf area (SLA; g m ™ leaf) lead to
higher photosynthetic rates per unit leaf mass and, thus,
to higher rates of overtopping, resulting in shorter opti-
mal leaf life spans and the leaf economic spectrum of
covariance in leaf N content, SLA, mass-based photosyn-
thetic rate, and leaf life span, a generality of great ecolog-
ical importance (Reich et al. 1997; Wright et al. 2004;
Shipley et al. 2006; Santiago 2007; Donovan et al. 2011;
Sack et al. 2013; Asner et al. 2016; Anderegg et al. 2018).
The observed tie of leaf photosynthetic capacity per unit



area with vein density and leaf hydraulic conductance (Brod-
ribb et al. 2007; Sack and Scoffoni 2013; Scoffoni et al. 2015,
2016)—driven by the inevitable coupling of water loss with
CO, uptake—has led in turn to the recognition of a three-
to fourfold increase in angiosperm photosynthetic capacity
between 140 and 100 million years ago, based on observed
shifts in vein density in fossil leaves (Boyce et al. 2009;
Brodribb and Feild 2010). This shift is likely to have in-
creased global rainfall due to increased rates of plant tran-
spiration (Boyce et al. 2009) and to have helped trigger
massive species diversification in the angiosperms well af-
ter their origin, based on selection for chemically diverse
but cheap qualitative defenses (toxins) to defend leaves with
high photosynthetic capacity (Givnish 2010).

Horn (1971) has thus, directly and indirectly, had a pro-
found influence on our understanding of plant ecology and
evolution. Even this article—representing a major rework-
ing of Horn’s model and a proposal of alternative explana-
tions for the patterns in tree canopy geometry that Horn
rightly recognized but incorrectly explained—would not
have been possible without his original, lucid, inspirational
analyses. Inspiration is often overlooked as one of the most
important contributions that a scientist can make. For those
who came of age in the 1950s, 1960s, and 1970s, few works
inspired as many of us to pursue careers in plant ecology
and evolutionary biology as Corner’s (1949, 1953, 1954a,
1954b, 1966) durian theory, Horn’s (1971) adaptive geom-
etry of trees, and Stebbins’s (1974) broad schema of angio-
sperm evolution above the species level. Each of these
proved to be flawed, to a greater or lesser extent, factually
and/or conceptually, yet they each added great excitement
to their fields and drove many subsequent discoveries and
new insights. This article is, accordingly, dedicated to the
fond memory of Henry S. Horn—a great source of inspi-
ration to me and many of my colleagues as well as to the
field of plant ecology as a whole. Henry died in March
2019, actively engaged in scientific research to nearly his
last breath.
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Erratum

In “The Adaptive Geometry of Trees Revisited” (The American Natural-
ist 195:935-947), there are errors in equations (1) and (3), which appear
on page 936. The correct equations appear here:

_ PmaXI _

I+k X v

P

and
_ PmaxIO _
G—A<Io+k R). 3)

The publisher regrets the error.
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