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Functional Relationships Between
Branch and Stem Wood Density for
Temperate Tree Species in North
America

David W. MacFarlane*

Department of Forestry, Michigan State University, East Lansing, MI, United States

Wood density is strongly related to key aspects of tree physiological performance. While
many studies have examined wood density in different parts of trees, for a variety of
reasons, there are very few studies that have compared within-tree density variation
across many trees, of many species, drawn from a large geographic area. Here, a large
data set representing thousands of trees of 78 species/genera, drawn from hundreds
of sites in the Eastern United States, was compiled and analyzed to explore branch to
main stem wood basic density relationships. It was expected that differences in stem vs.
branch wood density among trees would be due to both genetic constraints and plastic
responses in wood properties, due to tree growth responses to external environments.
The results show a wide tree-to-tree variation in average branch density, relative to main
stem density. However, there was a general pattern for overstory tree species to have
high tree branch density relative to stem density at lower stem densities, and a declining
branch to stem wood density ratio as stem density increased. Evergreen gymnosperms
showed the strongest change in branch to stem wood density ratios over the range of
stem wood densities and deciduous angiosperms the least; deciduous gymnosperms
showed an intermediate pattern, but with generally higher branch- than stem- wood
densities. More cold-hearty, shade-tolerant/drought-intolerant, evergreen gymnosperms,
growing at higher latitudes, showed higher branch to stem density ratios than more
shade-intolerant/drought tolerant evergreen gymnosperms growing at lower latitudes.
Across all trees, canopy position had a significant influence on branch to stem density
relationships, with higher branch to stem density ratios for canopy dominant trees and
successively lower branch to stem density ratios for trees in successively inferior canopy
positions (in terms of light availability). Understory tree species, which remain in the forest
understory at maximum height, showed generally lower branch than stem densities over
a wide range of stem densities. The results suggested that tradeoffs between mechanical
safety and whole-tree hydraulic conductance are driving within-tree differences in wood
density and highlighted the need for more detailed examinations of within-tree density
variation at the whole-tree level.
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INTRODUCTION

Wood density is strongly related to key aspects of a trees
physiological performance (e.g., hydraulic conductance, e.g.,
Markesteijn et al., 2011) and mechanical structure (e.g., risk of
trunk failure under wind loads, Telewski, 2012) and is a key trait
for determining wood quality, as it is strongly correlated with
the properties of many forest products (Zhang and Morgenstern,
1995; Rozenberg et al, 2001). Stem wood density has also
been shown to be a valuable predictor in models that estimate
the biomass of standing trees, particularly for forest carbon
inventories (Chave et al., 2005; MacFarlane, 2015), because at a
given volume, a tree with a higher density will have greater mass.
Because wood density is strongly, phylogenetically conserved,
published species-average values are available which can be used
a proxy for various tree functions (Chave et al., 2009). However,
it is widely recognized that wood mechanical properties are also
highly plastic (e.g., Telewski, 2012; Van Casteren et al., 2012;
Dabhle et al., 2017), such that species-specific wood densities can
have wide ranges and wood density can vary from tree to tree
(e.g., Niklas and Spatz, 2010) and within the various parts of trees
(e.g., branches, Sarmiento et al., 2011; Momo et al., 2018).

Databases of species-specific values of wood density are often
derived from wood samples drawn from wood in the lower stem
or trunk (e.g., Chave et al., 2009; Niklas and Spatz, 2010), often
measured at breast height on standing trees (1.3 m above the
ground) (e.g., Gao et al., 2017). This widespread sampling bias
is partly a product of the convenience of measuring trees close
to the ground, but likely also because the most valuable wood is
found in the lower trunk of tree. Recent studies have shown that
trunk-based estimates of wood density can lead to bias in tree or
stand -level estimates of forest biomass or carbon (e.g., Momo
etal., 2018).

Much less attention has been paid to the density of branches
(He and Deane, 2016), though they perform vital functions as
part of the whole tree’s vascular network (Smith et al., 2014) and
play a complex, but less clearly understood role in mechanical
stability (Sterck et al., 2006; Santini et al, 2013). From a
mechanical perspective, many models assume trees are a series of
cantilevered beams, with the main differences between branches
vs. trunks arising from differences in the size and orientation
of the parts (e.g., Van Casteren et al., 2012; Dahle et al., 2017).
Tension wood may be more common in branches to maintain
branch orientation (Dahle and Grabosky, 2009), but there is
substantial variability even along the length of a single branch,
which can make it difficult to generalize (Dahle and Grabosky,
2010). It is generally understood that both stems and branches
are more flexible and vascularized when smaller or younger, with
mechanical support becoming a more important function over
time as the various parts of the tree increase in size (Dahle and
Grabosky, 2009).

Theoretically, the density of wood in branches should be
similar to the density of wood in the main stem of the same
tree, because wood density reflects the intrinsic (genetic) nature
of the wood produced by trees of a given species. However,
only a relatively small number of studies have directly examined

the relationship between branch and stem density at the whole-
tree level, across multiple species (e.g., Swenson and Enquist,
2008; Sarmiento et al., 2011; Momo et al., 2018). Two studies
which explicitly looked at stem vs. branch density for tropical
rain forest trees species found positive, linear relationships: in
French Guiana, Sarmiento et al. (2011) and for tropical tree and
shrub species in Puerto Rico, Swenson and Enquist (2008). In the
latter studies, an important motivation was to show that stem
wood density (for standing tree biomass estimation) might be
reliably predicted from the density of wood in sample branches.
However, there is a great need to better understand when and
why trees might have significant differences in branch vs. stem
wood density, given the wide range of value of wood and branch
density observable across many families and species of woody
plants (Sarmiento et al., 2011) (e.g., perhaps to reduce hydraulic
risk for tall trees?; see McCulloh et al., 2014). Some key questions
are: What types of trees would have lower or higher branch then
stem density? What types of growing conditions would cause the
crown and the trunk to have different wood densities?

Here, data were compiled from thousands of trees from
temperate forests in North America, covering a wide range
of tree sizes and species, over a large geographic area, to try
to better understand covariation in branch and stem wood
density, when both are measured on the same trees. The specific
goals of the research were (1) to see if patterns observed
already for tropical tree species are similar or different in North
America (i.e., Swenson and Enquist, 2008; Sarmiento et al.,
2011), and (2) examine both intrinsic (taxonomic) and extrinsic
(environmental) differences in branch vs. stem wood density,
seeking to extend understanding of why trees of certain types,
growing under certain environmental conditions, might differ in
branch vs. stem wood density.

MATERIALS AND METHODS

Data

Data for this study include a subset of the historical “legacy”
tree data compiled by Radtke et al. (2016), which included
measurements of tens of thousands of trees from the southeastern
United States [this subset is hereafter referred to as the “southern”
data set, including data from Clark (unpublished data), McNab
and Clark (1982), Baldwin and Saucier (1983), Clark et al. (1985,
1986a,b, 1991)], and a “northern” data set developed within
the state of Michigan to enhance this historical data (see e.g.,
MacFarlane, 2015; Dettmann and MacFarlane, 2019). Combined,
these two data sets provided branch basic density and stem basic
density data, at the individual tree level, for 4,060 trees from 385
sampling sites, across a large graphic area (Figure 1), including
diverse tree functional types and many of the common species in
temperate forests of eastern North America (Tables 1, 2). “Basic
density” here is defined as the dry mass to green volume ratio
of the wood (inside-bark portion) of disks removed from sample
branches and sections of the main or central stem of each tree,
respectively, from trees destructively sampled for development of
volume and mass models (see individual studies cited above for
more detailed descriptions of sampling methods). Wood basic
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FIGURE 1 | Geographic locations in Eastern USA where tree data were collected for this studly.

density, defined this way, is regard as a key functional trait for
making comparisons between trees (Chave et al., 2009). Table 2
shows the number of sample trees and measured average branch
and stem basic density across 78 species or genera (e.g., Ulmus
spp. where the species were unknown or not recorded in the
study). The data set also includes a very large range of tree
ages (spanning tree 6 to 260 years old), though age was only
measured on about 10% of the trees (see Table 1). This data
provided an unprecedented level of information for examining
covariation in average branch vs. stem wood density in North
American trees.

Expected Branch to Stem -Wood Density
Relationships

Based on limited previous studies of tree branch to stem wood
density relationships [by Swenson and Enquist (2008), Sarmiento
etal. (2011)] and initial plots of the data, a general, linear model
was determined to be appropriate to fit to the data:

pp = a + Bps (1

where py, is the average density of wood in tree branches and p; is
the average density of wood in the stem.
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TABLE 1 | Summary of data sets in this study by functional type.

Data set Functional type n.loc n.trees n.age age (yrs)
mean [min, max]
Southern Deciduous angiosperm 345 3,550 49 13.7 [6, 32]
Deciduous gymnosperm 5 17 NA
Evergreen angiosperm 4 14 NA
Evergreen gymnosperm 15 215 198 35.9[15, 108]
Northern
Deciduous angiosperm 10 195 139 86.5 [7, 254]
Deciduous gymnosperm 1 6 4 43.8 [31, 52]
Evergreen gymnosperm 5 63 46 88.2 [10, 260]
All All 385 4,060 431 61.3 6, 260]

n.loc is the number of locations where data were collected. n.trees is the total number of trees where density measurements were available. n.age is the number of trees where tree

age was known/available. NA is “not available”.

A logical null model was employed, specifying that:

Hy: the density of wood is the same in the stem and branches.
In Eq. 1, this would correspond to a slope 8 = 1 and an intercept
a = 0 and suggest that branches and stems are performing
similarly in functions as they relate to wood density.

Data from all the trees and a variety of subpopulations were fit
to eq. 1 using linear regression, to examine deviations from this
null model and to examine four alternative hypotheses:

H; . Branches are denser on average than the main stems of trees
(¢ >0and B > 1).

H,. Branches are less dense on average than the main stems of
trees (a < 0 and B < 1).

Hj. The ratio between branch and stem density is high at low
stem density and decreases as the wood of the stem becomes
denser (0 > 0and B < 1).

Hy. The ratio between branch and stem density is low at low
stem density and increases as the wood of the stem becomes
denser (w < Oand B > 1).

Statistical tests of the null hypotheses that « = 0 and g =
1, respectively, were performed using the “smart” R package
(Warton et al., 2012).

Trees of every species were grouped into four major
plant functional types for analysis: Deciduous Angiosperms
(n = 3,745), Deciduous Gymnosperms (n = 23), Evergreen
Angiosperms (n = 14) and Evergreen Gymnosperms (n = 278)
(see Tables 1, 2), with the hypothesis that these groupings would
reveal important differences due to fundamental differences in
wood anatomy and tree life history. Gymnosperms generally have
lighter wood than angiosperms and deciduous tree branches bear
the weight of leaves for shorter periods of time than evergreens.
The relatively low number of samples of Evergreen Angiosperms
and Deciduous Gymnosperms reflects the rarity of trees of
these functional types, relative to the other two types, in the
study region. Within these broad types, differences in branch -
stem density relationships were expected to occur at the species
level, but due to small sample sizes for many of the species
or genera in our data base (Table 2), the finest level of detail
that we examined these relationships was at the genus level, and

only when the number of trees in that genus was greater than
or equal to 30 trees (a theoretically large sample size for an
effectively infinite population of trees). Models were fit separately
by functional type and by genus group to examine the influence of
life history and phylogeny, respectively, on branch to stem wood
density relationships.

It was expected that the relative size and canopy position
of trees would affect both the mechanical and physiological
properties of each tree’s wood. Trees were classed into two
“growth forms™ (1) “understory” trees (n = 174) and (2)
“overstory” trees, i.e., those which could be canopy dominant
at maturity (n = 3,886) (Table 2), but may occupy any canopy
position. For 3,961 of the 4,060 trees, the canopy position of the
tree was known, assigned during data collection to one of four
canopy classes: dominant (n = 811), co-dominant (n = 1,256),
intermediate (n = 919) and overtopped (n = 975), following
standard definitions used by the USDA Forest Service (see e.g.,
MacFarlane and Kane, 2017). Models were fit separately by
canopy position to examine the influence of a tree’s competitive
environment on branch to stem wood density relationships.

Site conditions should also influence branch to stem wood
density relationships and the data were drawn from a very large
number of different locations, stand types and included trees of a
wide range of ages (Table 1). However, the focus of the individual
studies the data were drawn from was primarily to sample
diverse species over a wide geographic area, such that “species”
is often confounded with “site” and there was generally limited
information gathered on the specific growing conditions at sites
where trees were sampled at. This limited the possibility for
using “site” or “stand” conditions as an independent variable for
analysis. Nonetheless, as the data spanned a geographic domain
of about 15° of latitude (~30-45°), the data were analyzed to
see if there was a north to south gradient in branch to stem
density ratios across these temperate forests. This helped to link
study results along a latitudinal gradient to forests in tropical
regions. The resultant models of branch to stem wood density
were compared to similar relationships published for trees and
shrubs in tropical wet forests in Puerto Rico (Swenson and
Enquist, 2008) and for trees-only in tropical rainforests of French
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TABLE 2 | Number of sample trees by Genus spp. growth form and average stem and branch density.

Genus species Functional type Growth form n Mean stem density Mean branch density
(gem=) (gem=?)
Abies balsamea Ever.Gymno tree 4 0.362 0.472
Acer negundo Dec.Angio tree 1 0.409 0.447
Acer nigrum Dec.Angio tree 4 0.611 0.589
Acer platanoides Dec.Angio tree 2 0.506 0.479
Acer rubrum Dec.Angio tree 239 0.486 0.480
Acer saccharinum Dec.Angio tree 14 0.481 0.470
Acer saccharum Dec.Angio tree 22 0.620 0.595
Alnus rhombifolia Dec.Angio tree 2 0.621 0.589
Betula alleghaniensis Dec.Angio tree 4 0.682 0.597
Betula spp. Dec.Angio tree 38 0.540 0.550
Carpinus caroliniana Dec.Angio understory 48 0.569 0.543
Carya cordiformis Dec.Angio tree 6 0.616 0.604
Carya spp. Dec.Angio tree 161 0.645 0.611
Celtis occidentalis Dec.Angio tree 10 0.573 0.583
Celtis spp. Dec.Angio tree 14 0.484 0.477
Cercis canadensis Dec.Angio understory 19 0.548 0.481
Cornus florida Dec.Angio understory 56 0.627 0.614
Diospyros virginiana Dec.Angio understory 5 0.652 0.501
Fagus grandifolia Dec.Angio tree 24 0.603 0.597
Fraxinus americana Dec.Angio tree 31 0.573 0.582
Fraxinus spp. Dec.Angio tree 269 0.485 0.521
Gleditsia triacanthos Dec.Angio tree 6 0.656 0.666
llex opaca Ever.Angio understory 13 0.542 0.533
Juglans nigra Dec.Angio tree 1 0.518 0.529
Juniperus virginiana Ever.Gymno tree 3 0.489 0.603
Larix kaempferi Dec.Gymno tree 2 0.517 0.548
Larix laricina Dec.Gymno tree 4 0.487 0.5682
Liquidambar styraciflua Dec.Angio tree 731 0.474 0.488
Liriodendron tulipifera Dec.Angio tree 253 0.409 0.433
Magnolia virginiana Dec.Angio tree 8 0.446 0.479
Morus spp. Dec.Angio understory 4 0.473 0.442
Nyssa aquatica Dec.Angio tree 150 0.406 0.415
Nyssa biflora Dec.Angio tree 141 0.468 0.481
Nyssa sylvatica Dec.Angio tree 26 0.516 0.512
Ostrya virginiana Dec.Angio understory 4 0.576 0.518
Oxydendrum arboreum Dec.Angio understory 24 0.509 0.487
Persea borbonia Ever.Angio understory 1 0.432 0.376
Picea glauca Ever.Gymno tree 4 0.426 0.561
Pinus echinata Ever.Gymno tree 3 0.460 0.429
Pinus elliottii Ever.Gymno tree 22 0.484 0.408
Pinus glabra Ever.Gymno tree 1 0.431 0.432
Pinus nigra Ever.Gymno tree 3 0.546 0.5138
Pinus palustris Ever.Gymno tree 111 0.497 0.467
Pinus resinosa Ever.Gymno tree 12 0.395 0.427
Pinus strobus Ever.Gymno tree 53 0.352 0.398
Pinus taeda Ever.Gymno tree 3 0.464 0.423
Pinus virginiana Ever.Gymno tree 5 0.461 0.439
Platanus occidentalis Dec.Angio tree 36 0.451 0.458
Populus deltoides Dec.Angio tree 11 0.389 0.456
Populus spp. Dec.Angio tree 112 0.354 0.391
(Continued)

Frontiers in Forests and Global Change | www.frontiersin.org 5 June 2020 | Volume 3 | Article 63


https://www.frontiersin.org/journals/forests-and-global-change
https://www.frontiersin.org
https://www.frontiersin.org/journals/forests-and-global-change#articles

MacFarlane

Branch vs. Stem Wood Density

TABLE 2 | Continued

Genus species Functional type Growth form n Mean stem density Mean branch density
(gem=) (gem=?)

Populus tremuloides Dec.Angio tree 8 0.418 0.436
Prunus serotina Dec.Angio tree 47 0.541 0.541
Quercus alba Dec.Angio tree 307 0.635 0.646
Quercus bicolor Dec.Angio tree 1 0.576 0.560
Quercus coccinea Dec.Angio tree 103 0.588 0.643
Quercus falcata Dec.Angio tree 82 0.593 0.650
Quercus laurifolia Dec.Angio tree 47 0.597 0.623
Quercus lyrata Dec.Angio tree 4 0.603 0.632
Quercus michauxii Dec.Angio tree 1 0.631 0.636
Quercus nigra Dec.Angio tree 202 0.597 0.627
Quercus pagoda Dec.Angio tree 18 0.619 0.622
Quercus palustris Dec.Angio tree 4 0.635 0.632
Quercus phellos Dec.Angio tree 33 0.596 0.622
Quercus prinus Dec.Angio tree 100 0.624 0.606
Quercus rubra Dec.Angio tree 117 0.585 0.606
Quercus spp. Dec.Angio tree 4 0.599 0.602
Quercus stellata Dec.Angio tree 28 0.652 0.685
Quercus velutina Dec.Angio tree 45 0.592 0.630
Robinia pseudoacacia Dec.Angio tree 19 0.626 0.644
Salix spp. Dec.Angio tree 7 0.364 0.401
Sassafras albidum Dec.Angio tree 4 0.475 0.504
Taxodium ascendens Dec.Gymno tree 5 0.389 0.436
Taxodium distichum Dec.Gymno tree 12 0.370 0.420
Thuja occidentalis Ever.Gymno tree 3 0.289 0.328
Tilia americana Dec.Angio tree 15 0.366 0.375
Tilia spp. Dec.Angio tree 18 0.363 0.332
Tsuga canadensis Ever.Gymno tree 51 0.405 0.499
Ulmus spp. Dec.Angio tree 55 0.595 0.582
All spp. All types All types 4060 0.561603 0.52893

Dec.Angio, Deciduous Angiosperm; Dec.Gymno, Deciduous Gymnosperm, Ever.Angio, Evergeeen Angiosperms; Ever.Gymno, Evergreen Gymnosperms.

Guiana (Sarmiento et al., 2011). Swenson and Enquist’s (2008)
published models translate into eq. 1 values of @ = 0.0521 and 8
= 0.8695 for trees and « = —0.0588 and B = 0.9803, for shrubs,
respectively. Results from Sarmiento et al. (2011) translate to o« =
0.0341 and B = 09174 in eq. 1.

RESULTS

The results show a generally strong, linear relationship between
average branch vs. average stem density, but with a high degree
of variability from tree to tree (Figure2). The pattern was
distinctively different for small understory trees, which have
branch densities that are generally lower than the density of the
main stem (Figure 2), with o < 0 and § > 1 (B was higher, but
not statistically different than one; Table 3). By contrast, trees
that can reach canopy height at maturity showed a trend toward
having relatively higher branch densities at low stem density («
> 0), with a decreasing branch density as stem density increases
(B < 1, all trees, Table 3). Comparing these results from North

America to two previous studies (Swenson and Enquist, 2008;
Sarmiento et al., 2011), indicates that this general trend holds in
tropical forest systems (¢ < 0 and p > 1 for small trees/shrubs
and o > 0 and B < 1 for trees), but with relatively higher branch
vs. stem densities for temperate trees (Figure 2, and compare
Table 3 to values presented in the text above).

There were clear differences in the relationships, depending
on the functional type (Figure 3 and Table 3), with deciduous
angiosperms being the only type for which both small
understory trees and canopy trees were present in the
data base (these showed opposite patterns in terms of the
relationship, Figure 3). Gymnosperms showed higher intercepts
(o), indicating relatively higher branch densities at lower stem
densities, and evergreens had higher intercepts than deciduous
species (Figure 3 and Table 3).

Looking at the ratio of branch to stem wood density for the
trees (Figure 4), the relationship changed as average stem density
increased: evergreen gymnosperms showed a relatively higher
branch density at low stem densities, which declined steeply as
stem density increased. Deciduous angiosperms showed a much
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FIGURE 2 | Branch wood — stem wood density relationships (thick, blue, long-dashed lines) for North American trees (gray circles) of two different growth forms.
Short-dashed (purple) lines represent the relationship for trees in tropical rainforests in French Guiana published by Sarmiento et al. (2011). Dotted (red) and
dot-dashed (orange) lines are relationships for trees and shrubs, respectively, in tropical wet forests in Puerto Rico, reported by Swenson and Enquist (2008).

narrower range of change in the relationship; with deciduous
gymnosperms falling in between. Most trees of understory
species had a ratio of less than 1.

Patterns for trees in the same genus generally followed the
pattern within their functional type (Figure5), though there
were only two genera of evergreen gymnosperms and only
two genera of small/understory trees with large enough sample
sizes (n > 30 trees) for finer-scale analyses. Both understory
species, both deciduous angiosperms (Carpinus caroliniana and
Cornus florida), showed generally lower branch then stem
densities (Figure 5). Among the evergreen gymnosperms, Tsuga
(canadensis) showed a consistently higher branch density than
stem density, with an effectively random relationship between
them (high o and B & 0, Table 4), though over a fairly-low range
of stem densities. The genus Pinus had trees of multiple species
covering a much wider range of stem densities (Table 2) and
showed a relatively strong trend of high branch density at low
stem density and vice versa (Figure 5). Deciduous angiosperms,
which made up the bulk of the trees in the data base (Table 1),
showed more varied trends than the overall pattern for that
functional type (Figure3), with a few genera showing close
to a one-to-one relationship between branch and stem density
over the density range examined (Carya, Prunus, and Tilia had
values for o and P not statistically different from 0 and 1,
respectively; Table 4).

When models were fit by canopy position (Table3) to
examine branch to stem density ratios, there was a distinctive
pattern of increasing intercept and decreasing slope from canopy
dominant to overtopped trees (Figure 6). Most canopy dominant
trees had branch densities higher than stem density, with a fairly
narrow range of change in the relationship for trees with greater

stem density. Overtopped trees, on the other end of the spectrum,
showed the steepest change with a trend toward lower branch vs.
stem density for trees a higher stem wood density (> 0.5 g cm™3).

Looking at the geographic pattern revealed a significant
positive slope between branch to stem density ratios and latitude
for evergreen gymnosperms (Figure 7), but not for the other
three functional types (slopes of the regressions were not
significantly different from zero, p > 0.05). However, when
relationships for the same species of evergreen gymnosperms
were examined, in both the northern and southern data sampling
regions, there appeared to be no appreciable pattern of higher
branch density at the same stem density at higher latitudes
(Figure 8). The latter helps confirm general patterns observed
within functional types (Figure 3) and genus (Figure 5) across
latitudes. Note that for both Tsuga canadensis and Pinus
strobus, the overall pattern persisted, but the trees of these
species from the southern data set had relatively higher branch
densities (Figure 8). This indicates that the latitudinal gradient
observed for evergreen gymnosperms reflects changes in species
within that functional group, over the latitudinal gradient, with
lower-density, northern species having relatively higher branch
densities and higher-density southern species having relatively
lower branch densities, at a given stem density.

DISCUSSION

Why Higher Branch Density at Lower Stem
Wood Density for Trees?

Overall, the results show a high degree of variation in average
branch- vs. stem- wood density for North American tree species,
but also a strong linear relationship that generally supports
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TABLE 3 | Linear models relating tree average branch basic density to average stem basic density (g cm~2) for trees of different growth form and functional type in
different positions within forest canopies.

Growth form Functional type Canopy position Coef. Estimate Std. P R?
understory tree any understory o —0.0657 0.0281 0.0206 0.7334
B 1.0696° 0.0490 0.0000
Dec.Angio. understory a —0.0819 0.0296 0.0064 0.7408
B 1.0953° 0.0513 0.0000
Ever.Angio. understory o —0.03022 0.1156 0.7984 0.6564
B 1.0338° 0.2159 0.0004
tree any any o 0.0887 0.0039 0.0000 0.7755
B 0.8558 0.0074 0.0000
Dec.Angio. any o 0.0814 0.0039 0.0000 0.7976
B 0.8713 0.0073 0.0000
Dec.Gymno. any a 0.1153 0.0512 0.0352 0.6746
any B 0.8410° 0.1232 0.0000
Ever.Gymno. any a 0.3114 0.0213 0.0000 0.1384
any B 0.3226 0.0478 0.0000
any any codominant o 0.0668 0.0070 0.0000 0.7892
B 0.9035 0.0132 0.0000
dominant o 0.0653 0.0085 0.0000 0.8006
B 0.9186 0.0161 0.0000
intermediate o 0.1009 0.0076 0.0000 0.7787
B 0.8245 0.0145 0.0000
overtopped a 0.1335 0.0076 0.0000 0.7229
B 0.7413 0.0147 0.0000

Dec.Angio, Deciduous Angiosperm, Dec.Gymno, Deciduous Gymnosperm, Ever.Angio, Evergeeen Angiosperms; Ever.Gymno, Evergreen Gymnosperms.

aNot sign. dif. from 0.
bNot sign. dlif. from 1.
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TABLE 4 | Linear models relating tree average branch basic density to average stem basic density (g cm~2) for trees of different genera, listed by growth form and

functional type.

Growth form Functional type Genus Coef. Estimate Std. P R?
understory tree Dec.Angio. Carpinus o 0.4025 0.0773 0.0000 0.0468
B 0.24722 0.1359 0.0754
Cornus o 0.00622 0.0936 0.9470 0.4286
B 0.9702° 0.1493 0.0000
tree Dec.Angio. Acer o 0.1663 0.0157 0.0000 0.6046
B 0.6504 0.0313 0.0000
Betula o 0.2263 0.0419 0.0000 0.5996
B 0.6037 0.0764 0.0000
Carya o 0.02452 0.0579 0.6720 0.3800
B 0.9091° 0.0897 0.0000
Fraxinus o 0.2725 0.0154 0.0000 0.4859
B 0.5171 0.0307 0.0000
Liquidambar o 0.2405 0.0203 0.0000 0.1689
B 0.5226 0.0428 0.0000
Liriodendron o 0.1453 0.0203 0.0000 0.4445
B 0.7031 0.0494 0.0000
Nyssa o 0.1585 0.0144 0.0000 0.5732
B 0.6642 0.0322 0.0000
Platanus o 0.1943 0.0781 0.0179 0.2294
B 0.5845 0.1730 0.0018
Populus o 0.0967 0.0258 0.0003 0.5135
B 0.8366 0.0712 0.0000
Prunus o 0.12402 0.0852 0.1530 0.3342
B 0.7713° 0.1571 0.0000
Quercus o 0.3459 0.0171 0.0000 0.2044
B 0.4700 0.0280 0.0000
Tilia o 0.05522 0.1005 0.5866 0.1944
B 0.8131° 0.2753 0.0060
Ulmus o 0.2051 0.0587 0.0010 0.4290
B 0.6330 0.0982 0.0000
Ever.Gymno. Pinus a 0.2522 0.0177 0.0000 0.3513
B 0.4151 0.0386 0.0000
Tsuga o 0.3753 0.0939 0.0002 0.0147
B 0.30512 0.2310 0.1928

Dec.Angio, Deciduous Angiosperm; Dec.Gymno, Deciduous Gymnosperm, Ever.Angio, Evergeeen Angiosperms; Ever.Gymno, Evergreen Gymnosperms.

@Not sign. dif. from O.
PNot sign. diif. from 1.

Hypothesis 3: that the relationship between branch and stem
density changes over the domain of stem density, with a general
trend toward higher branch density when stem density is low
(o > 0) and a relationship that approaches or goes below a 1:1
ratio of branch to stem density at higher stem densities (f < 1).
This empirical pattern is similar to that observed in two studies of
tropical trees (Swenson and Enquist, 2008; Sarmiento et al., 2011,
see Figure 2), though the pattern appears more pronounced for
the temperate tree species. This begs the question: why would
branches be generally denser than the main stem, when the main
stem is less dense?

Wood density is related to strength and flexibility in the face
of mechanical stressors and branches and stems are subjected to

different types of stress. Branches should be subjected to greater
downward loading pressures than the main stem, because of their
more horizontal orientation. For example, snow and ice loading
may weigh heavier on branches than the vertical main stem
of a tree (Cannell and Morgan, 1989). Several studies suggest
that branches may also bear significant stress from horizontal
(sideward) forces, such as wind (e.g., Telewski, 2012; Ciftci
et al., 2013; Santini et al., 2013). Though wind also pushes
on the stem, branches present much of the total surface area
creating drag, so branches may have the effect of damping out
destructive oscillation due to dynamic sway (Ciftci et al., 2013).
However, most studies have focused on mechanical stressors on
tree trunks and more comparable data from branches needs to be
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tree stem density for North American trees (gray circles) for trees in different
positions within the forest canopy.

collected to better understand stress-reactions of stem vs. branch
wood (Telewski, 2012). If branches are generally under greater
mechanical stress that the main stem, we might anticipate o > 0,
but how do we also explain p < 1, such that branches are generally
less dense when stem densities are higher?

It has been demonstrated that stem mechanical strength
increases exponentially with wood density, so that denser wood
is disproportionally stronger than less dense wood (Niklas and
Spatz, 2010). This would suggest that trees or species with
less-dense wood might need relatively greater branch density
for mechanical support than heavier-wooded ones. This would
suggest that the risk of branch breakage should be higher when
the overall wood density of the tree is low. However, the manner
in which branch breakage occurs is not a simple matter of
how dense the wood is, e.g., lighter woods appear to be more
susceptible to “buckling” instead of “fracturing” (Van Casteren
etal., 2012). Since the “whole-tree” wood density is the composite
density of all parts of the tree (Momo et al., 2018) and branch and
stem density are generally positively correlated, trees with higher
stem wood density, should be denser-wooded and much stronger
over all woody parts of the tree.

Hydraulic conductance is also an important consideration
for branch vs. stem wood density. The branches are attached
to the stem and part of a tree-wide fractal-like network that
conducts water and minerals to the leaves and conducts sap
down from the leaves to the rest of the tree (Enquist, 2002). It
is well-documented that there is a negative relationship between
wood density and hydraulic efficiency and that this occurs
because of narrowing of vessel (for angiosperms) or tracheid (for
gymnosperms) diameters, which increases strength but reduces
water flow (Markesteijn et al., 2011; Santini et al., 2013). So, a
tree needs to balance responding to mechanical support stress
vs. water transport stress and it may not possible to optimize for

both. If tracheid diameter scales negatively with branch diameter
(Enquist, 2002), then smaller branches are more likely to be
denser then the main stem and more resistant to water flow. This
suggests that branches are less hydraulically efficient then the
stem, which should be reflected in greater branch density relative
to the stem. Perhaps there is hydraulic constraint to average
branch density at higher trunk densities to maintain hydrologic
balance for the whole tree? This could be an important line of
inquiry for future studies.

Why Would Gymnosperms Need Relatively

Stronger Branches Than Angiosperms?

The overall pattern of decreasing branch to stem wood density
was most pronounced (but also more variable) for evergreen
gymnosperms across all genera, and most notably over the
wide wood- density range of Pinus spp. (Figure 8). By contrast,
deciduous angiosperms, which spanned the full range of tree
densities, showed branch to stem density ratios closer to one
and a narrower range of change in branch to stem density
ratios. Deciduous gymnosperms showed a pattern in between,
suggesting that their leaf-shedding habit influences mechanical
/ hydraulic constraints on branch vs. stem wood density
observed for evergreen gymnosperms. In one of few studies
contrasting deciduous gymnosperms with evergreen ones, Gower
and Richards (1990) noted that deciduous gymnosperms have
larger sapwood area and greater lumen diameters of their
tracheids, so they are likely behaving somewhere in between
deciduous angiosperms and evergreen gymnosperms from a
hydraulic perspective.

Pittermann et al. (2006) noted that the narrow tracheids in
gymnosperms reduce risk of embolism and increase strength
but decrease hydraulic efficiency, so, a greater hydraulic safety
margin is likely required for gymnosperms over angiosperms.
However, they also concluded that mechanical constraints may
also be more important than resistance to drought for conifers,
because angiosperms have additional mechanical support from
fibers. For conifers, tracheids make up 95% of the sapwood, so
nearly all sapwood area is conducting.

In addition to increasing wood density, another way that
a tree might increase its mechanical strength is by increasing
the girth of the stem or its branches (Larjavaara and Muller-
Landau, 2010). However, even the largest branches in a tree
are nearly always thinner than the girth of its main stem. This
means that branches generally need to be denser to achieve the
same level of mechanical strength that the stem can achieve
through greater thickness. The strong apical dominance that the
main stem exhibits over the branches of gymnosperms makes
their branches relatively thinner, which would suggest that their
relatively smaller branches need to be denser under greater, or
even equal mechanical stress, relative to the main stem.

A key factor for gymnosperms may be that they have shallower
(less vertical) branching angles than angiosperms (Nelson et al.,
2014), which increases the mechanical support cost of the
branch, holding other factors constant (Morgan and Cannell,
1988). Youngs elastic modulus is negatively correlated with
specific gravity (more dense wood is generally stiffer, Cannell
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and Morgan, 1987). Both Youngs modulus and wood densityare  Increasing Relative Branch Density With
higher under tension and tension wood is common in branches Increasing Canopy Dominance

to hold their orientation (Dahle and Grabosky, 2009). So, the 1t yas interesting that canopy-dominant trees of all species
branches of gymnosperms may need to be relatively denser and  h,d a2 more consistently higher ratio of branch to stem density
stiffer to maintain a more horizontal position over the lifetime  ,.ross all stem densities (Figure 6). A hydraulic model might be
of the branch. Though the data on tree ages were limited, it jpyoked here, since studies have shown that the risk of hydraulic
appears that there is a general tendency for branches to become  embolism is greater for taller trees and that branch conductance
relatively more dense than the main stem as trees age and this  declines through a tree’s hydraulic network (McCulloh et al,,
trend appears more pronounced for evergreen gymnosperms  2014). Larger trees with bigger crowns also have more structural
than deciduous angiosperms (Pearson’s r = 0.33 vs. r = 0.17,  complexity (Smith et al., 2014), meaning the water not only has
respectively, Figure 9). With generally lower wood density for  to be conducted to greater heights against the force of gravity,
gymnosperms vs. angiosperms and evergreens having to bear the  but also through a more complex fractal network with greater
additional weight of foliage year-round (which also contributes  total resistance to water flow (Enquist, 2002). The branches of
to branch support costs, Morgan and Cannell, 1988), we would  canopy-dominant trees are also more likely to be exposed to
expect evergreen gymnosperms to have the relatively highest — damaging elemental forces, such as wind (MacFarlane and Kane,
mechanical support costs of tree branches, relative to their stems, ~ 2017) or snow and ice loading (Amateis and Burkhart, 1996), so
especially when the wood is light; this in alignment with the  mechanical safety of branches may also need to be greater for
findings of this study. them. MacFarlane and Kane (2017) demonstrated that increased
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FIGURE 8 | Branch wood - stem wood basic density relationships for North American trees (circles) of different evergreen gymnosperm species that were sampled in
either the northern or southern data sets used in this study, or both.

top and side -shading from neighboring trees caused both tree
main stems and branches to become increasingly slender- an
intrinsically less wind-stable form, which can be adopted to
increase light capture, because of increased sheltering from wind
from the same neighboring trees. So, on the other end of the
spectrum of canopy position, shorter, overtopped trees might be
less restricted by hydraulic limitations relative to the mechanical
risk for their branches.

Why Are Understory Tree Species

Different?

For small, understory trees studied here, the pattern was different
than for trees of overstory species, supporting Hypothesis 4: a
relatively lower branch density to stem density, with possibly a
slight trend increasing toward a 1:1 ratio as the stem density
increases. Swenson and Enquist (2008) also found a relatively
lower branch than stem density for evergreen shrub species in
tropical wet forests in Puerto Rico and a very similar relationship
was shown for the only two evergreen angiosperms in this study,
Ilex opaca and Persea borbonia, which were both small understory
trees/shrubs. While there are some clear differences in the

function of shrubs vs. understory trees (see review by Gotmark
et al., 2016), the most important features for both tropical forest
shrubs and the understory trees studied here are a short stature
and a generally low-light growing environment through the
entire life cycle of the plant, as opposed to overtopped saplings
of canopy trees, which are trying to pass through the understory
on the way to the canopy (King, 1990).

Having a short stature has implications for both mechanical
stability and hydraulic limitations. In a study by King (1990),
understory trees were shown to have thicker, more stable trunks
than saplings of canopy trees measured at the same height; this
was thought to help with persistence in the understory. With
falling stems, branches and other debris raining down from the
canopy above understory trees may need to invest relatively more
in maintaining the strength of the stem to persist (King, 1990)
and allowing branches to bend or break can serve as a kind of
safety fuse against trunk breakage (Fournier et al., 2013). The
opposing pattern in branch to stem wood density ratios with
increasing stem density observable for understory vs. canopy
species of deciduous angiosperms (Figure 4) may give a clue-
the biggest difference in the ratios is for light-wooded species,
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FIGURE 9 | Branch wood - stem wood basic density relationships for North
American trees (circles) of different ages within two phylogenetic groupings-
evergreen gymnosperms and deciduous angiosperms.

with understory species having much lighter-wooded branches
at a lower stem density, but the trends converge toward similarity
at higher stem densities. With a relatively higher risk of slender
branches breaking for light-wooded species (Van Casteren et al.,
2012), this trend would suggest the lighter-wooded understory
trees could be sacrificing some structural support for branches.
However, Cannell and Morgan (1987) noted greater flexibility in
the branches vs. stems of young trees (12-35 years of age), even
though branches had similar or higher density values than stem
wood, suggesting that there are ways, other than densifying wood,
that could allow branches to increase their mechanical strength
under stress [for example, changing microfibril angle or forming
“flexure” wood, see review by Telewski (2012)].

The shorter stature of understory trees and shrubs should
lower the risk of cavitation due to drought (Gotmark et al,
2016) relative to taller trees that may have higher density
branches to lower risk of embolism (McCulloh et al., 2014). So,
it is reasonable to assume that relatively lower-density branches
are not a problem from the perspective of hydraulic risk for
understory tree species, which are small in stature, and growing
under shaded, low-light forest conditions, which should create
conditions for lowering drought risk (Pittermann et al., 2006).

Energy limitation should be an important aspect of the life-
history of understory trees and they must be reasonably tolerant
of shade. Larjavaara and Muller-Landau (2010) suggested that
short-lived, shade-intolerant pioneer species will have a lower
wood density and longer-lived, while shade-tolerant species will
have higher wood density, but they were referring to stem

density. Sterck et al. (2006) found that shade-tolerant tropical
tree species had denser and stronger branches than less shade-
tolerant species, but their study was of saplings of canopy species
and they did not directly examine branch to stem density ratios
(since they studied saplings it is also likely that there was less time
for tissue differentiation between the stem and branches). In this
study, understory species were all relatively shade-tolerant and
tended to be on the denser side of the wood density spectrum
(> 0.4g cm™3), which means the branches could still have
been sufficiently strong. Since understory trees are generally
sheltered from the wind (MacFarlane and Kane, 2017) and may
have strong, dense branches and favorable moisture conditions,
they may not be experiencing a high degree of mechanical or
hydrological limitation in either the stem or branches. So, what
else could explain the pattern of generally lower branch than stem
density for understory tree species?

Larjavaara and Muller-Landau (2010) suggested that there
are other reasons for having denser wood than mechanical
strength and hydraulic safety, citing decay resistance and reduced
stem maintenance respiration as important ones that have
been generally overlooked. For understory tree species, which
generally live in darker and more humid conditions, both of
these explanations are worth considering. They argued that
trees can increase stem mechanical strength by either making
stems thicker or denser (understory trees may do both, see
above), but increasing volume also increases surface area which
increases respiration costs. Larjavaaras and Muller-Landau’s
ideas could also be applied to branches. Sterck et al. (2006)
found that saplings of shade-tolerant tropical tree species could
produce stable, horizontal branches at relatively low costs, which
would provide some evidence for extending Clark, Phillips and
Frederick (1985) idea to branches. Since trees of understory
species generally never achieve a relatively great trunk girth and
tend to have correspondingly more slender, wiry branches, a
generally high density of both would make sense, if the driving
force was conserving precious photosynthate captured in the
understory. Higher density wood is also more decay resistant
(Chave et al., 2009) and a narrow, dense trunk would also have
lower surface area for fungal decay spores to attack (Larjavaara
and Muller-Landau, 2010). In any event, this study reveals a clear
need for more studies examining the mechanical properties of
both branch and stem wood of understory tree species.

Latitudinal Gradient in Branch to Stem

Wood Densities?

In this study, temperate trees showed slightly greater branch
densities at the same stem densities then reported for tropical
ones (Figure 2) and evergreen gymnosperms (which are atypical
functional types in tropical forests, but see Pittermann et al,
2006) showed an increasing branch to stem wood density
with increasing latitude. The latter trends indicate a need for
relatively denser branches at higher latitudes. One explanation
could be that the colder the environment, the greater the
likelihood of snow and ice loading on branches increasing
the likelihood of branch breakage (Cannell and Morgan, 1989;
Bragg et al., 2003). Freezing-induced embolism of the hydraulic
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system is also more likely in colder environments, but it is
not clear that the trunk should suffer less than branches from
such embolisms. Interestingly, freeze-resistant tracheids have
been found in tropical conifers that never experience freezing
temperatures (members of the Araucariaceae and Podocarpaceae;
see Pittermann et al., 2006), so mechanical stress resistance
for branches may be a more important aspect of colder
environments. As such, one might expect that the intercept (o)
of the branch-stem density relationship (eq. 1) should increase
with latitude or increasing frequency and intensity of snow and
ice storms, and the increase should be steeper for gymnosperms
than for angiosperms (for reasons discussed previously regarding
fundamental differences in wood anatomy between the groups).
Conversely, increasing warmth and growing season length might
allow for lower branch density relative to stem density, except
in cases where higher temperatures are associated with drought.
Sterck et al. (2006) suggested that shade-intolerant species in
the tropics produce less dense branches where environmentally-
driven mechanical risks for branches are lower and light levels
favorable for greater allocation to stem growth. The results of this
study showed that more shade-tolerant evergreen gymnosperms,
which are predominantly cold-temperate species, tended to have
higher branch than stem densities and less shade-tolerant, warm-
temperate ones, showed the reverse pattern (Figure 8).

Some previous work by Chave et al. (2009) examined large-
scale geographic patterns of changes in tree wood density, noting
a pattern of decreasing vessel diameters from tropics to temperate
zones. They mapped general latitudinal gradient for patterns of
wood density in the Western Hemisphere and found lower wood
densities for trees in the north and west of North America, where
forest communities are dominated by softer-wooded conifers.
However, their work did not directly address branch density
or its relationship to stem density. The results of this study
suggest associated changes latitudinal changes in branch wood
density, at least for evergreen gymnosperms. However, the results
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