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Tree crown economics
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Trees respond to global change in myriad ways, many of which may be linked to adaptations relating to tree crown architecture.
However, there is a paucity of theory capable of predicting the adaptive importance and dynamics of crown architecture, most
likely because of the difficulties involved in measuring the three-dimensional arrangement and orientation of tree leaves within
individual crowns. Here, we describe a theory of tree crown economics, and use measurements from new lidar (light detection and
ranging) instruments, UAVs (unoccupied aerial vehicles), and time-lapse camera imagery to identify support for two predictions
of the theory, that (1) a light competition versus water use economic trade-off drives covariance among three tree crown func-
tional traits (mean leaf angle, crown density, and crown rugosity), and (2) crown traits can drive spatial and temporal variability
in near-infrared spectral reflectance and related ecosystem functions. Tree crown economic theory can complement leaf economic
theory in helping ecologists map and model forest ecosystem responses to global change.

Front Ecol Environ 2023; 21(1): 40-48, doi:10.1002/fee.2588

heoretical paradigms of leaf economics and leaf func-

tional traits have led to transformative advances in our
ability to not only succinctly represent the key adaptive
trade-offs affecting the form and function of plant leaves, but
also scale-up traits to forecast many ecosystem responses to
drivers of global change (Reich 2014). Indeed, remotely
sensed maps of leaf traits reveal many fascinating patterns in
how the nutrient and structural investments into sunlit
leaves vary in response to such diverse drivers such as car-
bon dioxide fertilization, land-use history, and nitrogen (N)
deposition (eg see maps in Wang et al. [2020]). Yet, trees are

In a nutshell:

o Crown architecture is a key tree adaptation, and can govern
forest responses to global change

e New imagery derived from lidar, UAVs, and time-lapse
cameras aid measurement of crown architectural traits

o A light competition versus water use economic trade-off ap-
pears to drive differences in crown architecture among species,
resulting in covariation among three crown traits: namely,
mean leaf angle, crown density, and crown rugosity

o Crown traits drive spatial and temporal variability in near-
infrared spectral reflectance, even within a season as trees
adjust mean leaf angle

o A trait-based theory of tree crown economics can augment
leaf economic theory in aiding predictions of forest responses

to global change
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much more than leaves. Especially when combined with
coincident light detection and ranging (lidar)-based canopy
structure measurements, interpretation of patterns on
remotely sensed maps of leaf traits underscores the need to
innovate theory and mapping methods to assess whole-
crown responses to global changes such as droughts and
altered species composition (Diaz et al. 2016; Kamoske
et al. 2020). Specifically, we have limited capacity to predict
how trees adaptively build the crown architectures that
directly affect the light, temperature, and water microcli-
mates controlling the carbon return on leaf investments
(Hikosaka et al. 2016).

Evolving in concert with leaf traits, tree crown architec-
ture — defined here as the three-dimensional (3D) arrange-
ment and orientation of leaves in an individual tree crown
— is the form adapted by each tree to simultaneously com-
pete for light, maximize carbon gain, and minimize respira-
tion and water loss (Horn 1971; Ollinger 2011). By focusing
on the carbon, light, and water economic trade-offs con-
trolling tree crown architecture, we respond to renewed calls
to innovate theory on “plant structural economics” (eg Diaz
et al. 2016; Verbeeck et al. 2019). We focus on the orientation
and arrangement of leaves on trees in closed-canopy forest
systems. Particularly for plants that have evolved crown
architectures within more open (eg savanna) systems, there
may be additional adaptive traits regarding the overall
crown size and horizontal crown shape (Verbeeck et al. 2019).
In addition, other adaptive traits control the realized shape
of a tree because of vascular, hydraulic, and mechanical
trade-offs to branches and trunks (Verbeeck et al. 2019). We
use the phrase “tree crown architecture” instead of “struc-
ture” to distinguish our emphasis on the 3D adaptations of
individual tree crowns rather than the vertical cross-section
descriptions of multiple crowns (and gaps) in a forest, which
are the increasing focus of research on forest structure (eg
Fahey et al. 2019). Metrics derived from these canopy
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structures have great utility in correlating to ecosystem-level
functions (such as light-use efficiency) while also revealing
the impacts of past disturbance dynamics or the biophysical
limiting factors acting on whole forests (Fahey et al. 2019).
However, in comparison to the snapshot in time of an emer-
gent structure of a forest canopy (eg with strong random
components of gaps from disturbances and age structure
from recruitment and mortality), the arrangement and ori-
entation of leaves in individual tree crowns is shaped by
short-term biotic acclimations and long-term species adap-
tations. Tree crown architecture therefore shapes how trees
and forests respond to ongoing global change.

@ Why a trait-based theory of crown economics?

Past difficulties in directly measuring crown architecture (for
instance, see the ingenious and enormous effort involved
in analog measurements by Aber [1979] and Hutchison
et al. [1986]) have left a scarcity of data to quantify differ-
ences among tree species, and even less data on how species
may adjust their architecture (eg by altering leaf area or
leaf angles) in response to their environment (Smith
et al. 2019). Even in the comparatively well-studied system
of temperate broadleaf deciduous forests, this scarcity of
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Figure 1. Three crown architectural endpoints (“tower”, “dome”, and
“pagoda”) resulting from economic trade-offs of light harvesting and water
use, and defined by covariation in three crown traits (mean leaf angle, crown
density, and crown rugosity), as depicted in the inset table. Arrow size illus-
trates the theorized effects of architecture on relative fluxes of sunlight (yel-
low arrows), near-infrared (NIR) spectral reflectance (red arrows), and water

(blue arrows).
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data continues to hinder our ability to test models and
theories of coordinated leaf- and crown-level responses to
environmental conditions (Hikosaka et al. 2016). Nevertheless,
recent advances in embedded sensors and imaging capabil-
ities, particularly from unoccupied aerial vehicles (UAVs)
(McNeil et al. 2016) and lidar (Kellner et al. 2019), now
provide rich data sources that can begin to approach the
ideal of creating a dynamic, high-fidelity digital twin of a
tree’s architecture and functioning.

By extending and enhancing crown architectural observa-
tions made across the globe for decades (and indeed centuries,
in some cases) by natural historians and ecologists (see eg
Horn 1971; Pastor 2016), recent advances in technology can
help to identify a more formal, functional trait-based theory of
crown economics. Rigorous testing of this theory could pro-
mote at least two major advances for ecologists and resource
managers: (1) crown functional traits can provide a powerful
means to refine and test whole-crown models of photosynthe-
sis and resource allocation, especially under current and future
scenarios of global change; and (2) trait-based approaches can
foster enhanced opportunities for remotely quantifying varia-
bility in crown architecture, thereby dramatically improving
our ability to link ecosystem functioning to satellite-measured
spectral reflectance.

@ Revisiting “the adaptive geometry of trees” with
trait-based economic theory

Classic works such as Horn’s (1971) monograph “The
adaptive geometry of trees”, as well as contemporary
crown-scale photosynthesis models (Hikosaka et al. 2016),
suggest that there are several possible, but not always
optimal, evolutionary stable states for arranging and ori-
enting leaves in a tree crown. Moreover, texts describing
plant resource strategies (eg Craine 2009), as well as
studies describing crown architectural changes along suc-
cessional (Horn 1971; Aber 1979), moisture and site quality
(Horn 1971; Aber et al. 1982; Falster and Westoby 2003),
elevation (Ehleringer 1988), and latitudinal gradients
(Cohen and Pastor 1996), suggest that the crown eco-
nomic strategies of trees likely fall along two orthogonal
spectrums: the first defined by the strategy to compete
for light and the second by the strategy for using water
(Figure 1). As discussed in Panel 1 and depicted in
Figure 2, these two crown economic spectrums based on
light competition and water use are complementary to
the nutrient-based leaf economics spectrum (Wright
et al. 2004).

As one endpoint on the light competition spectrum,
early successional trees use abundant light resources to
array production-oriented leaves on sparse crowns with a
“tower” architectural form (Figure 1). In the race upward
for light, casting shade on competitors is not adaptive, and
so trees orient leaves with more vertical leaf angles to pre-
vent overheating and provide optimal partial shade, such
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BE McNeil et al.

Panel 1. Generality of tree crown economics

Taken together, the light competition and water use spectrums of crown
economics complement, but are independent from, the nutrient eco-
nomic spectrum of leaf economics. Indeed, crown economics could
guide ontogenetic, plastic, or ecotypic variation in the crown architec-
ture within a species, or across species with very different leaf economic
strategies. For instance, despite their varying crown architectures, the
three species in the top panel of Figure 2 share a production-oriented
strategy for investing nutrients into their broadleaf deciduous leaves.
Moreover, there is similar divergence in the crown architectures of
three persistence-oriented needleleaf evergreen species that are also
abundant in eastern North America (Figure 2, bottom panel). Consis-
tent with their known shade tolerances (Burns and Honkala 1990) and
soil moisture preferences (Canham et al. 2006), the sparse crowns of
a white pine (Pinus strobus) and big-tooth aspen (Populus grandiden-
fata) both suggest a “tower” crown architecture, whereas the later-
successional red spruce (Picea rubens) and black oak (Quercus veluting)
have a more dense, multilayered “pagoda” form with more vertical leaf
angles (0’Connell and Kelty 1994). Finally, the mesic eastern hemlock
(Tsuga canadensis) and sugar maple (Acer saccharum) tend toward
a “dome” architecture featuring horizontal leaves on a mono-layered
crown (Horn 1971). Just as the covarying leaf economic traits of these
species span much of the global spectrum of strategies for investing
nutrients into leaves (Wright et al. 2004), the varied light and water

resources within their realized ecological niches are likely to drive strong
but coherent variability in their crown economic strategies.

Convergence of leaf and tree crown economics

Although leaf and crown economics offer conceptually independent the-
ories for predicting plant responses to different types of global change,
empirical evidence suggests there is convergence in leaf and crown traits
(Ollinger 2011) that may be expressed within and across species, and
even with ontogeny. This convergence is likely linked to complementary
abiotic and biotic mechanisms. On the abiotic side, all trees have adapted
to environments with strong covariation in their three primary resources:
light, water, and nutrients. For instance, in higher latitudes or on pole-
ward slope aspects, lower sun angles simultaneously reduce all three
resources; not only is there less light, but decreased potential evapotrans-
piration also diminishes useful water availability, and cooler tempera-
tures tend to slow rates of decomposition and the release of nutrients.
Conversely, disturbance can increase the availability of all three primary
resources (Craine 2009). On the biotic side, trees can coordinate their leaf
and crown traits to effectively substitute one resource for another (Wright
et al. 2003). As an example, trees with production-oriented leaf traits (eg
high foliar nitrogen) may offset their lower photosynthetic nutrient-use
efficiency by substituting excess light or water through a tower or dome
crown architectural form (Figure 1) (Wright et al. 2003).

that most leaves operate near their light saturation point
(Horn 1971; McMillen and McClendon 1979; Falster and
Westoby 2003).

In contrast to the “tower” architectural endpoint on the
light competition spectrum, the architecture of late succes-
sional trees differs according to their strategy for using water.
At the mesic end of this water use spectrum, trees with
“dome” architecture densely cluster more horizontally ori-
ented leaves at the top of the crown (Hikosaka and
Hirose 1997), which drives elevated near-infrared (NIR)
spectral reflectance and albedo (see red arrows in Figure 1;
Asner 1998; Ollinger 2011), along with higher potential car-
bon gain (Baldocchi et al. 2020) and evapotranspiration
(Guerrieri et al. 2016). This “dome” crown form is also highly
adaptive for casting deep shade on competitors (Givnish 1988;
Canham et al. 1994). However, these advantages come with
two distinct drawbacks. First, the high proportion of hori-
zontal sunlit leaves in “dome” architectures makes them
highly demanding of water (blue arrows in Figure 1), which
greatly reduces water use efficiency (ie carbon gain per unit
water) and often requires trees to close stomata and greatly
curtail production during dry periods (Brzostek et al. 2014).
Second, the adaptation to cast shade on competitors in
mono-layered crowns (Horn 1971) often offsets any advan-
tage of modulating leaf angles as a strategy to activate lower
crown layers and reduce evapotranspiration during periods
of low water availability.

Finally, a multilayered “pagoda” crown architectural form
(Figure 1) is most adaptive in late successional environments
where low solar radiation or water availability limit actual
evapotranspiration. Under these conditions, trees increase
water use efficiency and whole-crown light harvesting by
densely arraying more vertically oriented leaves throughout
their crowns (Horn 1971; Ehleringer 1988; Cohen and
Pastor 1996). Although this strategy is the hallmark of the
dense, conical crowns of needleleaf evergreen trees
(Sprugel 1989), it is also adaptive in dry broadleaf forests
(Hutchison et al. 1986; King 1997). Within these broadleaved
forests, there appears to be a considerable advantage to respond
to low water availability by increasing leaf angles in the upper
sunlit crown, likely through a mechanism of hyponastic
growth of leaf petioles (van Zanten et al. 2010). Such dynamic
control of sunlit leaf angles could enable the comparatively
cooler and more shaded leaves in lower crown layers to con-
tinue production during periods of water stress.

@ Testing tree crown economics

Do tree crown traits covary, and therefore provide evidence of
economic trade-offs?

Just as strong covariation among leaf traits (eg %N, leaf
mass per area, leaf longevity) describes the economic trade-
offs controlling nutrient investment into leaves (Wright

Front Ecol Environ doi:10.1002/fee.2588

QSURDIT SUOWILO) dATIEAI)) d]qearjdde oY) Aq PauIdA0S 18 SI[OILIE () SN JO SN J0J ATRIQIT AUIUQ AJ[IA\ UO (SUOHIPUOD-PUB-SULID}/ WO A3[1M " ATRIqI[dur[uo//:sdiy) SUOBIPUO)) Pue SWId ], oY) 39S “[£207/S0/0T] U0 Areiqry auruQ A3[1A ‘88S7°99)/2001°01/10p/wod" Ad[iam A1eqraurjuo-sjeuinofesd//:sdny woiy papeoumod ‘1 ‘€20z ‘60€607S 1



Tree crown economics

et al. 2004), strong covariation among crown traits can serve
as evidence for the economic trade-offs that trees face as
they acclimate or adaptively arrange leaves to compete for
light and use water. As detailed in the inset table in Figure 1,
we tested for an expected pattern of covariation among
three crown traits that affect the fitness and functioning of
a tree; these traits are precisely defined by how each trait
can be measured: (1) Mean leaf angle — the mean of at
least 60 leaf angles measured on sunlit leaves in a crown.
This trait evaluates the trade-off of casting shade versus
permitting sunlight into the crown. (2) Crown density — the
mean vegetation area index (VAI) measured within 1-m
voxels systematically sampled by lidar throughout an indi-
vidual tree crown. This trait assesses the investment in total
leaf area, and represents the vertically summed leaf area

Broadleaf

deciduous crowns

LIGHT COMPETITION
SPECTRUM

Acer

——) )01 cus

saccharum WATER USE SPECTRUM  yelutina

Needleleaf

evergreen crowns

LIGHT COMPETITION
SPECTRUM

TRy Piceq

WATER USE SPECTRUM  rubens

Tsuga
canadensis

Figure 2. Examples of the “tower”, “dome”, and “pagoda” endpoint
crown architectural forms for (top) common broadleaf deciduous and (bot-
tom) needleleaf evergreen tree species in eastern North America, arrayed
as in Figure 1. Tree silhouettes from Natural Resources Canada.

ECOSYSTEM STRUCTURAL DIVERSITY 43

index (LAI) for a tree crown. (3) Crown rugosity — The
vertical variance in VAI throughout the crown. This trait
evaluates investments in sun versus shade leaves, and helps
describe the leaf area distribution for a tree crown.

We collected two initial datasets that strongly support the
idea that these three crown traits can define the position of
any individual tree on the two theorized spectrums of tree
crown economics. In the first dataset (Figure 3), we used
established methods to quantify traits of crown density and
rugosity from vertical profiles collected from a portable can-
opy lidar instrument (Parker et al. 2004; Atkins et al. 2018).
These profiles were taken from closed-canopy single-species
plantations of three species whose niche strategies span the
two spectrums of crown economics (Figure 3). As expected,
the early successional tulip tree (Liriodendron tulipifera) has
leaves sparsely and evenly distributed throughout the crown,
resulting in a low crown density, but high crown rugosity
(Figure 3). Next, the mesic, late successional sugar maple
(Acer saccharum) has many leaves clustered near the top of
the crown, resulting in high crown density, but low crown
rugosity. Finally, the late successional but less mesic
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Figure 3. Light detection and ranging (lidar)-derived vertical distribution
of leaf area for three species, arranged by their niche strategies along the
crown economic spectrums shown in Figure 1. Vegetation area
index = VAL The inset table is also arranged as in Figure 1, but is popu-
lated with data summarizing the total leaf area (crown density) or variance
in leaf area (crown rugosity). To complete the inset table, we include mean
leaf angle data for each species (full data are in Figure 4). Scientific names
and abbreviations: tulip tree (Liriodendron tulipifera, Litu), sugar maple
(Acer saccharum, Acsa), northern red oak (Quercus rubra, Quru).
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northern red oak (Quercus rubra) had both high crown den-
sity and high crown rugosity.

In the second dataset (Figure 4), we used the leveled pho-
tograph method (Ryu et al. 2010; McNeil et al. 2016) to meas-
ure leaf angles from walk-up towers and UAVs. For this
crown-specific approach, we used a digital protractor to
measure the angle from zenith to the leaf normal of at least
60 sunlit leaves that are oriented parallel to the plane of the
image. These leaf angle data offer strong initial support for
crown economic theory because the data match species
niches defined by shade tolerance (Burns and Honkala 1990)
and water availability (Canham et al. 2006). Crucially, when
considered together, these initial lidar and leaf angle datasets
exhibit strong agreement with our theoretical expectation
that each species has adapted a crown economic strategy
whereby the total amount and distribution of leaves in the
crown covaries with the mean angle of leaves in the crown
(see data in the inset table of Figure 3).

Testing the effects of crown traits on ecosystem functioning

The measurement of crown traits can also be useful for
disentangling the convergent effects of leaf and crown
traits on NIR spectral reflectance (Ollinger 2011), which
is strongly and mechanistically related to ecosystem func-
tions of albedo, evapotranspiration, and

BE McNeil et al.

Experimental Forest in West Virginia (Figure 5). Through
all these measurements, we discovered that sugar maple
crowns had significantly more horizontal leaf angles than
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Figure 4. Species averages from 11,836 sunlit leaf angle observations
within 20 sites throughout eastern North America. Taxa are named by the
first two letters of their genus and species, and are placed along the water
use and light competition spectrums in Figure 1 by known niche habitats
(see main text). Error bars indicate standard errors.

productivity (Guerrieri et al. 2016; Badgley
et al. 2019; Baldocchi et al. 2020). By
focusing on two separate patterns of NIR
spectral reflectance, we have found evidence
that the crown trait of mean leaf angle
can drive important, multi-scale variability
in ecosystem functioning through both
space and time.

Species differences in mean leaf angle help
explain the central Appalachian “climate
coolspot”

To begin examining the role of crown traits
in driving spatial variability in ecosystem
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functioning, we collected leaf angle data

throughout a striking spatial pattern that
we call the “climate coolspot” of elevated
albedo, NIR reflectance, evapotranspira-
tion, and C wuptake in the central
Appalachian  Mountains  (Figure 5)
(Ollinger et al. 2008; Guerrieri et al. 2016).
In particular, we accessed the sunlit crowns
of the region’s tree species through visiting
existing walk-up towers in the region (typ-
ically abandoned fire towers) and by
employing UAV  methods  (McNeil
et al. 2016) to measure mean leaf angle
in locations without walk-up towers, par-
ticularly in the wet and biodiverse Fernow

Figure 5. (a) The spatial pattern of shortwave albedo in eastern North America, adapted from
Figure 4 in Ollinger et al. (2008) (© The National Academy of Sciences of the USA). This “cli-
mate coolspot” spatial pattern of elevated albedo is centered on the USDA Forest Service
Fernow Experimental Forest (FEF) in the central Appalachian Mountains, and is driven by ele-
vated near-infrared (NIR) reflectance, which corresponds to higher rates of carbon uptake
(leaf-level photosynthetic capacity or A ) (Ollinger et al. 2008) and evapotranspiration
(Guerrieri et al. 2016). (b) Landsat phenology data (see Elmore et al. [2012] for methods) align
with the moderate resolution imaging spectroradiometer (MODIS)-derived satellite map of
Ollinger et al. (2008), showing that a dry, closed-canopy oak/hickory (Quercus/Carya spp) for-
est (with “pagoda” crown architectures) in the Green Ridge State Forest (GRSF) in Maryland
has a lower maximum NIR reflectance than the sugar maple (Acer saccharum) (“dome”
architecture)-dominated forest in the mesic FEF site. The Landsat phenology data in (b) also
suggest a higher rate of NIR greendown in the GRSF, which appears to be driven by mean leaf
angle values that become increasingly vertical through the summer (Figure 7) (Reaves
et al. 2018). Day of the year = DOY.

Front Ecol Environ doi:10.1002/fee.2588

QSURDIT SUOWILO) dATIEAI)) d]qearjdde oY) Aq PauIdA0S 18 SI[OILIE () SN JO SN J0J ATRIQIT AUIUQ AJ[IA\ UO (SUOHIPUOD-PUB-SULID}/ WO A3[1M " ATRIqI[dur[uo//:sdiy) SUOBIPUO)) Pue SWId ], oY) 39S “[£207/S0/0T] U0 Areiqry auruQ A3[1A ‘88S7°99)/2001°01/10p/wod" Ad[iam A1eqraurjuo-sjeuinofesd//:sdny woiy papeoumod ‘1 ‘€20z ‘60€607S 1



Tree crown economics

other species (eg see data in Figures 3 and 4). At the
FEF site, we also mounted a multispectral camera (Tetracam
ADC Snap; Chatsworth, CA) to the UAV to obtain top-
down views, which revealed that sugar maple crowns had
much higher and more uniform NIR brightness than
surrounding trees (Figure 6). Then, using both high-
resolution multispectral satellite imagery and the intensity
of returns from the NIR laser beams of airborne leaf-on
lidar data, we confirmed that the mesic, late-successional
sugar maple crowns have significantly higher NIR reflec-
tance than all other species in the Fernow Experimental
Forest (Fang et al. 2018).

Given the increasing and often dominant abundance of
sugar maple throughout the central Appalachian Mountains
(Schuler and Gillespie 2000), we suggest that much of the “cli-
mate coolspot” spatial pattern of forest functioning visible in
Figure 5 might be explained by the relative abundance of
sugar maple and other tree species with a “dome” architecture
(Figure 1). Indeed, as an initial test, we found that our species-
specific mean leaf angle values (Figure 4), weighted by the
relative abundance of tree species in 254 US Department of
Agriculture Forest Service Forest Inventory and Analysis
(FIA) plots in the central Appalachian region, could explain a
significant amount of the plot-level variation (R? = 0.12,
P<0.0001) in maximum NIR reflectance measured from
Landsat phenology data (Figure 5b) (following methods
described by Elmore et al. [2012]). In fact, these plot-scaled
mean leaf angle estimates explained more variation in maxi-
mum NIR reflectance than did abiotic drivers such as slope,

- = | e o, £ =
Figure 6. Species differences in crown near-infrared (NIR) brightness
measured from instruments on an unoccupied aerial vehicle (UAV)
deployed in the Fernow Experimental Forest, West Virginia. Relative to the
patchy and lower NIR brightness (darker pixels) in the northern red oak
(Quercus rubra, Quru) crown, the more intense (brighter pixels) and uni-
form pattern in sugar maple (Acer saccharum, Acsa) is expected from its
crown traits (Figure 3).
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aspect, and elevation. On the basis of this example of the “cli-
mate coolspot” in the central Appalachian Mountains, we
encourage conducting additional tests, ones that more directly
focus on disentangling the roles of leaf and crown traits in
driving multi-scale spatial patterns of NIR reflectance and
ecosystem functioning.

Leaf angle phenology can drive NIR greendown

We have also examined the relationship between crown
traits and a widely observed temporal pattern called NIR
greendown, or declining NIR reflectance between early
and late summer (Figure 5b) (Elmore et al. 2012). We
previously used manual repeat photography to suggest
that plant-directed control of leaf angle (that is, leaf angle
phenology; for discussions concerning likely plant phys-
iological mechanisms, see McMillen and
McClendon [1979], King [1997], and van Zanten
et al. [2010]) was the most likely cause of Landsat-observed
greendown in the Green Ridge State Forest (GRSF), a
dry, closed-canopy oak (Quercus spp) and hickory (Carya
spp) forest in western Maryland (Figure 5) (Reaves
et al. 2018). To confirm this finding, we used an aban-
doned fire tower at an especially dry ridgetop site in the
GRSF to measure greendown from (1) boom-mounted
light sensors measuring the normalized difference vege-
tation index (NDVI) of the canopy immediately under
the tower (Figure 7, a and b), following methods described
in Jenkins et al. (2007); and (2) a solar-powered, cellular-
networked NIR phenocam (“Greenridgel” within the
PhenoCam dataset [v2.0]) (Seyednasrollah et al. 2019)
used to measure crown-specific NDVI phenology (NDVI
from methods in Petach et al. [2014]; see example results
for a black oak [Quercus velutina] crown in Figure 7, a
and c). By relating these NIR greendown measurements
to leaf angle data measured on the same crowns from
automated time-lapse cameras mounted at heights level
with the sunlit crowns of three tree species (Figure 7, d
and e), we found strong support for the theory that
increasingly vertical leaf angles can drive NIR greendown.
For instance, the average of mean leaf angle values from
the three species (data in Figure 7e) predicted 60% of
the variation (R*> = 0.60, P<0.0001) in NDVI measured
by the light sensors (data in Figure 7b). That changes in
mean leaf angle were directly responsible for the decline
in NIR reflectance in the GRSF is supported by three
lines of evidence: (1) the coincident timing of changes
in leaf angle and spectral reflectance; (2) modeling work
indicating that the changes in leaf angle are large enough
to affect NIR reflectance (Asner 1998); and (3) our earlier
work at the GRSF, in which we found that greendown
was not correlated with changes in leaf-level spectral
reflectance between June and August (Reaves et al. 2018).
Although leaf angle appears to drive greendown in the
GRSF, other, more mesic forests appear to have little

Front Ecol Environ doi:10.1002/fee.2588

ASUAII' SUOWILIO)) dANEAI) d]qearjdde ot Aq pauIdA0S a1e SI[OIIE () 9N JO SO 10J AIRIQIT AUI[UQ AJ[IA\ UO (SUOHIPUOD-PUE-SULID}/ W0 KO[IM " ATRIqI[ouT[uo//:sd)y) SUONIPUO)) pue SWLId T, oY) 998 *[£202/S0/0T] U0 A1eIqrT ouruQ Ad[IA ‘8857 99J/2001 0 1/10p/twod" Aa[im Areiqrouruo sjeuinolesa//:sdny woiy papeoumod ‘1 ‘€70z ‘60£607S 1



46 ECOSYSTEM STRUCTURAL DIVERSITY
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greendown, or may have other drivers of
temporal variability in NIR reflectance (eg
a change in crown density; Smith
et al. 2019). For instance, we installed
time-lapse cameras and analyzed leaf angle
phenology in northern red oak and red
maple (Acer rubrum) trees surrounding a
walkup tower at the Harvard Forest in
central Massachusetts in 2017, and
observed little seasonal change in mean
leaf angle, which is consistent with the
relatively stable NIR reflectance and gross
ecosystem production during the leaf-on
period at this mesic site (Wehr et al. 2016).
By repeating the coincident measurements
of NIR and crown trait phenology at other
sites, such as our ongoing measurements
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at  National Ecological Observatory

Network (NEON) towers in the eastern

US, future research on NIR greendown can
further identify the apparent species and
site differences in how trees dynamically
adjust their crown architectures to respond
to global change and affect ecosystem
functioning.

@ Conclusions

A trait-based crown economic theory can
provide a valuable approach for explaining
the crown-scale mechanisms that can drive
many aspects of forest responses to global
change. We tested two theoretical predic-
tions of tree crown economics. First,
through finding species niche separation
and covariation among three crown traits
(mean leaf angle, crown density, and crown
rugosity), we found evidence that economic

trade-offs among light harvesting and water DOY 241

Figure 7. The phenologies of (a—c) NIR greendown and (d and e) leaf angle from a tower in the
GRSF. (a) A phenocam image from the 241st day of the year (DOY; that is, DOY 241) in 2016
shows (b) the boom-mounted light sensors used to measure normalized difference vegetation
index (NDVI) phenology of the multi-species forest canopy adjacent to the tower. (c) Analysis of
phenocam data from one black oak (Quercus velutina, Quve) crown next to the tower shows a
similar NDVI phenology, albeit with a more apparent decline in NDVI after DOY 241. Following
DOY 241, the visible color imagery shows decreasing leaf greenness, suggesting that DOY 241
was likely the onset of leaf senescence. (d) Analysis of images from time-lapse cameras
mounted lower on the tower, and level with sunlit crowns of three different species located
under the boom, reveals (e) increasingly vertical leaf angles in black oak (Quve), chestnut oak
(Quercus prinus, Qupr), and mockernut hickory (Carya tomentosa, Cato) between DOY 160 and

use appear to drive variation in tree crown
architecture. Second, we discovered that
crown traits can mechanistically drive two heretofore poorly
understood patterns in ecosystem functioning: the “climate
coolspot” in the central Appalachian Mountains and NIR
greendown phenology. By more rigorously testing the
coordination of crown economic traits and by using NIR
reflectance to mechanistically scale crown traits to eco-
system functioning, future research can open new avenues
for: (1) measuring and mapping crown traits, including
through the application of novel lidar-based approaches
to automatically measure leaf angles (Stovall et al. 2021);
(2) exploring the convergence of trait-based leaf economic
and crown economic theories; (3) testing above- and
belowground models of resource allocation; and (4) build-
ing a new class of trait-based models that can more robustly

predict the future of forest functioning under ongoing
rapid global change.
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