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Abstract

Key message Emerging plant economics spectrum
theories were confirmed across temperate forest sys-
tems of the eastern US where the use of a forest stand’s
mean wood density elucidated forest volume and bio-
mass production dynamics integrating aspects of cli-
mate, tree mortality/growth, and rates of site
occupancy.

Abstract As a tree’s functional trait of wood density has
been used to refine models of tree competition, it may also
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aid in evaluating hypotheses of forest production such as
declining growth and mortality across a spectrum of
increasing wood density. The goal of this study was to
examine trends in aboveground live tree production as
related to mean wood density using a region-wide repeated
forest inventory across eastern US forests. Using quantile
regression, the 90th percentile of volume and biomass
accretion was negatively related to the mean wood density
of a stand’s constituent tree species. This relationship was
strongest on forest sites with the highest number of
growing season degree days, as growing season length
influences the rates of stand development. For these sites,
variations in volume and biomass accretion were most
pronounced in stands with low mean tree wood density,
which also demonstrated the highest rates of site occu-
pancy and mortality. This study confirmed aspects of the
emerging theory of “fast—slow” plant economics spec-
trums across temperate forest ecosystems. Stands with
relatively low wood density appear to occupy sites more
rapidly leading to a concomitantly higher rate of tree
mortality, but with less biomass accretion relative to vol-
ume due to allocating biomass or carbon to a greater tree
volume. In contrast, stands with higher wood density
exhibited slower site occupancy due to high wood density
construction costs, but with increased biomass relative to
volume accretion. These findings highlight the potential
application of the plant economics spectrum theory in
refining our understanding of general patterns of forest
stand production, the role of plant traits in forest man-
agement, and knowledge gaps such a shifts in tree allom-
etry during stand development.

Keywords Wood density - Forest productivity - Volume -
Biomass - Tree - Relative density
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Introduction

Exploration of the relationship between plant traits and
associated forest ecosystem processes (e.g., growth and
survival) has emerged as a complementary body of
knowledge to more traditional species-based examinations
(Kattge et al. 2011). Research into the role of plant traits in
functional ecology (e.g., Wright et al. 2004; Chave et al.
2009; Reich 2014) has identified trade-offs between func-
tional and structural traits, such as wood density, which in
turn may underlie numerous forest ecosystem processes
such as interspecific C allocation patterns (i.e., tree growth
dynamics; Santiago et al. 2004; Poorter et al. 2010; Wright
et al. 2010; Hérault et al. 2011). Traits are often viewed
along spectrums (e.g., range of leaf longevity) with iden-
tification of trade-offs in ecosystem processes such as fast
C acquisition and decomposition for short leaf longevity
compared to slower C acquisition and decomposition for
long-lived leaves (Diaz et al. 2004; Wright et al. 2004;
Reich 2014). Plant traits have been used to refine the
understanding of ecosystem biomass production (Roscher
et al. 2012), a key concern in forests given the focus on
maintaining or increasing the land sink of carbon (C) (Pan
et al. 2011) for the purpose of mitigating potential climate
change (Ryan et al. 2010; McKinley et al. 2011). In
addition, there is growing interest in managing forests as a
biomass feedstock for wood energy (Malmsheimer et al.
2008). As forest management guidelines are largely based
on a century of research focused on maximizing mer-
chantable volume over time (e.g., Assmann 1970), there is
an opportunity to refine our understanding of additional
aspects of forest production (e.g., biomass or C) through
trait-based investigations.

Wood density is a trait of forest trees that is central to
numerous functional processes such as biomass or C
accretion, water transport, and defense at scales ranging up
to the community level (Santiago et al. 2004; King et al.
2006; Poorter et al. 2008, 2010; Wright et al. 2010; Kraft
et al. 2010; Anten and Schieving 2010) and has been
identified as the one tree trait that most strongly integrates
a variety of wood properties (Chave et al. 2009). For
example, tree growth has been found to be negatively
correlated with wood density, while survival was found to
be positively correlated (Santiago et al. 2004; King et al.
2006; Poorter et al. 2008; Reich 2014), which may all be
partly explained by variations in wood density among
individual tree species (Wright et al. 2010). In contrast,
Baker et al. (2009) suggest that regional differences in
biomass accretion in Amazonian forests are primarily dri-
ven by environmental gradients as opposed to plant trait
attributes. Beyond elucidating production dynamics, wood
density has also been used in forestry applications to pre-
dict interspecific differences in tree size—density
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relationships with obvious relationships between wood
density and levels of species-specific stocking (Dean and
Baldwin 1996; Woodall et al. 2005; Ducey and Knapp
2010). In addition, wood density has been identified as a
significant variable in allometric tree biomass models
(Ketterings et al. 2001; Baker et al. 2004; Ducey 2012). A
large portion of the research conducted to date on the role
of tree traits, including wood density, in forest ecosystem
processes has been on tropical systems (e.g., King et al.
2006; Poorter et al. 2008; Baker et al. 2009; Wright et al.
2010), leaving key knowledge gaps for temperate and
boreal forest systems (e.g., Thurner et al. 2014).

Given the results found in tropical ecosystems (King
et al. 2006; Poorter et al. 2008; Wright et al. 2010), it can
be hypothesized that differences in temperate forest pro-
duction and site occupancy may be apparent across a
spectrum of wood density given the role of wood density in
individual tree allometry and resulting forest production.
Additionally, it is our hypothesis that as a forest trees’
wood density increases, the rates of accretion in compo-
nents of production will decrease with a concomitant
decrease in mortality consistent with recent theories for-
warded by Reich (2014). Finally, we suggest that growing
season length (i.e., indicator of rates of stand development)
may be an important factor in explaining broad-scale pat-
terns in these relationships given results observed in trop-
ical systems. The evaluation of these hypotheses would
inform the contemporary management of temperate forests
where management objectives are moving beyond volume
production to include biomass and C sequestration.
Therefore, the goal of this study was to examine variation
in the components of forest production (volume, biomass,
mortality, and stand relative density) by a forest stand’s
mean wood density by classes of growing season degree
days (GDD) in temperate forest ecosystems.

Methods
Field sample protocols

The field plot data used in this study came entirely from the
national forest inventory program of the USA. The USDA
Forest Service’s Forest Inventory and Analysis (FIA) pro-
gram is the primary source for information about the
extent, condition, status, and trends of forest resources in
the USA (Smith et al. 2009). FIA applies a nationally
consistent sampling protocol using a systematic design
covering all ownerships across the USA using a three-
phase inventory (Bechtold and Patterson 2005). The FIA
sampling design is based on a tessellation of the USA into
hexagons, approximately 2,428 ha in size with at least one
permanent plot (0.067 ha) established in each hexagon
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(i.e., national base sample intensity). In phase 1, the pop-
ulation of interest is stratified (e.g., forest canopy cover
classes) and plots are assigned to strata to increase the
precision of estimates. Remotely sensed data may also be
used to determine if plot locations have forest cover; only
forested land is included in the inventory, defined as areas
at least 10 % stocked with tree species, at least 0.4 ha in
size and 36.6 m wide (Bechtold and Patterson 2005). In
phase 2, tree and site attributes are measured for plots
established in the 2,428-ha hexagons. FIA inventory plots
established in forested conditions consist of four 7.32-m
fixed-radius subplots spaced 36.6 m apart in a triangular
arrangement with one subplot in the center (USDA 2011;
Woudenberg et al. 2010). All trees (live and standing dead)
with a diameter at breast height of at least 12.7 cm are
inventoried on forested subplots. Within each subplot, a
2.07-m fixed-radius microplot offset 3.66-m from the
subplot center is established where only live trees with a
d.b.h. between 2.5 and 12.7 cm are inventoried.

Data and analysis

Field data (USDA 2011) for this study were taken entirely
from the FIA database (Woudenberg et al. 2010) sampled
from 2002 to 2010 using the forest inventory in 37 eastern
states for a total of 23,854 unique inventory plots and
partial plots (i.e., split conditions such as forest/non-forest)
(Fig. 1). States and regions of the USA have the opportu-
nity to increase the sample intensity of both phase 2 plots,
such that sample intensity may slightly vary by state. The
associated field data are available for download at the
following site: http://fiatools.fs.fed.us (FIA Datamart,
USDA 2013).

This study employed a series of basic steps toward
estimating volume and biomass associated with living trees
based on national field inventories. First, the gross bole
volume was calculated based on regional volume equations
(Woodall et al. 2011). Second, sound bole volume was
calculated based on regional volume equations along with
merchantable stem deductions (through tree class code in
FIADB) due to rough, rotten, and missing cull. Third, the
sound bole volume was converted to bole biomass using
species-specific wood density values (Miles and Smith
2009; Woudenberg et al. 2010). Fourth, total tree biomass
was calculated using the component ratio method (CRM)
(including bole and branches; Woodall et al. 2011). Briefly,
the CRM facilitates calculation of tree component biomass
(e.g., tops and limbs) as a proportion of the bole biomass
based on component proportions from Jenkins et al. (2003).
Mean wood density (unitless; SG,,) per plot was deter-
mined by averaging the specific gravity of all live trees on
each plot based on specific gravity values within the tree
species reference table of the national FIA database

Number of Growing
Degree Days
* high
moderate
e low

Fig. 1 Approximate study plot locations by categories of growing
season degree days (Rehfeldt 2006) (high >3,076, moderate
1,462-3,607, low <1,462) in forests of the eastern USA

(Woudenberg et al. 2010). Although the term “wood
density” is broadly used in the discussion of this study’s
results, the metric of specific gravity is deemed as inter-
changeable. Finally, to assess the role of growing season
length (i.e., climatic attribute that indicates a site’s poten-
tial rate of stand development), plots were assigned to
classes based on quartiles of GDDs [high: Ist quartile
(>3,076), moderate: 2nd and 3rd quartile (1,462-3,076),
low: 4th quartile (<1,462)] (for detailed description of
GDD calculation please refer to Rehfeldt 2006). To remove
observations having relatively low signal to noise related to
GDD as an explanatory variable, plots assigned to the
moderate GDD class were excluded from analyses
involving growing season length.

To frame this study’s goals in the context of forest
management, the stocking of live trees in each site was
defined relative to an estimated maximum value. The
current size/density status was calculated as the stand
density index (SDI; Reineke 1933; Long 1985; Ducey and
Larson 2003):

SDI = > _ tph,(DBH;/25)" (1)
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where DBH; is the ith diameter of an individual tree
(cm) and tph; is the estimated number of trees per
hectare that the ith tree represents in the forest inventory
(Shaw 2000).

The potential maximum size/density relationship
(SDI,,.x) was estimated from stand-level mean live tree
wood density (Dean and Baldwin 1996; Woodall et al.
2005):

SDIyay = 3546.7 — 3927.3(SGyy) (2)

where SG,, is the mean specific gravity (unitless) for all
live trees in each plot at each time of measurement. The
relative stand density (RSD) of each study plot was
determined as current SDI (Eq. 1) divided by SDI,.x
(Long 1985; Eq. 2). Changes in RSD over time were
determined on an annual basis and serve as an indicator of
a forest stand’s location relative to the self-thinning line.

As a means to identify how differences in species
associations (i.e., variation in wood density), site quality
(e.g., Quesada et al. 2012), and natural disturbances might
affect the distribution of volume and biomass accretion
observations, selected percentiles (1, 10, 25, 50, 75, 90, and
99) were calculated by forest-type group, mean live tree
specific gravity class (SG,,), site index class, and natural
disturbance class. Forest-type group is based on FIA
delineations of tree species associations (Woudenberg et al.
2010). Site index class was based on site index (m; base
age 50 years) calculated at each plot using height and age
information from cored trees and fitted to regional site
index curves (Woudenberg et al. 2010; USDA 2011).
Natural disturbance was the primary disturbance identified
upon remeasurement that field crews deemed to have
occurred over the course of the remeasurement period
(USDA 2011).

To examine relationships between production rates and
wood density, regression analysis was considered as an
appropriate  tool; however, traditional least-squares
approaches were not seen as suitable given the numerous
forest disturbances and management regimes across the
eastern USA. In other words, this study’s interest lies in
quantifying the potential for tree growth and that in prac-
tice tree growth is reduced in most stands by disturbances
and management activities. To avoid examining the mean
stand condition across the eastern USA, quantile regression
was employed to examine productivity measures at various
quantiles of the data (Cade and Noon 2003). Upon exam-
ining the pattern (i.e., acceptable confidence intervals at the
highest percentile) of the estimated slopes at various
regression percentiles, the 90th percentile was selected to
represent the various productivity measures:

y = by + b1SGp, (3)
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where SG,, is the mean specific gravity of all live trees in
the plot at time 1 and b, and b, values are the intercept and
slope coefficients, respectively, estimated from the 90th
percentile using linear quantile regression. The dependent
variables y were: (1) base 10 log of annual volume incre-
ment (m3/ha/year), (2) base 10 log of annual biomass
increment (Mg/ha/year), (3) difference in RSD over the
remeasurement period (%/year), and (4) base 10 log of
annual mortality expressed in volume (m’/ha/year). Con-
fidence intervals for the b, slope coefficient associated with
the SG,,, variable were examined to compare models fit at
low versus high number of GDDs (plots with a “moderate”
number of GDDs were excluded from the analysis [colored
gray in Fig. 1]). Consideration was given to including
GDD as a continuous variable in a multivariate quantile
regression model. Unfortunately, the selection of optimal
quantiles for achieving the study objectives was obfuscated
in a multivariate model. Models were estimated using the
quantreg package in R using a modified version of the
Barrodale and Roberts algorithm with confidence limits
estimated based on inversion of a rank test (Koenker 2013).

To facilitate interpretation of quantile regression results
across the forests of the eastern USA, maps of interpolated
forest tree specific gravity attributes (mean, standard
deviation, and Shannon’s diversity index of plot-level live
tree specific gravity) and 90th percentile estimates of
annual live tree volume and biomass accretion (Eq. 3) were
created using inverse distance weighting (Johnston et al.
2001) in ARCGIS with a 1 km x 1 km non-forest mask
applied (i.e., classified NLCD, Homer et al. 2007). While
the mean values of SG may portray general differences in
forest structure and composition, Shannon’s diversity (H,
Eq. 4) reflects the degree of heterogeneity in the distribu-
tion of SG across different tree species (Russell et al.
2014). Specific gravity classes were summed across classes
of 0.05 units. Large values for H indicated a greater
number of SG,, classes and were calculated using the
formula from Staudhammer and LeMay (2001):

==Y (%) @

where S is the total number of classes in each plot, N is the
total number trees in each plot, and n; is the number of trees
in each class i.

Results

The interpolated mean specific gravity of live trees in
forests of the eastern USA (Fig. 2a) was highest (>0.52) in
a band stretching from the central hardwoods (e.g.,
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Fig. 2 Interpolated (inverse distance weighting) a mean, b standard deviation, and ¢ Shannon’s diversity index of specific gravity (unitless) for
forests of the eastern USA

Missouri) to a portion of the Appalachian Mountains (West  specific gravity with increasing latitude. In contrast, the
Virginia to New York). Mean specific gravity was lowest  standard deviation associated with the mean specific
(<0.40) in portions of the upper Great Lakes and northern  gravities (Fig. 2b) was lowest (<0.03) in the coastal plain
New England which suggests a general trend of decreasing  of the southeastern USA (Louisiana to Virginia) and
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Table 1 Univariate statistics

Stand/site attribute n P1 P10 Ql Q2 Q3 P90 P99
(P1: Ist percentile; P10: 10th
percentile.; Ql: Ist quartile;. Q2: Specific gravity class
igg;qggfﬁlféfiﬁf l(al;;;mgl;éh <035 873  —786 —107 021 161 319 474  10.09
percentile) of volume accretion 0.35-0.40 2,249 —7.14 —0.86 0.16 1.59 3.45 5.22 9.27
(m*/ha/year) by specific gravity 0.41-0.45 2,564 —11.30 —1.71 0.36 2.12 4.08 6.41 12.70
class, forest-type group, site 0.46-0.50 6219 —12.13  —125 092 314 596 1116 2336
::ifz aiﬁlr’ai’ Zf:tfi;ffeyczzzry 0.51-0.55 7208 —1057 —136 102 289 497 777 1753
for all study observations 0.56-0.60 3,897 —10.80 —1.61 0.73 2.24 3.88 5.69 11.84
(n number of observations) >0.60 661 —8.18 —1.35 0.39 1.66 2.98 4.40 9.13
Forest-type group
White/red/jack pines 746 —11.25 —0.30 1.33 3.45 5.63 8.48 14.30
Spruce/fir 1,846 —7.86 —0.72 0.01 1.19 2.79 441 7.94
Southern pines 2,247 —6.82 0.72 3.16 6.96 12.63 18.18 27.34
Oak/pine 1,350 —8.78 —0.55 1.18 3.00 5.28 7.99 14.71
Oak/hickory 9,039 —10.73 —1.29 0.85 2.48 4.30 6.43 11.93
Oak/gum/cypress 1,219 —25.56 —4.09 0.09 3.02 6.19 9.28 21.04
Elm/ash cottonwood 1,214 —13.45 —2.12 0.29 2.07 4.14 7.07 14.73
Maple/beech/birch 3,844 —9.44 —1.91 0.56 2.35 3.79 5.17 8.28
Aspen/birch 1,947 —7.57 —1.74 0.06 1.55 3.30 5.04 8.39
Other 357 —22.44 —0.88 0.21 1.36 3.12 5.25 9.36
Site index class (m)
<12.49 5,616 —12.06 —1.05 0.25 1.96 4.34 7.92 19.99
12.49-15.85 3,254 —8.27 —1.43 0.31 1.80 3.21 4.79 8.62
15.86-19.50 4,609 —-9.57 —1.61 0.53 2.13 3.61 5.28 9.76
19.51-23.77 5,272 —9.55 —1.27 0.89 2.70 4.43 6.36 14.39
23.78-28.35 3,150 —11.60 —1.37 1.56  3.78 6.32 9.97 19.55
>28.35 1,782 —15.23 —-1.25 229 527 9.40 1550  26.10
Natural disturbance class
Insects 284 —36.25 —7.98 —2.35 1.42 4.08 6.04 11.70
Disease 390 —17.55 -3.19 —0.56 1.76 3.54 6.29 19.33
Fire 356 —18.02 —2.23 0.49 2.55 5.33 9.85 20.52
Animal 488 —23.36 —1.97 0.47 1.82 3.24 5.25 10.15
Weather 776 —24.90 —7.47 —-2.23 0.54 2.86 5.25 12.36
All observations 23,824 —10.68 —1.32 0.65 2.49 4.57 7.47 18.78

northern Minnesota. Standard deviations were highest in
forests along the Appalachian Mountain chain, especially
along the Tennessee and North Carolina border (i.e., Great
Smoky Mountains). Somewhat related to patterns in stan-
dard deviation, the Shannon’s diversity index of mean
specific gravity was highest in the central hardwood and
southern Appalachian Mountain region of the eastern USA
(Fig. 2¢). An important difference was identified in the
upper Great Lakes where standard deviations were rela-
tively high, but Shannon’s diversity indices were low.
The percentile distribution of the volume and biomass
accretion across all study plots was right skewed toward
positive accretion (Tables 1, 2). For example, the 90th
percentiles of volume accretion, regardless of classes of
site index or forest type, were almost all >3.00 m>/ha/year.
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In contrast, the majority of 10th percentiles of volume
accretion across classes of stand/site attributes (e.g., site
index and natural disturbance class) were between 0.00 and
—1.00 m’/ha/year. Trends in percentiles of volume and
biomass accretion were most readily apparent across clas-
ses of site index and mean stand specific gravity. The only
divergence in this trend was for the upper percentiles (90th
and 99th) of volume and biomass accretion on the lowest
quality sites which were located primarily in the south-
eastern USA where sites have high GDD. Stands that
experienced natural disturbances such as insects or weather
had the largest declines in annual accretion (Ist and 10th
percentiles). The trends in volume and biomass accretion
among forest types were most strongly right skewed for
southern pines, white/red/jack pines, and oak/gum/cypress
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Table 2 Univariate statistics Stand/site attribute n Pl P10 Ql Q2 Q3 P90 P99
(P1: Ist percentile; P10: 10th
percentile.; Ql: Ist quartile;. Q2: Specific gravity class
igg;qggfﬁlféfiﬁf l(al;;;mgl;éh <0.35 873 —604 —079 039 137 236 355 683
percentile) of biomass accretion 0.35-0.40 2,249 —484  —082 025 133 254 3.77 6.40
(Mg/halyear) by specific gravity 0.41-0.45 2,564 —7.81 —-1.25 0.35 1.69 3.05 4.42 8.20
class, forest-type group, site 0.46-0.50 6219  —953  —L115 075 252 467 771 1481
::ifz aiﬁlr’ai’ P rfcoe };Zztl:g)o y 0.51-0.55 70208 —897  —127 077 244 408 604 1223
for all study observations 0.56-0.60 3,897 —965 —1.57 052 196 333 4.85 8.99
(n number of observations) >0.60 661 -753  —130 028 158 275 4.19 7.47
Forest-type group
White/red/jack pines 761 —6.87 —0.52 0.86 2.09 3.44 4.90 8.97
Spruce/fir 1,846 -507  —0.56 0.14 093 208 3.18 5.63
Southern pines 2,247 —4.77 0.46 2.46 5.14 8.39 11.79 17.19
Oak/pine 1,350 —639  —0.64 092 240  4.08 599 1143
Oak/hickory 9,039 -930 —135 062 216  3.65 5.8 9.44
Oak/gum/cypress 1219 —1854  —3.37 0.04 241 479 6.89  14.40
Elm/ash cottonwood 1,214 -8.51 171 024 165 3.5 495  10.05
Maple/beech/birch 3,844 -799  —152 045 198 327 4.42 6.91
Aspen/birch 1,947 558  —145 015 139 252 3.75 5.75
Other 357 —1379  —0.81 0.15 120 26l 434 8.32
Site index class (m)
<12.49 5,616 -9.89  —0.96 035 177 372 620 1294
12.50-15.85 3,254 -687 —1.18 029 154 274 3.91 6.58
15.86-19.50 4,609 -770  -136 —037 182  3.05 4.8 7.26
19.51-23.77 5272 -739 —1.17 072 218 3.7 5.08 9.97
23.78-28.35 3,150 —961 —1.18 107 287 477 712 13.01
>28.85 1,782 —12.62 —1.20 1.63 391 667 1021  17.20
Natural disturbance class
Insects 284  —2267 —636 —184 114 329 4.63 7.91
Disease 390  —1039 —287 —054 147  3.16 509  12.32
Fire 356 —1337  —3.15 011 179 392 6.45  14.01
Animal 488  —1416 —129 0.18 154  2.89 4.42 8.03
Weather 776 —18.54  —541 —185 045  2.19 3.77 8.26
All observations 23,824 —858  —1.18 052 207 370 571 1251

(refer to Woudenberg et al. 2010 Appendix D for forest-
type group descriptions). Based on these initial results of
apparent trends in volume and biomass accretion among
classes of site index and mean specific gravity with natural
disturbances substantially reducing stand production,
quantile regression was conducted among classes of GDD
(associated with site production potential; i.e., site index)
with specific gravity as an independent variable.

The 90th percentile annual change in live tree volume
was negatively related to mean live tree specific gravity on
high GDD sites with no relationship on low GDD sites
(Fig. 3a). The slope coefficients for change in volume were
by = —3.003 (£0.15 SE) and b; = —0.13 (£0.18 SE), on
high and low GDD sites, respectively. The estimated slope
coefficient of volume accretion decreased as mean tree

specific gravity increased from —1.15 (£0.34 SE) at the
10th percentile to —3.00 (£0.16 SE) at the 90th percentile
on high GDD sites. At the 90th percentile the 95th percent
confidence intervals of b; were [—3.32, —2.68] and
[—0.29, 0.04] on high and low GDD sites, respectively.
The 90th percentile annual change in live tree biomass
was negatively related to mean live tree specific gravity on
high GDD sites with a weak positive relationship on low
GDD sites (Fig. 3b). The slope coefficients for change in
biomass were b; = —2.01 (£0.19 SE) and b; = 0.35
(£0.08 SE), on high and low GDD sites, respectively. The
estimated slope coefficient of biomass accretion decreased
as the mean tree specific gravity increased ranging from
—1.43 (£0.36 SE) at the 10th percentile to —2.01 (£0.19
SE) at the 90th percentile on high GDD sites. At the 90th
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Fig. 3 Quantile regression (a) (b)
results and ﬁt statistics by Growing season degree days = Low = High Growing season degree days — Low — High
classes of high and low number Scatterplotsand =
of growing season degree days 90th regression s %0 - E
for annual change in a volume lines £ =)
(rn3/ha/year) and b biomass “e 3
(Mg/halyear) by a forest stand’s o §
mean specific gravity (SG) with _g - 5
90th percentile regression lines 9 - m ! ! ! ! ! !
(Eq. 3), slope coefficients and < 03 04 05 08 07 08 < o l\/?:an Sog or o8
associated 95 % confidence Mean SG
intervals, and confidence
intervals for the slope of the
90th percentile regression
Slope 8- 2 - 8. 2=
coefficientsand o ° \
95% confidence 8 - 8 0
intervals by - c
quantile and 3 , 3 , \’R——-/
number of = =
growing season
T I T I T T
degree days 0.25 0.50 0.75 0.25 0.50 0.75
Quantile Quantile
8 1= 8_ 1=
95% confidence S _ - S <
interval for 90% o @
regression slope ‘g - *n:'; 1=
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percentile, the 95th percent confidence intervals of b, were
[—2.38, —1.64] and [0.20, 0.50] on high and low GDD
sites, respectively.

The 90th percentile annual difference in relative density
(%) was negatively related to mean live tree specific
gravity on high (b; = —103.35, £8.76 SE) and low
(b = —41.89, +2.86 SE) GDD sites (Fig. 4a). The change
in relative density ranged from an estimated 27 % at 0.40
specific gravity to 6 % at 0.60 specific gravity for high
GDD sites. On low GDD sites, the difference ranged from
an estimated 10 % at 0.40 specific gravity to 1 % at 0.60
specific gravity. The 90th percentile average annual live
tree mortality (m*/ha/year) was negatively (b; = —0.82,
40.34 SE) related to mean live tree specific gravity only on
high GDD sites and weakly positively (b; = 0.65, £0.14
SE) related on low GDD sites (Fig. 4b).

Using the parameter estimates from the 90th percentile
models (Eq. 3), annual volume and biomass accretion by
all classes of GDD were interpolated across forests of the
eastern USA (Fig. 5a, b). There is obvious differentiation
in annual volume and biomass accretion by classes of
GDD. Beyond the influence of growing season length (i.e.,
GDD), there were slight differences in the estimated 90th
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percentile volume and biomass accretion that may be
attributed to variation in tree species composition across
the study region. There appears to be a greater disparity in
volume growth, when compared with biomass growth,
particularly in the Ozark Plateau of Missouri and coastal
plain of the southeast.

Discussion

The spatial patterns in mean, standard deviation, and
Shannon’s diversity index of live tree specific gravities
across forests of the eastern USA reflect the legacy of past
land use, natural disturbances, and current management
practices across this broad region. In particular, the low to
moderate levels of mean wood density and associated low
standard deviation and Shannon’s diversity index in the
coastal plains of the southeastern USA reflect the active
management of large areas of plantation monocultures
primarily composed of Pinus taeda. Similar trends in wood
density in the upper Lake States highlight the dominance of
Populus tremuloides over large areas: a result of the
increased dominance of this species following logging and



Trees (2015) 29:299-310

307

Fig. 4 Quantile regression
models by classes of high and
low number of growing season
degree days for a annual
difference in relative density
(%) and b tree mortality (m3/ha/
year)

—
Q
~

|

o
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90th percentile
annual difference in
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b) 5=
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associated fires in the early twentieth century and its
maintenance via current coppice management practices.
The management selection of these disturbance-adapted
timber species has favored tree species that occupy sites at
fast rates (as indicated by changes in RSD) in concert with
relatively fast volume growth rates which aligns with
emerging theories of “fast” plant economics (Reich 2014).

Do patterns of live tree specific gravities across forests
of the eastern USA indicate patterns of live tree volume
and biomass accretion? The true expression of the rela-
tionship between wood density traits of tree species and
resulting volume and biomass production in temperate
forests of the eastern USA may be obfuscated by the highly
disturbed and stochastic nature of forests within this region.
The median condition of forests across the eastern USA
may be that of disturbance across spatial scales ranging
from individual tree canopy gaps (Woodall et al. 2013) to
widespread management activities (e.g., clear-cutting
based silvicultural systems), especially within the “timber
basket” of the southeastern USA (Smith et al. 2009;
Hodges et al. 2012). An examination of the findings of this
study supports such a view, especially for volume accre-
tion. As quantile regression percentiles increase up to the

90th percentile, the corresponding estimated slope coeffi-
cients between volume and biomass accretion and live tree
wood density decreased. The use of quantile regression in
this ecological analysis (Cade and Noon 2003) allowed
quantification of fundamental temperate forest stand
dynamics beyond that of the mean condition. Although this
study’s identified relationships are most relevant to a
stratum of stand conditions (i.e., the 90th percentile) con-
sidered to be least affected by recent management activities
or disturbance, they provide a starting point for elucidating
complex relationships between aspects of climate, tree
functional traits, and forest production all within the con-
text of the plant economics spectrum (Reich 2014).
Within this study’s design, there was a negative rela-
tionship between a forest’s mean live tree wood density
and components of forest production on high GDD sites
including live tree aboveground volume and biomass
accretion and mortality. This relationship, which was
detected across a large expanse of temperate forests, is
consistent with findings in tropical regions where low wood
density has been associated with relatively high growth
rates and increased mortality (Baker et al. 2004; King et al.
2006; Chave et al. 2009; Kraft et al. 2010; Poorter et al.
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Fig. 5 Interpolated (inverse distance weighting) 90th percentile estimates (Eq. 3) of annual live tree a volume (m*/year/ha) and b biomass

(Mg/hal/year) accretion for forests of the eastern USA

2010; Wright et al. 2010). Across this study’s spectrum of
wood density tree species, there may be two contrasting
strategies for occupying a forest site and strongly com-
peting for resources to enhance survival and growth. On the
one hand, trees may devote resources to growing bole
volume at the fastest rate possible (i.e., producing wood of
the lowest specific gravity compatible with maintaining
their leaf area above that of competitors) (King et al. 2006;
Poorter et al. 2008; Wright et al. 2010; Poorter et al. 2010;
Reich 2014). As these trees with relatively low wood
density may only mechanically support a correspondingly
low amount of leaf area (Anten and Schieving 2010), many
more stems can be grown per unit area relative to the
carrying capacity of the site, which is defined by the
maximum size—density relationship (Yoda et al. 1963). The
ability of these tree species to more quickly occupy a site,
as evidenced by increases in RSD observed in this study,
results in rapid development toward the maximum size—
density relationship and concomitant tree mortality. In
addition to mortality from self-thinning processes, the
relatively low construction costs of low wood density
species contributes to low survival due to susceptibility to
stem damage (Poorter et al. 2008). In contrast, high wood
density trees may allocate more fixed C to structural
development (i.e., denser wood per unit volume) which
results in slower stand development (i.e., increased length

@ Springer

of time to reach a point of self-thinning and resulting
mortality), but with more resistance to stem damage
(Poorter et al. 2008) and potentially greater shade tolerance
(Wright et al. 2010).

Plant traits related to resource requirements, namely
shade and drought tolerance, have long been used to guide
forest management decisions; however, the broader suite of
traits being considered in trait-based forest ecological
studies (Wright et al. 2010; Russell et al. 2014) have had
little transference to the forest management community. A
key element to translating emerging results from this and
other studies to forestry application is the use of common
forest management metrics readily transferable to field-
based application including RSD, differences between
wood density of current versus desired species, and volume
versus biomass yield differences. Potential application to
management efforts could be enhanced through addressing
a number of remaining knowledge gaps such as how var-
iation in wood density among tree components (e.g., bole
versus branch; Thurner et al. 2014), across spatial extents
(i.e., regional genotypic variation), and through stand
development (e.g., influence of wind in closed versus open
canopy) affects forest production. Our study’s use of a
single mean wood density for a stand oversimplifies
(Russell et al. 2014) these complex dynamics and we
hypothesize that variations in forest production across a
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spectrum of wood density may be a combination of allo-
metric change during tree growth and successional change
as stands develop. This hypothesis can only be evaluated
with additional information on wood density across tree
components and through stand development.

Conclusions

This study contributes to a growing body of literature
which indicates that wood density can elucidate broad-
scale patterns in forest functions such as components of
forest production, with this study serving as the first such
evaluation across temperate forest ecosystems. It was
found that the 90th percentile of volume and biomass
accretion and mortality decreased along a range of
increasing wood density across temperate forests of the
eastern USA. Results of this study support emerging
theories of the “fast-slow” plant economics spectrum
across the temperate forest ecosystems of the eastern
USA. Low wood density species may occupy high GDD
sites more quickly due to allocating less biomass or C to
stem development resulting in faster full site occupancy
with concomitant increases in tree mortality (i.e., closer
proximity to self-thinning line and susceptibility to stem
damage). In contrast, high wood density tree species may
occupy forest sites more slowly by allocating more biomass
or C to units of volume but with the potential to more fully
occupy sites with less mortality (i.e., higher maximum size—
density relationships). These findings, in conjunction with
future work, documenting dynamics such as changes in
wood density due to allometric change, will enhance the
ability to develop forest management strategies for
achieving biomass- or C-related objectives.
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