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Abstract

When standing dead trees (snags) fall, they have major impacts on forest ecosystems.
Snag fall can redistribute wildlife habitat and impact public safety, while governing important
carbon (C) cycle consequences of tree mortality because ground contact accelerates C
emissions during deadwood decay. Managing the consequences of altered snag dynamics
in changing forests requires predicting when snags fall as wood decay erodes mechanical
resistance to breaking forces. Previous studies have pointed to common predictors, such
as stem size, degree of decay and species identity, but few have assessed the relative
strength of underlying mechanisms driving snag fall across biomes. Here, we analyze nearly
100,000 repeated snag observations from boreal to subtropical forests across the eastern
United States to show that wood decay controls snag fall in ways that could generate previ-
ously unrecognized forest-climate feedback. Warmer locations where wood decays quickly
had much faster rates of snag fall. The effect of temperature on snag fall was so strong that
in a simple forest C model, anticipated warming by mid-century reduced snag C by 22%.
Furthermore, species-level differences in wood decay resistance (durability) accurately pre-
dicted the timing of snag fall. Differences in half-life for standing dead trees were similar to
expected differences in the service lifetimes of wooden structures built from their timber.
Strong effects of temperature and wood durability imply future forests where dying trees fall
and decay faster than at present, reducing terrestrial C storage and snag-dependent wildlife
habitat. These results can improve the representation of forest C cycling and assist forest
managers by helping predict when a dead tree may fall.

Introduction

Standing dead trees, also called snags, play pivotal roles in the structure and function of chang-
ing forests (Fig 1). Snags are a keystone structure for many endangered species, providing such
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Fig 1. Schematic representation of the deadwood C cycle and variables that affect snag fall rates. C pools are
surrounded by rounded boxes and C fluxes by bold arrows. Controlling or predictor variables are in square boxes and
their hypothesized influence on fluxes represented by thin solid arrows pointing to control symbols associated with
fluxes. The hypothesized direction of the effect is indicated by symbol in the open circle.

https://doi.org/10.1371/journal.pone.0196712.9001

important wildlife habitat that forest management guidelines often set explicit targets for mini-
mum snag density [1]. Snags also represent a major aboveground carbon (C) pool, accounting
for over 1 Pg C in the United States alone [2]. Regional variation in snag C closely tracks cli-
mate change-related forest disturbances [3]. Drought, fire, and beetle outbreaks all transform
productive aboveground biomass into standing deadwood. Whether forest dieback tips forests
from net C sinks to sources reflects, among other factors, how snag formation and fall influ-
ences deadwood decay [4]. While deadwood is suspended off the ground, desiccation and
nutrient limitation slow both decomposer activity and the rate of decomposition-derived
greenhouse gas emissions to the atmosphere [5,6]. In this state, snags can delay the C efflux fol-
lowing disturbance for many years. For example, C emissions from an Oregon forest decreased
following a bark beetle outbreak because dead trees no longer stimulated soil respiration and
decomposed very slowly [7]. However, once snags fall to the forest floor and become logs,
increased soil contact accelerates saprotrophic respiration by providing a more stable, moist,
and accessible environment for decomposers [8]. Differences in decay rates between standing
and down deadwood can be dramatic. In a recent long-term experiment [9], ground contact
accelerated wood decay by an order of magnitude, which is comparable to the difference in
decay rates between leaf litter and wood of the same species [10]. Consequently, snag fall is a
primary control on net forest C balance in the years to decades following disturbance
[4,11,12].
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In addition to their pivotal role in the forest C cycle, standing dead trees threaten public
safety and property. Hazard trees, including snags, are a major source of litigation in the
United States where falling trees kill more than 200 people each year [13,14]. Many fatalities
occur among tree-care professionals who are tasked with protecting both people and property.
As global change stresses aging trees in publically accessible forests, management agencies are
allocating an increasing portion of limited budgets to hazard tree identification and removal
[15]. Understanding drivers of snag dynamics in unmanaged forests may translate into
improved hazard tree risk assessments for managed forests, helping decision makers allocate
resources to removal in the short term and plan for safer forests in the long term.

Evaluating the impacts of snag dynamics in changing forests requires improving predic-
tions for when snags fall based on a mechanistic understanding of how they fall [11,16,17]. As
with any structural failure, snags fall when applied mechanical stress exceeds toughness [18].
Snag toughness depends in part on wood density, and wood density generally declines as
wood decays [19]. Therefore, snag fall rates should depend on two kinds of factors: those that
expose trees to breaking forces and those that accelerate wood decay. Factors that expose trees
to breaking forces represent an interaction between the tree architecture and mechanical load-
ings from wind, ice, and water [18]. Factors that influence wood decay rates vary with intrinsic
teatures of deadwood, such as initial density, chemistry, and decomposer communities, as well
as extrinsic features such as temperature and soil moisture [20]. Whether exposure to stress or
wood decay more strongly influences snag fall rates has important implications for predicting
how snags’ roles may shift in changing forests. For instance, if snag fall rates depend primarily
on factors than limit wood decay, several positive feedbacks could intensify forest C cycling
(Fig 1). Quantifying this risk requires identifying how different external and intrinsic factors
govern snag fall.

Many factors that influence snag fall rates vary with features of the environment where
snags form. Regional climate, topography, and stand-level factors may all play roles. Across
broad geographic gradients, climatic variation can influence both exposure to mechanical
stress and wood decay. Higher wind loads promote tree fall [18,21] and increasing tempera-
ture, among other factors, weakens wood by accelerating decay [22,23]. Regional variation in
climate may explain why calm, cool forests at high latitudes in North America store relatively
more C in standing deadwood [24]. At the landscape scale, topography also plays a role [25];
snag fall rates may increase where steep slopes or flooding destabilize soils and where high soil
moisture accelerates decay [20]. For example, over a 15 year interval, ponderosa pine snag fall
rates increased with slope and topographic exposure in northern Arizona [26]. Within land-
scapes, dense stands with large trees may shield individual snags from wind [11,18]. However,
in certain settings, dense stands can promote snag fall via a domino effect [27], or by increasing
the prevalence of wood decay fungi [28].

Besides factors that vary with a snag’s surroundings, snags vary individually in many key
ways that may influence how quickly they fall. Existing studies consistently recover effects for
tree species identity, stem size, and existing decay [28-32]. The effect of tree species identity
may reflect variation in wood traits [19,33]. Some species grow denser and therefore tougher
wood [34]. Others imbue non-functional xylem with decay-limiting chemicals, creating natu-
rally durable heartwood that maintains structural integrity well after tree death [35,36]. The
same properties can influence variation in snag fall rates within species [30,32]. Wood tough-
ness and stem diameter determine the maximum stress a tree can withstand before breaking
[18]. Wider stems also may have proportionally more heartwood which resists decay more
effectively than sapwood [35]. Both factors may explain why large snags tend to fall at slower
rates [11,31]. Besides wood traits and geometry, many other factors potentially influence wood
decomposition. Recent studies have highlighted how the identity, assembly, and activity of
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decomposer communities can influence decay rates and, depending on context, interact
strongly with both wood traits and microclimate [37]. No matter how large, dense, or durable
a snag may be, the activity of deadwood feeding organisms erodes mechanical resistance to the
point where snags can no longer support their own weight and they fall [18].

Despite growing interest in how snag fall affects changing forests, the relative strength of
key drivers across scales is unclear because existing analyses have focused on limited areas.
According to a recent review, most tree fall studies have assessed dynamics in particular
regions [21]. Studies that estimated snag fall rates specifically have tended to be even more nar-
rowly focused. Most evaluated the persistence of a few thousand snags generated by a major
disturbance event in a single forest type in western or northern North America [28-31,38,39].
While these targeted studies have generated many important insights, none has analyzed the
large number of snags and potential drivers across the broad geographic gradients necessary to
more generally assess snag fall dynamics. The most extensive recent analysis [11] compared
dynamics in 10,000 permanent plots across Canada and found considerable variation in snag
fall rates by ecozone and dominant species type. However, this analysis did not evaluate the rel-
ative roles of different drivers across scales.

To identify broad-scale drivers of variation in snag fall rates, we modelled snag persistence
in a forest inventory of almost 100,000 revisited snags, representing over 200 tree species grow-
ing from boreal to subtropical forests in over 30,000 plots across the eastern United States. We
focused on comparing the strength of factors that control wood decay relative to those that
expose snags to breaking forces. Specifically, we predicted that warmer temperatures, mesic
hydrology, lower wood durability, and narrower stem diameters would accelerate snag fall by
increasing wood decay, while high wood density, calm winds, gradual slopes, and dense sur-
rounding stands would decrease snag fall by limiting the impact of breaking forces. We tested
these predictions using a hierarchical model that linked the forest inventory data to indepen-
dent datasets of species’ wood traits and climate. We used the data-informed model to project
changes in snag fall rates as a function of changes in key drivers that are anticipated by mid-cen-
tury. Finally, we incorporated snag fall projections into a simple forest C model to quantify the
effect of temperature driven change on structure and function of an intensively studied forest.

Results

Among 99,213 standing dead trees observed in 31,411 locations spanning the eastern United
States, 48.2% had fallen before resurvey, which occurred 5.01 + 0.002 (s.e.) years later. The
model correctly predicted 66.5% of all observations, improving the prediction odds ratio by a
factor of four (95% CI = [3.874, 4.086], p < 0.001). The annualized baseline probability of a
snag remaining standing in the eastern United States from 2000-2010, which corresponds to
the inverse logit of the intercept term, f3,, in Eq 2, was 0.881 (95% CI = [0.871, 0.891]). For
14,251 snags at the earliest stage of decay, only 41.6% had fallen 5.00 + 0.006 (s.e.) years later,
and the model was even more accurate, correctly predicting 72.1% of observations with an esti-
mated prediction odds ratio of 6.46 (95% CI = [5.97, 6.98], p < 0.001). The average recently
dead tree in eastern North America had a 50/50 chance of remaining standing (“half-life”) for
7.23 years (95% CI = [6.21, 8.42]yr). These estimates reflect the persistence times solely for
standing dead trees and not for living trees that might fall during wind throw or other cata-
strophic events.

Among many potential predictors, snag fall rates depended primarily on four factors, three
of which control wood decay (Fig 2). The strongest predictor was average annual temperature
(AT, Fig 2). Warmer forests had much faster rates of snag fall, even after controlling for spatial
autocorrelation and species differences (Fig 3A). Assuming effects do not change with time,

PLOS ONE | https://doi.org/10.1371/journal.pone.0196712 May 9, 2018 4/22


https://doi.org/10.1371/journal.pone.0196712

..@.' PLOS | ONE Wood decay controls snag fall

Temperature Durability Diameter Trees per ha

0.8

04

Standardized effect size
@
@

02r

1 2 3 4 5 1 2 3 4 65 1 2 3 4 565 1
Decay Class (1-5)

Fig 2. Factors that influence wood decay—temperature, wood durability and initial diameter—strongly affect snag persistence compared to stand density,
which primarily influences snag exposure to breaking forces. Predictors include mean annual temperature, species wood durability, initial diameter at 1.37 m
height, and number of trees per hectare. Horizontal lines show average effect sizes for all snags and filled circles show effect sizes for subsets representing different
progressive decay classes. Outer horizontal lines represent 95% credible intervals (CIs) for all snags. Thin vertical lines (whiskers) with filled circles represent 95%
ClIs based on 5000 independent draws from the posterior distribution of parameters and imputed species wood durability. All predictors increased the probability
of snag persistence except mean annual temperature, which decreased the probability of persistence. Other factors were examined but were not significant.
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Fig 3. Increasing temperature reduces snag persistence, while species wood durability, diameter and stand density
increase snag persistence. The thick central curves correspond to the mean of the posterior distribution for each
effect, and the transparent curve overlay represents uncertainty by showing 100 curves drawn from the posterior
distribution of the relevant parameters. The open circles in panel B correspond to the posterior means for all 205
species in the dataset with thin vertical bars representing 95% credibility intervals (Cls) for species-level effects and
thin horizontal bars representing the 95% CI for imputed species-level wood durability. The vertical spread of the
violin plots in panels A, C and D represent the distributions of the predictor values for observed standing (S = 1) versus
fallen snags (S = 0).

https://doi.org/10.1371/journal.pone.0196712.9003

2.4°C warming would reduce the annual probability of snag persistence by 0.035 (95% CI =
[-0.083, -0.006]) with a corresponding decrease in expected half-life of 3.2 years (95% CI =
[-12.5, -0.3]yr). Incorporating accelerated snag fall into a C model for a northern hardwood
forest decreased both snag C and net ecosystem production (NEP, kg C ha™ yr™). Accelerated
snag fall with 2.4°C warming reduced snag C by 1.85 Mg ha™ (95% CI = [0.41, 3.31] Mg ha™)
or ~ 22%. The associated decrease in NEP was smaller, about 1% (95% CI = [0.5, 2.3]%) or 7
kg ha! yr'’. Both changes only reflected modelled differences in snag fall due to temperature,
not potentially faster wood decay. The strong effect of temperature contrasted with the weak
effect of average wind speed, a hypothesized predictor that was associated with slightly slower
rates of snag fall in a subset of the data (S1 Fig).

After temperature, species wood durability (DUR) and individual tree diameter (DIA)
had the next strongest effects (Fig 2). Snags from species with more durable wood stood signif-
icantly longer (Fig 3B). A recently dead tree with wood that is one unit less durable, all else
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being equal, reduced the annualized probability of snag persistence by 0.06 (95% CI = [-0.141,
-0.01]) and the expected half-life by 4.5 years (95% CI = [-18.0, -0.4]yr). While wood durability
strongly influenced rates of snag fall, the simplified models did not include a wood density
effect, another hypothesized predictor. Likewise, snags with a wider diameter stood longer (Fig
3C). All else being equal, if two dead trees differed in diameter by 3.5 cm, which is the median
growth expected to occur in the eastern US by 2050 (40), the larger tree had an annual persis-
tence probability that was 0.017 higher (95% CI = [0.003, 0.044]) and an expected half-life 2.3
years longer (95% CI = [0.2, 9.1]yr).

Compared to other significant drivers of snag fall, stand density (TPH, trees per hectare) is
uniquely associated with exposure to breaking forces and its effect on snag fall was much
weaker (Fig 2). Nevertheless, a tree that died in a stand with 100 fewer trees per hectare had an
annual persistence probability that was 0.005 lower (95% CI = [-0.013, -0.001]) and an average
half-life that was 0.5 years shorter (95% CI = [-3.2, -0.1] yr) (Fig 3D). With the exception of the
wood durability effect, the effect size of the three other important drivers (AT, DIA and TPH)
diminished with advancing initial decay stage (Fig 2). We also examined whether slope or the
average size of trees in the surrounding stand influenced snag fall rates, but like other variables
expected to influence exposure to breaking forces, the effects of these factors were minimal.

Random effects associated with species differences, plot locations, and physiographic classes
also influenced rates of snag fall. Snag persistence varied greatly among species (o5 = 0.486, Fig
4), from an expected half-life of only 1.3 years (95% CI = [0.5, 3.1]yr) for Tilia americana (Amer-
ican Basswood) compared to 35.8 years (95% CI = [12.5, 90.8]yr) for Maclura pomifera (Osage
Orange). Snag persistence also varied widely among different geographic locations (og = 0.339,
Fig 4). Controlling for variation in temperature, snags that occurred in the upper Midwest
tended to fall at relatively fast rates (Fig 5). Compared to the considerable amount of variation
explained by species and location, variation among physiographic classes was small (op = 0.097,
Fig 4), but these effects still indicate that snags occurring in habitats with loose or periodically
disturbed soil are more likely to fall compared to those in habitats with standing water (S1
Table). Whether aggregated by tree species, spatial grid cell, or physiographic class, predicted
snag persistence closely corresponded to observed snag persistence (S2, S3 and 54 Figs).

Discussion

Global change drivers, from heat and drought to pests and intense storms, are accelerating
mortality rates in Earth’s forests [40]. Shifts in tree demography, species composition, and car-
bon (C) cycling are all connected through the dynamics of standing dead trees [21]. What does
a world with more new snags imply for critical ecosystem processes? Addressing this question
requires predicting when snags fall by understanding why they fall. Our model accurately pre-
dicted whether or not two out of three snags fell during a decade-long national forest inventory
involving repeated observations of almost 100,000 trees. Among many potential predictors,
those that influenced wood decay played especially pivotal roles, raising the possibility of previ-
ously unrecognized feedbacks in the forest C cycle. A world where snags fall more quickly
because they decompose faster is likely one where forest C residence times are shorter, further
destabilizing climate. Moreover, quickly falling snags may degrade habitat for some threatened
wildlife species while enhancing that of others, accelerate nutrient cycling and interact with
important agents of forest change.

Warm temperatures accelerate dead tree turnover

The most important driver of variation in snag fall rates, temperature, implies that climate
change will dramatically alter deadwood structure and function. The strong effect of
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temperature on snag fall has seldom emerged from previous analyses, presumably because
most have focused on snag dynamics in specific regions where temperature gradients are less
dramatic [28-31,38,39]. At a continental scale, differences in overall snag fall rates between
cooler Canadian forests (5.4% per year [11]) and warmer eastern United States forests (11.9%
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per year, this study) are consistent with a strong effect for temperature but confounded by dif-
ferences in species composition and stand structure. After statistically controlling for the
effects of other important drivers (such as species and wood properties), we substituted the
effect of temperature across space for the effect of warming through time to predict that a
model northern hardwood forest could lose more than 20% of snag C by mid-century. Consid-
ering that snags are a keystone structure for many endangered species, decreased snag life-
spans could compound stresses faced by some threatened species [41], while simultaneously
enhancing habitat for species that depend on recently fallen logs. Changes in species composi-
tion for deadwood associated organisms could affect forest biodiversity management plans.
Moreover, snag fall rates are a major control on the timing of changes in net C balance follow-
ing disturbance, including diebacks associated with increasing temperature [4,7,17]. We
focused just on the effects of snag fall on the C cycle; however, warmer forests likely exhibit
higher tree mortality, faster C emissions from both standing and down deadwood, and a faster
transition from net C sinks to sources (Fig 1). Reduced C residence time in cooler forests that
store C in snags today represents a quantifiable prediction for differences in C turnover
among biomes [42,43].

The strong effect of temperature on snag fall contrasted with the weak effect of average
wind speed, suggesting that variation in exposure to chronic mechanical stress poorly explains
snag fall rates in eastern North America. This result contrasted with an analysis of drought-
killed aspen (Populus tremuloides) in northwestern Canada, where snag fall rates were signifi-
cantly higher in locations with faster wind speeds [28]. Snag sensitivity to wind throw may be
species specific [44,45] or more strongly influenced by gusts. While we cannot directly quantify
the effects of specific localized storms in our dataset, we note that blowdown events could con-
tribute to the large variation in snag fall rates attributed to unmeasured spatially correlated
processes. Specifically, elevated snag fall rates in the upper Midwestern United States could
reflect the frequent incidence of strong convective storms in that region [46]. However, snag
fall rates were not higher along the Gulf Coast where hurricanes generated a measurable influx
of deadwood during the study interval [47]. Presumably, new down deadwood along the Gulf
came directly from living trees that had blown over, raising the possibility of a distinct forest
climate feedback involving stronger storms, higher mortality, and faster decay [17,48]. Living
trees that fall because of blowdown, landslides, or other catastrophic events are likely to influ-
ence forest C cycling in important ways. More detailed analyses are necessary to identify what
factors determine differences in blowdown rates of living and standing dead trees during
storms.

Wood durability accurately predicts snag fall

Snag dynamics also depended on species’ wood durability. Wood durability contrasts with
more widely known wood mechanical properties, such as hardness and modulus of rupture, in
that wood durability is only weakly correlated with wood density and measures long-term
rather than initial wood strength [49]. For example, a common standard ranks species’ wood
durability by comparing the useful lifespan of heartwood to that of sapwood from a weakly
defended reference species [50]. Builders can use this information to predict the service life-
span of untreated outdoor wooden structures used as construction materials. In temperate
settings, the difference between the first and second wood durability categories roughly corre-
sponds to a 5-year difference in expected service lifetime [51]. In our model, the same differ-
ence in species wood durability corresponded to a 4.5-year difference in snag half-life. This
close correspondence between the dynamics of buildings and standing dead trees highlights
the ecological importance of this understudied wood functional trait. Larger wood durability

PLOS ONE | https://doi.org/10.1371/journal.pone.0196712 May 9, 2018 10/22


https://doi.org/10.1371/journal.pone.0196712

@° PLOS | ONE

Wood decay controls snag fall

datasets, involving more tree species and alternative ways of incorporating uncertainty
between sources, may inform other important ecological phenomena.

The biological basis for variation in wood durability is largely unknown, but could reflect
decay inhibition by secondary compounds that pigment heartwood and reduce wood perme-
ability [36,49,52]. To the extent that wood durability corresponds to overall decay resistance,
snags that fall quickly may decompose faster as logs [35]. Furthermore, wood durability might
also predict resistance to internal decay in living trees, identifying species that are likely to be
hollow and more prone to falling while alive [53]. For both of these reasons, species with less
durable wood could be targets for interventions to enhance C storage and manage risks of haz-
ard tree failure. Even species that produce durable wood currently may produce less decay
resistant wood in the future. CO, fertilization tends to accelerate tree growth, and fast growing
trees tend to produce less durable wood [34,35]. In a recent wood decay experiment involving
both plantation-raised and old growth scots pine, less durable wood decomposed more quickly
across a range of temperatures and fungal strains [37]. Faster growth with higher CO, raises
the possibility that trees may produce less durable wood, so that they decay and fall more
quickly (Fig 1). Lower concentrations of decay-limiting extractives in more recently deposited
heartwood would support this conclusion.

While wood durability was an important predictor of snag fall, the large residual interspe-
cific variation (Fig 4) indicates that other unmeasured species traits also play important roles
determining whether snags break or uproot. For example, in a tropical dry forest, interspecific
differences in tree fall rates were associated with tree height, rooting depth, and wood density
[44]. Surprisingly, intact wood density was not a significant predictor for snag fall in eastern
North American forests, indicating that standing dead tree failure depends less on initial wood
mechanical strength and more on how strength changes with decay [19]. However, the range
of wood density in the temperate zone is much narrower than what occurs in the tropics [52],
raising the possibility that tropical forests show more variation in snag fall rates driven by
increased variation in wood density.

Effects associated with breaking forces weaken with decay

Significant effects for stem diameter and stand density indicate that exposure to breaking
forces also influences snag dynamics. Large stem diameters, which can slow wood decay
and increase mechanical resistance to breaking forces [9], were associated with slower rates
of snag fall. The slow fall rate for larger snags may moderate some effects of climate change
on forest C cycling. Large trees store more C [54] and may be more sensitive to mortality
during drought [55]. Yet, as dead trees, they tend to stand longer, providing more time for
proactive management strategies like salvage harvest while their wood remains intact.
Large, relatively persistent snags may also preserve habitat for some important wildlife spe-
cies [1].

While tree size influences both wood decay and toughness, stand density more directly
affects exposure to breaking forces. We found that snags in denser stands showed slightly
slower falling rates. This result is consistent with the expectation that dense stands shield snags
from breaking forces and could indicate that future forests with lower stem densities may have
higher rates of snag fall. However, in dense forests affected by dieback, the protective effect of
stand density could be offset by accelerated decay with increasing abundance of wood decay
fungi and wood boring beetles [28] and the possibility for a domino effect [27]. Nevertheless,
the effect of stand density, like the effects of diameter and temperature, declined with advanc-
ing decay class, which suggests that wood decay eventually overrides the effects of other
factors.
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Wood decay, forest disturbances, and distinctive snag legacies

Ultimately, integrating snag dynamics into risk projections for changing forests requires
understanding how deadwood decay and toughness vary with different mechanisms of tree
mortality. Harvest, drought, pest outbreaks, and fires promoted forest C loss at the same order
of magnitude as fossil fuel consumption in western North America [56]. While the relative
roles of drivers vary, harvest is the biggest single driver of global forest C loss [57]. In northern
forests, experimental harvests raised soil temperatures, driving faster wood decay [58] and
accelerated fall rates for both naturally recruited and artificial snags [32]. Both experimental
results in managed forests are consistent with our analysis of snag dynamics in unmanaged
forests across the eastern United States, where increased temperature and decreased stand den-
sity both accelerated tree fall. Whatever standing deadwood remains in managed locations is
likely to fall and decay more quickly. Identifying whether these connections extend to recrea-
tional or urban forests has major implications for mitigating hazard tree risks.

While faster wood decay and snag fall might accelerate C emissions after harvest, forest die-
back during drought may influence snag dynamics differently. Wood decay is strongly mois-
ture limited [9]. Consequently, prolonged drought is likely to slow wood decay and snag fall.
While drought should slow wood decay and snag fall, in some cases, drought is not always the
proximate cause for tree mortality. Often, drought and heat stress interact to trigger pest out-
breaks or fires [42]. These change agents can have distinctive impacts on snag fall and C
dynamics [4,59]. Wood boring beetles can structurally compromise snags and spread wood
decaying microorganisms, increasing rates of snag fall [60]. Fire may play an even more com-
plicated role. Intense forest fires partially consume existing snags while creating new snags by
killing trees. Charred snags have different exposure to breaking forces and decay resistance. In
California, snags in burned stands fell faster due to a combination of structural weakening and
increased exposure to wind [31]. Both of these results are consistent with our analyses of snag
dynamics in unburned stands in the eastern United States. While burning is likely to reduce
snag C, residual charred wood decays extremely slowly, which can enhance stabilized soil C
depending on fire return intervals. In Oregon, reburned stands showed persistent differences
in deadwood structure [39] although fire return interval had relatively little impact on snag
abundance during an experiment in southern Florida [61].

Opverall, warm temperatures and faster wood decay accelerate standing dead tree fall. Asso-
ciated reductions in snag C residence time may increase the sensitivity of forests to climate
forcing, especially if higher CO, reduces tree species wood durability. Forests with fewer snags
and more logs may have different habitat value for deadwood-dependent species. Where peo-
ple use forests, risks associated with snag fall may change as well. Improving forest resource
management will require a better understanding of how snag fall rates interact with other
agents of forest disturbance, especially strong storms and fires, as well as a thorough examina-
tion of potential connections between the drivers of snag fall in unmanaged forests with living
tree fall rates including those in urbanized areas.

Materials and methods

Response variable: Snag fall

We evaluated the persistence of standing dead trees in permanent forest inventory plots resur-
veyed by the USFS Forest Inventory and Analysis (FIA) Program [62]. In 1999, FIA began
recording the presence of snags, defined as main boles of stems at least 12.7 cm in diameter at
1.37 m height (diameter at breast height or DBH) and leaning <45° from vertical. Annual
resurveys of 20% of the FIA plots yield an average resurvey interval of 5 years. We queried the
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FIA database for all resurveyed and unmanaged plots that included one or more snags during
the initial survey. Standing dead trees are tracked through time by the FIA program until they
no longer meet their associated definition (fallen or decayed/fractured below minimum size
thresholds). Given the importance of identifying the distinctly different live and dead tree pop-
ulations across the US for national resource assessments, care is given to accurately identify
trees as they transition from live, to dead, to down dead via the field measurement variables of
tree status and reconciliation codes [63]. As such, when the FIA field records identified indi-
vidual snags as no longer qualifying as a standing dead tree on plots where there were no
recent forest management activities (i.e., logging equipment knocking over dead trees), our
study considered those snags as fallen. We limited our analysis to plots that had been revisited
twice between 2000, when the new nationally consistent criteria for snag inclusion were
adopted, and 2010, when most plots had been resurveyed.

Predictors of snag fall

We estimated climatic conditions at the reported location for each plot, which, for privacy rea-
sons, is within 1 km of the actual plot location. We estimated average wind speed (WND) at 10
m altitude during the interval from 2000-2010 based on the National Atmospheric North
American Regional Reanalaysis [64], which provides data at a resolution of approximately 32
km?. We estimated average annual temperature (AT) over the 30-year interval from 1981 to
2010 based on PRISM, which estimates temperatures at a resolution of 800 m? [65].

For quantifying effects of factors that vary at the landscape, stand, and individual scales, we
obtained additional covariates based on measurements taken during the FIA surveys. For
topography, we included subplot slope (SL) and physiographic class. FIA defines physio-
graphic class using a cross classification of forest habitats by hydrology and landform (S1
Table). At the stand scale, we included both average size and density of living trees. For an esti-
mate of average size, we calculated quadratic mean diameter (QMD) of all living trees over
12.7 cm DBH. To estimate density, we calculated the number of living trees per hectare (TPH)
over 12.7 cm DBH. At the scale of each individual snag, we included both DBH (DIA) and ini-
tial decay class (DC). FIA assigns snags to one of five progressive decay classes based on exter-
nal conditions [62].

To quantify species-level variation in wood traits, we compiled two additional datasets. We
drew our estimates of species-level intact wood density (DEN) from Miles & Smith [66]. We
also compiled information on tree species wood durability (DUR S1 Dataset). Wood durability
describes how untreated wood resists degradation by microbes and insects using an ordinal
scale. This scale has a direct quantitative interpretation under certain materials standards. For
example, the European standard [50] compares the lifespan of heartwood stakes to that of
Pinus sylvestris sapwood. Sapwood stakes from Pinus sylvestris resist impact breakage tests for
about 5 years when suspended above ground in temperate conditions [51] defining the lowest
reference class, “Not durable”. The next class, “Slightly durable” lasts between 1.2 and 2x lon-
ger, “Moderately durable” wood lasts between 2 and 3x longer, “Durable” wood lasts between
3 and 5x longer, and “Very durable” wood lasts more than 5x longer. This standard is similar
to the discontinued United States standard [67]. We compiled descriptions of tree species
wood durability from several sources including the Forest Products Lab Wood Handbook [34]
and Wood Properties Techsheets [68], the Natural Durability of Wood : a Worldwide Check-
list of Species [49], the American Hardwood Export Council Guide to Species [69], the Wood
Database [70], the USDA Fire Effects Information System [71], the Forest Trees of Florida
Handbook [72] and the Utah State University Tree Browser [73]. For maximum consistency
with the materials standards terminology, we defined the least durable classification within a
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source (e.g. “not durable”, “non-resistant”) as durability 0, the next category (e.g. “slightly
durable to perishable”) as durability 1, the next highest (e.g. “moderately durable”) as durabil-
ity 2, the second highest (e.g. “durable” or “resistant”) to durability 3 and the highest category
(e.g. “very durable” or “very resistant”) to durability 4. For species described using a range of
descriptors within a source (e.g. moderately to very durable), we scored them to intermediate
categories (i.e. durability 3). We resolved variation among sources by taking the arithmetic
mean for each species with more than one estimate.

Model structure

Our goal was to identify the factors that most strongly influence the rate at which snags fall.
We did so by estimating the probability, p;j, that any individual snagi (i=1,2,...,n=
99,213), remains standing (S;;; = 0 or 1) at the end of a census interval of length ¢ (years) in a
plot with a specified physiographic classj (j=1, 2, ..., m = 16), spatial location k (k=1,2, ..,
p = 151), and that had been previously identified as species [ (I=1, 2, ..., g = 205). We assumed
Sijxi represents a single Bernoulli trial:

S ~ Bemoulli(pijkl’) (1)

We then analyzed the annualized probability of standing p;;x; as a linear function of covariates
in a logistic regression framework:

) Pj
loglt(pxjkl) = log (1_J;> =B, + Z P +u + v +w (2)

ijki

t;jx; is a row vector of continuous predictors and p is a vector of associated effects. We covari-
ate-centered the continuous predictors (t’s) by subtracting their mean such that f3, is the annu-
alized baseline log odds of remaining standing at “average” covariate conditions. We evaluated
many candidate models including effects for tree DBH, stand QMD and TPH, plot SL, WND
and AT (S1 Appendix). In addition to continuous covariate effects, u; is the effect of physio-
graphic class j, vy is the effect of location k, and w; is the effect of species I.

To account for variation among physiographic classes, we modelled their effects as coming
from a population of potential effects:

u; ~ Normal(0, o} (3)

The effects (u’s) are constrained to sum to zero relative to the baseline persistence rate, f,, and
o}, is the variance among physiographic class effects.

To model the spatially structured location effects, we assigned each location toa 1.7° x 1.7°
grid consisting of k=1, 2, ..., p = 151 cells. This grid resolution was small enough to capture
coarse spatial variation while being sufficiently large to include multiple plots in most cells.
We then estimated spatially structured effects as a Gaussian conditional autoregressive process
[74], such that for grid cell k # h:

(4)

v,|v, ~ Normal (

Zhe&k GV 1 >

’ 2
s 1 06

Oy defines the cells that are spatially adjacent to the focal cell k, ayy, is a binary operator that
equals 1 only if cell  is adjacent to k, ay., is the number of cells adjoining k, and &7, is the vari-
ance of the conditional Gaussian distribution. As with our estimates of physiographic class
effects, we constrained these effects (v;’s) to sum to zero so that the spatial autoregressive
effects represent local deviations from the baseline persistence rate, f3,.
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For modelling species-level effects, we incorporated known differences in species’ wood
traits using a hierarchical approach:

w, ~ Normal(p,, 67) (5)

u; is the expected species-specific deviation from the baseline persistence probability, 5,, and
o} is the variance that describes variability among species. We constrained the species effects
(w/'s) to sum to zero and modeled the expected species-specific deviations () as a function of
wood durability (DUR):

W= BDUR * (DURZ - m) (6)

Bour is the effect of wood durability on the probability of snag persistence, and DUR is the
average wood durability index, computed across all species for which DUR estimates were
available.

Several species lacked DUR estimates. Rather than exclude them, we imputed their DUR
values based on DUR estimates available for other species by assuming a hierarchical model
for DUR based on a coarse taxonomy [33] whereby species are nested in family:

logit (DUR,/4) ~ Normal(u, o}) (7)

Where the logit transformation (see Eq 2) and rescaling projects the [0-4] interval-constrained
DUR variable to the real number line; f{I) denotes family fassociated with species Ly is the
family-level logit-transformed DUR value; and o7 is the variance that describes variability in
logit-transformed DUR among species within families. Then we modeled the family-level
means as nested in division (i.e. gymnosperm versus angiosperm):

p; ~ Normal(pyy,), ;) (8)

d(f) denotes division d associated with family f; y, is the logit-transformed DUR for either
angiosperms or gymnosperms; and o7 is the variance that describes variability in logit-trans-
formed DUR among families within divisions.

Model implementation and adequacy

We fit the above model in a Bayesian framework, with diffuse normal priors, Normal(0,1000),
for all of the continuous effect parameters (i.e., each element of p in Eq (2) and Spyr in Eq 6)
as well as y; in Eq (8). For the baseline fall rate parameter, ,, we used a flat prior. We specified
broad uniform priors, Uniform(0,100), for the standard deviation terms associated with each
variance component (i.e. op, ds, 05 04). Finally, following [46], we specified a Gamma(0.5, 2)
prior for the precision of the conditional Gaussian distribution for the spatially structured
effects (i.e. 0%, Eq (4)). Our use of minimally informative priors allows the data to largely
inform the posterior distribution. Furthermore, no other studies have employed Bayesian tech-
niques to estimate snag fall rates so informative prior distributions are lacking.

We implemented the above model using OpenBUGS, V3.2.1 rev 781 [75] (S2 Appendix).
OpenBUGS employs Markov Chain Monte Carlo sampling for model parameters from the
joint posterior distribution. We ran five parallel chains for at least 110000 iterations per chain.
We assessed convergence of the chains to the posterior when the upper limit of the 95% CI
Brooks-Gelman-Rubin (BGR) statistic [76] fell below 1.05. We then discarded the first 10000
samples as burn-in and thinned each chain by a factor of 40 to reduce within-chain autocorre-
lation. We repeated the process for the full dataset and for subsets of the original dataset repre-
senting each decay class (S1 Appendix).
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We assessed model adequacy by comparing observed to expected snag persistence given the
hierarchical model and posterior mean parameter estimates. For every observation S, we
rounded model-based expected values for p;' to either 0 or 1. Then we calculated both the
proportion of correct predictions of S;;;; and the 95% confidence interval for the odds ratio of
observed versus predicted values using the function “fisher.test” in R v 3.2.5 (package “stats”).
We also plotted the expected versus observed counts at every level of the three categorical pre-
dictors (species, spatial grid and physiographic class).

Parameter interpretation

For continuous predictors (e.g., p in Eq (2) or Bpyr in Eq (6)), we computed a standardized
effect size by dividing the posterior mean and 95% CI limits by the standard deviation of the
corresponding covariate data. This provides an estimate for the relative effect of a standard
change in the predictor near the mean of the data on the logit scale. Because we imputed wood
durability (DUR) for some species, our estimate of the standardized effect size for this variable
was averaged over 5000 draws from the posterior distribution for the missing DUR estimates.
For the relative influence of categorical predictors, we also report the posterior mean and 95%
CI for the standard deviation of the random effects (i.e., op, 0g, and o).

To relate the aforementioned effects to expected changes in rates of snag fall, we computed
average predictive comparisons [77,78]. This approach allows us to compare the difference
(4) in the response of interest (y)—which is related to different indices of rates of snag persis-
tence—with a specified change (€) in a predictor variable of interest (x) as:

AG 6 x,X) = S (E(x, +&,0,X) — E(ylx,, 0,X,))

- ©)
r denotes an individual tree, as indexed by all observed unique combinations of 4, j, k, and [
(see Eq 1); @ represents a vector of estimated parameters (i.e., includes p, f,, Bpur, and all o
terms); and X is a matrix of all other predictors excluding the focal predictor, x (X and x
involve different combinations of t in Eq (1) and DUR in Eq (6)). The specified values for & for
each variable were chosen as reasonable estimates for the direction and magnitude of change
in eastern North American forests by mid-century. For mean annual temperature in 2050, we
used the estimated 2.4°C increase from the CMIP3 model projection for the RCP8.5 emissions
scenario [79]. For diameter (DBH), we used the mean diameter growth for eastern North
American forests in a 35 year interval as estimated by [80] to infer the associated change in
DBH for a “typical” tree. For mid-century TPH, we assumed that most forests would lose trees
due to stand thinning and mortality. We note that the proposed values for & are simply to put
effects on a biologically relevant scale and that they are considered one at a time, in an additive
fashion.

We expressed the difference in expected rates of snag persistence in two different ways.
First we computed the average predictive difference in the annualized probability of remaining
standing such that:

E(y|x,0,X) = Pr(§]x,0,X) = p(x,0,X) (10)

where p is the annualized probability of a snag persisting, which is predicted from Eq (2).
Then, for snags in the earliest DC, we also computed the average predictive difference in half-
life in years as:

log(0.5)

102 = Tog(Pr(s/, %) (1)
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where Pr(S|x,0,X) is described in Eq (10). To incorporate parameter uncertainty, we report dis-
tributions for these average predictive differences based on 5000 draws from the posterior dis-
tributions of the parameters.

Finally, we examined the effects of projected changes in snag persistence on forest structure
and function in a simple, spatially implicit, discrete time forest C model [81]. We modified the
model by specifying separate detritus pools for litter, snags, and logs. We then parameterized
the model to approximate the C budget of a well-characterized north temperate hardwood for-
est, Hubbard Brook Experimental Forest, using internal transitions estimated by [82], along
with snag persistence times estimated from our model, and decay rates for litter, snags, and
logs based on literature information [9,83,84]. We evaluated steady state snag C and maximum
net ecosystem productivity (NEP) under contemporary conditions relative to those projected
for 2050 based only on a change in snag persistence time due to projected temperature change.
This approach estimates the sensitivity of snag C and NEP to snag fall rates per se without
including changes in decay rate or potential feedbacks mediated by climate (e.g. Fig 1). We
assessed uncertainty in our sensitivity estimate by repeating the simulation for 1000 parameter
estimates drawn from the distribution of predictive comparisons. Model code is available in S3
Appendix.
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S$2 Appendix. BUGS language code for the simplified snag fall model.
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$3 Appendix. R code for the simple forest C model.
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S1 Fig. Snags of intermediate decay class are less likely to fall in locations with faster aver-
age wind speeds. Thick central curve corresponds to the posterior mean for the effect of aver-
age wind speed at 10m on decay class 2 snag persistence and the transparent curve overlay
represents uncertainty by showing 100 curves drawn from the posterior distribution of the rel-
evant parameters. The vertical spread of the violin plots represents the distributions of the pre-
dictor values for standing (S = 1) versus fallen trees (S = 0).
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S2 Fig. The predicted proportion of snags standing closely corresponds to the observed
proportion of snags standing when aggregated by 205 species. Symbol diameter is scaled by
species abundance.
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S3 Fig. The predicted proportion of snags standing closely corresponds to the observed
proportion of snags standing when aggregated within 151 1.7°x1.7° spatial grid cells. Sym-
bol diameter is scaled by the abundance of snags per grid cell.

(PDF)

S4 Fig. The predicted proportion of snags standing closely corresponds to the observed
proportion of snags standing when aggregated within 16 physiographic classes. Symbol
diameter is scaled by the abundance of snags per physiographic class.
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S1 Table. Snags occurring in physiographic settings with loose or disturbed soils are signif-
icantly more likely to fall compared to snags in settings with standing water. The final col-
umn indicates subsets of the data where the 95% CI for the effect excluded 0.
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S2 Table. Model selection criteria applied to all first-order non-hierarchical models for
snag persistence in every subset of the data. The set of parameters selected via backwards
elimination from the fully hierarchical model is indicated in bold.
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S1 Dataset. Compilation of wood durability estimates for species in the eastern United
States drawn from various sources. The least resistant category was set as 0 and the most
resistant category as 4. Sources that used ambiguous designations (e.g. non-resistant or slightly
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(XLSX)

Acknowledgments

The authors thank members of the Zanne and Ogle labs, the editor and two anonymous
reviewers who provided valuable feedback on earlier drafts.

Author Contributions

Conceptualization: Brad Oberle, Kiona Ogle, Amy E. Zanne, Christopher W. Woodall.
Data curation: Brad Oberle, Christopher W. Woodall.

Formal analysis: Brad Oberle, Kiona Ogle.

Funding acquisition: Amy E. Zanne.

Writing - original draft: Brad Oberle.

Writing - review & editing: Brad Oberle, Kiona Ogle, Amy E. Zanne, Christopher W.
Woodall.

References

1. Chambers CL, Mast JN. Snag dynamics and cavity excavation after bark beetle outbreaks in southwest-
ern ponderosa pine forests. For Sci. 2014; 60(4):713-23.

2. Woodall CW, Domke GM, MacFarlane DW, Oswalt CM. Comparing field-and model-based standing
dead tree carbon stock estimates across forests of the US. Forestry. 2012; 85(1):125-33.

3. Wilson BT, Woodall CW, Griffith DM. Imputing forest carbon stock estimates from inventory plots to a
nationally continuous coverage. Carbon Balance Manag. Carbon Balance and Management; 8(1):1.
Available from: http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3564769&tool=
pmcentrez&rendertype=abstract https://doi.org/10.1186/1750-0680-8-1 PMID: 23305341

4. Edburg SL, Hicke JA, Brooks PD, Pendall EG, Ewers BE, Norton U, et al. Cascading impacts of bark
beetle-caused tree mortality on coupled biogeophysical and biogeochemical processes. Front Ecol
Environ. 2012; 10(8):416-24.

5. SongZ,DunnC, Li X-T, Qiao L, Pang J-P, Tang J-W. Coarse woody decay rates vary by physical posi-
tion in tropical seasonal rainforests of SW China. For Ecol Manage. Elsevier; 2017; 385:206—13.

6. Covey KR, de Mesquita CPB, Oberle B, Maynard DS, Bettigole C, Crowther TW, et al. Greenhouse
trace gases in deadwood. Biogeochemistry. Springer; 2016; 130(3):215-26.

7. Moore DJP, Trahan N a, Wilkes P, Quaife T, Stephens BB, Elder K, et al. Persistent reduced ecosys-
tem respiration after insect disturbance in high elevation forests. Ecol Lett. 2013 Jun; 16(6):731-7.
Available from: http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3674530&tool=
pmcentrez&rendertype=abstract https://doi.org/10.1111/ele.12097 PMID: 23496289

PLOS ONE | https://doi.org/10.1371/journal.pone.0196712 May 9, 2018 18/22


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0196712.s008
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0196712.s009
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0196712.s010
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3564769&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3564769&tool=pmcentrez&rendertype=abstract
https://doi.org/10.1186/1750-0680-8-1
http://www.ncbi.nlm.nih.gov/pubmed/23305341
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3674530&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3674530&tool=pmcentrez&rendertype=abstract
https://doi.org/10.1111/ele.12097
http://www.ncbi.nlm.nih.gov/pubmed/23496289
https://doi.org/10.1371/journal.pone.0196712

@° PLOS | ONE

Wood decay controls snag fall

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

Cornwell WK, Cornelissen JHC, Allison SD, Bauhus J, Eggleton P, Preston CM, et al. Plant traits and
wood fates across the globe: rotted, burned, or consumed? Glob Chang Biol. 2009 Oct; 15(10):2431—
49. Available from: http://doi.wiley.com/10.1111/j.1365-2486.2009.01916.x

Oberle B, Covey KR, Dunham KM, Hernandez EJ, Walton ML, Young DF, et al. Dissecting the Effects
of Diameter on Wood Decay Emphasizes the Importance of Cross-Stem Conductivity in Fraxinus amer-
icana. Ecosystems. 2018; 21(1):85-97. Available from: http://dx.doi.org/10.1007/s10021-017-0136-x

Pietsch KA, Ogle K, Cornelissen JHC, Cornwell WK, B??nisch G, Craine JM, et al. Global relationship
of wood and leaf litter decomposability: The role of functional traits within and across plant organs. Glob
Ecol Biogeogr. 2014; 23(9):1046-57.

Hilger AB, Shaw CH, Metsaranta JM, Kurz WA. Estimation of snag carbon transfer rates by ecozone
and lead species for forests in Canada. Ecol Appl. 2012; 22(8):2078-90. PMID: 23387111

Hansen EM. Forest development and carbon dynamics after mountain pine beetle outbreaks. For Sci.
2014; 60(June):1-13.

Schmidlin TW. Human fatalities from wind-related tree failures in the United States, 1995-2007. Nat
Hazards. 2009; 50(1):13-25.

Mortimer MJ, Kane B. Hazard tree liability in the United States: Uncertain risks for owners and profes-
sionals. Urban For Urban Green. 2004; 2(3):159-65. Available from: http:/linkinghub.elsevier.com/
retrieve/pii/S1618866704700321

Vogt J, Vogt J, Hauer RJ, Fischer BC. The costs of maintaining and not maintaining the urban forest : A
review of the urban forestry and arboriculture literature The Costs of Maintaining and Not Maintaining
the Urban Forest : A Review of the Urban Forestry and Arboriculture Literature. 2015; 41(Novem-
ber):293-323.

Russell MB, Woodall CW, D’Amato AW, Fraver S, Bradford JB. Technical Note: Linking climate change
and downed woody debris decomposition across forests of the eastern United States. Biogeosciences.
2014; 11(22):6417-25.

Reichstein M, Bahn M, Ciais P, Frank D, Mahecha MD, Seneviratne SlI, et al. Climate extremes and the
carbon cycle. Nature. Nature Publishing Group; 2013; 500(7462):287-95. Available from: http://www.
nature.com.are.uab.cat/nature/journal/v500/n7462/full/nature12350.html

Peltola HM. Mechanical stability of trees under static loads. Am J Bot. 2006; 93(10):1501—-11. https:/
doi.org/10.3732/ajb.93.10.1501 PMID: 21642097

Oberle B, Dunham K, Milo AM, Walton M, Young DF, Zanne AE. Progressive, idiosyncratic changes in
wood hardness during decay: Implications for dead wood inventory and cycling. For Ecol Manage.
2014; 323:1-9. Available from: http://linkinghub.elsevier.com/retrieve/pii/S0378112714001807

Zanne AE, Oberle B, Dunham KM, Milo AM, Walton ML, Young DF. A deteriorating state of affairs: How
endogenous and exogenous factors determine plant decay rates. J Ecol. Blackwell Publishing Ltd;
2015; 103(6):1421-31.

Buettel JC, Ondei S, Brook BW. Look Down to See What's Up: A Systematic Overview of Treefall
Dynamics in Forests. Vol. 8, Forests. 2017.

Adair EC, Parton WJ, Del Grosso SJ, Silver WL, Harmon ME, Hall SA, et al. Simple three-pool model
accurately describes patterns of long-term litter decomposition in diverse climates. Glob Chang Biol.
2008; 14(11):2636—60.

Meier CL, Rapp J, Bowers RM, Silman M, Fierer N. Fungal growth on a common wood substrate across
a tropical elevation gradient: Temperature sensitivity, community composition, and potential for above-
ground decomposition. Soil Biol Biochem. Elsevier Ltd; 2010; 42(7):1083-90. Available from: http://dx.
doi.org/10.1016/j.s0ilbio.2010.03.005

Woodall CW, Liknes GC. Climatic regions as an indicator of forest coarse and fine woody debris carbon
stocks in the United States. Carbon Balance Manag. 2008 Jan; 3:5. Available from: http://www.
pubmedcentral.nih.gov/articlerender.fcgi?artid=2435523&tool=pmcentrez&rendertype=abstract
https://doi.org/10.1186/1750-0680-3-5 PMID: 18541029

Oberle B, Milo AM, Myers JA, Walton ML, Young DF, Zanne AE. Direct estimates of downslope dead-
wood movement over 30 years in a temperature forest illustrate impacts of treefall on forest ecosystem
dynamics. 2016; 361(December 2015):351-61.

Ganey JL, White GC, Jenness JS, Vojta SC. Mark-recapture estimation of snag standing rates in North-
ern Arizona mixed-conifer and ponderosa pine forests. J Wildl Manage. 2015; 79(8):1369-77.

Pelz KA, Smith FW. How will aspen respond to mountain pine beetle? A review of literature and discus-
sion of knowledge gaps. For Ecol Manage. Elsevier B.V.; 2013; 299:60-9. Available from: http://dx.doi.
org/10.1016/j.foreco.2013.01.008

PLOS ONE | https://doi.org/10.1371/journal.pone.0196712 May 9, 2018 19/22


http://doi.wiley.com/10.1111/j.1365-2486.2009.01916.x
http://dx.doi.org/10.1007/s10021-017-0136-x
http://www.ncbi.nlm.nih.gov/pubmed/23387111
http://linkinghub.elsevier.com/retrieve/pii/S1618866704700321
http://linkinghub.elsevier.com/retrieve/pii/S1618866704700321
http://www.nature.com.are.uab.cat/nature/journal/v500/n7462/full/nature12350.html
http://www.nature.com.are.uab.cat/nature/journal/v500/n7462/full/nature12350.html
https://doi.org/10.3732/ajb.93.10.1501
https://doi.org/10.3732/ajb.93.10.1501
http://www.ncbi.nlm.nih.gov/pubmed/21642097
http://linkinghub.elsevier.com/retrieve/pii/S0378112714001807
http://dx.doi.org/10.1016/j.soilbio.2010.03.005
http://dx.doi.org/10.1016/j.soilbio.2010.03.005
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=2435523&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=2435523&tool=pmcentrez&rendertype=abstract
https://doi.org/10.1186/1750-0680-3-5
http://www.ncbi.nlm.nih.gov/pubmed/18541029
http://dx.doi.org/10.1016/j.foreco.2013.01.008
http://dx.doi.org/10.1016/j.foreco.2013.01.008
https://doi.org/10.1371/journal.pone.0196712

@° PLOS | ONE

Wood decay controls snag fall

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

4.

42,

43.

44,

45.

46.

47.

48.

49.

Hogg EH, Michaelian M. Factors affecting fall down rates of dead aspen (Populus tremuloides) biomass
following severe drought in west-central Canada. Glob Chang Biol. 2015; 21(5):1968-79. https://doi.
org/10.1111/gcb.12805 PMID: 25393098

Ganey JL, Vojta SC. Trends in snag populations in drought-stressed mixed-conifer and ponderosa pine
forests (1997-2007). Int J For Res. 2012; 2012(Figure 1):529197-Article ID 529197.

Russell MB, Weiskittel AR. Assessing and modeling snag survival and decay dynamics for the primary
species in the Acadian forest of Maine, USA. For Ecol Manage. Elsevier B.V.; 2012; 284:230—40. Avail-
able from: http://dx.doi.org/10.1016/j.foreco.2012.08.004

Morrison ML, Raphael MG. Modeling the Dynamics of Snags. Ecol Appl. 1993; 3(2):322—-30. https://doi.
org/10.2307/1941835 PMID: 27759324

Fassnacht KS, Steele TW. Snag dynamics in northern hardwood forests under different management
scenarios. For Ecol Manage. Elsevier B.V.; 2016; 363:267—76. Available from: http://dx.doi.org/10.
1016/j.foreco.2015.12.003

Ogle K, Pathikonda S, Sartor K, Lichstein JW, Osnas JLD, Pacala SW. A model-based meta-analysis
for estimating species-speci fi ¢ wood density and identifying potential sources of variation. 2014;194—
208.

Forest Products Laboratory. Wood handbook: Wood as an engineering material. USDA Forest Service,
Forest Products Laboratory, General Technical Report FPL-GTR-190, 2010: 509 p. 1 v.. 2010;190

Taylor AM, Gartner BL, Morrell JJ. Heartwood formation and natural durability—a review. Vol. 34,
Wood and Fiber Science. 2002. p. 587—-611.

Valette N, Perrot T, Sormani R, Gelhaye E, Morel-Rouhier M. Antifungal activities of wood extractives.
Fungal Biol Rev. 2016;1-11.

Venugopal P, Junninen K, Linnakoski R, Edman M, Kouki J. Climate and wood quality have decayer-
specific effects on fungal wood decomposition. For Ecol Manage. Elsevier B.V.; 2016; 360:341-51.
Available from: http://dx.doi.org/10.1016/j.foreco.2015.10.023

Vanderwel MC, Caspersen JP, Woods ME. Snag dynamics in partially harvested and unmanaged
northern hardwood forests. Can J For Res. 2006; 36(11):2769-79.

Donato DC, Fontaine JB, Campbell JL. Burning the legacy? Influence of wildfire reburn on dead wood
dynamics in a temperate conifer forest. Ecosphere. 2016; 7(5):1-13.

Zhu K, Woodall CW, Ghosh S, Gelfand AE, Clark JS. Dual impacts of climate change: forest migration
and turnover through life history. Glob Chang Biol. 2014; 20(1):251—64. Available from: http://dx.doi.
org/10.1111/gcb.12382 PMID: 24014498

Tews J, Brose U, Grimm V, Tielbérger K, Wichmann MC, Schwager M, et al. Animal species diversity
driven by habitat heterogeneity/diversity: the importance of keystone structures. J Biogeogr. 2004;
31:79-92. Available from: http://doi.wiley.com/10.1046/j.0305-0270.2003.00994.x

Anderegg WRL, Martinez-Vilalta J, Cailleret M, Camarero JJ, Ewers BE, Galbraith D, et al. When a
Tree Dies in the Forest: Scaling Climate-Driven Tree Mortality to Ecosystem Water and Carbon Fluxes.
Ecosystems. 2016; 19(6):1133-47.

Friedlingstein P, Cox P, Betts R, Bopp L, von Bloh W, Brovkin V, et al. Climate—Carbon Cycle Feedback
Analysis: Results from the C4MIP Model Intercomparison. J Clim. 2006; 19(14):3337-53. Available
from: https://doi.org/10.1175/JCLI3800.1

Dechnik-Vazquez YA, Meave JA, Pérez-Garcia EA, Gallardo-Cruz JA, Romero-Romero MA. The effect
of treefall gaps on the understorey structure and composition of the tropical dry forest of Nizanda,
Oaxaca, Mexico: implications for forest regeneration. J Trop Ecol. 2016; 32(2):89—-106. Available from:
http://www.journals.cambridge.org/abstract_S0266467416000092

Ogle K, Uriarte M, Thompson J, Johnstone J, Jones A, Lin Y, et al. Implications of vulnerability to hurri-
cane damage for long-term survival of tropical tree species: a Bayesian hierarchical analysis. In: Clark
JS, Gelfand AE, editors. Hierarchical Modeling for the Environmental Sciences: Statistical Methods and
Applications. Oxford, UK: Oxford University Press; 2006.

Zipser EJ, Liu C, Cecil DJ, Nesbitt SW, Yorty DP. Where are the most intense thunderstorms on Earth?
Bull Am Meteorol Soc. 2006; 87(8):1057—71.

Harris NL, Hagen SC, Saatchi SS, Pearson TRH, Woodall CW, Domke GM, et al. Attribution of net car-
bon change by disturbance type across forest lands of the conterminous United States. Carbon Balance
Manag. 2016; 11(1):24. Available from: http://cbmjournal.springeropen.com/articles/10.1186/s13021-
016-0066-5 PMID: 27909460

Holm JA, Chambers JQ, Collins WD, Higuchi N. Forest response to increased disturbance in the central
Amazon and comparison to western Amazonian forests. Biogeosciences. 2014; 11(20):5773-94.

Scheffer TC, Morrell J. Natural Durability of Wood : a Worldwide Checklist of Species. Technical Report.
1998. p. 1-58.

PLOS ONE | https://doi.org/10.1371/journal.pone.0196712 May 9, 2018 20/22


https://doi.org/10.1111/gcb.12805
https://doi.org/10.1111/gcb.12805
http://www.ncbi.nlm.nih.gov/pubmed/25393098
http://dx.doi.org/10.1016/j.foreco.2012.08.004
https://doi.org/10.2307/1941835
https://doi.org/10.2307/1941835
http://www.ncbi.nlm.nih.gov/pubmed/27759324
http://dx.doi.org/10.1016/j.foreco.2015.12.003
http://dx.doi.org/10.1016/j.foreco.2015.12.003
http://dx.doi.org/10.1016/j.foreco.2015.10.023
http://dx.doi.org/10.1111/gcb.12382
http://dx.doi.org/10.1111/gcb.12382
http://www.ncbi.nlm.nih.gov/pubmed/24014498
http://doi.wiley.com/10.1046/j.0305-0270.2003.00994.x
https://doi.org/10.1175/JCLI3800.1
http://www.journals.cambridge.org/abstract_S0266467416000092
http://cbmjournal.springeropen.com/articles/10.1186/s13021-016-0066-5
http://cbmjournal.springeropen.com/articles/10.1186/s13021-016-0066-5
http://www.ncbi.nlm.nih.gov/pubmed/27909460
https://doi.org/10.1371/journal.pone.0196712

@° PLOS | ONE

Wood decay controls snag fall

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

(1994). EC for S. Durability of wood and wood-based products—Natural durability of solid wood—Part
1: Guide to the principles of testing and classification of the natural durability of wood. EN 350—1. 1994;

Brischke C, Welzbacher CR, Rapp AO, Augusta U, Brandt K. Comparative studies on the in-ground
and above-ground durability of European oak heartwood (Quercus petraea Liebl. and Quercus robur
L.). Eur J Wood Wood Prod. 2009; 67(3):329-38.

Chave J, Coomes D, Jansen S, Lewis SL, Swenson NG, Zanne AE. Towards a worldwide wood eco-
nomics spectrum. Ecol Lett. 2009; 12(4):351-66. https://doi.org/10.1111/j.1461-0248.2009.01285.x
PMID: 19243406

Brazee NJ, Marra RE, Gécke L, Van Wassenaer P. Non-destructive assessment of internal decay in
three hardwood species of northeastern North America using sonic and electrical impedance tomogra-
phy. Forestry. 2011; 84(1):33-9.

Stephenson NL, Das AJ, Condit R, Russo SE, Baker PJ, Beckman NG, et al. Rate of tree carbon accu-
mulation increases continuously with tree size. Nature. 2014; 507(7490):90-3. Available from: http://
www.ncbi.nlm.nih.gov/pubmed/24429523 https://doi.org/10.1038/nature 12914 PMID: 24429523

Bennett AC, McDowell NG, Allen CD, Anderson-Teixeira KJ. Larger trees suffer most during drought in
forests worldwide. Nat Plants. 2015; 1(10):15139. Available from: http://www.nature.com/articles/
nplants2015139

B LT and L BE and M AJH and Hicke JA. Tree mortality from fires, bark beetles, and timber harvest during
a hot and dry decade in the western United States (2003—-2012). Environ Res Lett. 2017; 12(6):65005.
Available from: http://stacks.iop.org/1748-9326/12/i=6/a=065005

PanY, Birdsey R a, Fang J, Houghton R, Kauppi PE, Kurz W a, et al. A large and persistent carbon sink
in the world’s forests. Science. 2011; 333(6045):988—93. https://doi.org/10.1126/science.1201609
PMID: 21764754

Finér L, Jurgensen M, Palviainen M, Piirainen S, Page-Dumroese D. Does clear-cut harvesting acceler-
ate initial wood decomposition? A five-year study with standard wood material. For Ecol Manage. 2016;
372(April):10-8.

Michaelian M, Hogg EH, Hall RJ, Arsenault E. Massive mortality of aspen following severe drought
along the southern edge of the Canadian boreal forest. Glob Chang Biol. 2011; 17(6):2084—94.

Angers VA, Drapeau P, Bergeron Y. Mineralization rates and factors influencing snag decay in four
North American boreal tree species. Can J For Res. 2012; 42(1):157—66. Available from: http://www.
nrcresearchpress.com/doi/abs/10.1139/x11-167

Lloyd JD, Slater GL, Snyder JR. The role of fire-return interval and season of burn in snag dynamics in a
South Florida slash pine forest. Fire Ecol. 2012; 8(3):18-31.

McRoberts R, Bechtold W, Patterson P, Scott C, Reams G. The enhanced forest inventory and analysis
program of the USDA Forest Service: historical perspective and announcement of statistical documen-
tation. J For. 2005;304-8. Available from: http://www.ingentaconnect.com/content/saf/jof/2005/
00000103/00000006/art00008

USDA Forest Service. Forest Inventory and Analysis National Core Field Guide. Volume I: Field collec-
tion procedures for phase two plots. In: Version 7. Washington, DC; 2016. p. 68—101. https://www.fia.
fs.fed.us/library/field-guides-methods-proc/docs/2016/core_ver7-1_10_2016-opt.pdf

Mesinger F, DiMego G, Kalnay E, Mitchell K, Shafran PC, Ebisuzaki W, et al. North American regional
reanalysis. Bull Am Meteorol Soc. 2006; 87(3):343-60.

Daly C, Halbleib M, Smith JI, Gibson WP, Doggett MK, Taylor GH, et al. Physiographically sensitive
mapping of climatological temperature and precipitation across the conterminous United States. Int J
Climatol. John Wiley and Sons Ltd; 2008; 28(15):2031-64.

Miles PD, Smith WB. Specific Gravity and Other Properties of Wood and Bark for 156 Tree Species
Found in North America. Res Note NRS-38. 2009; 35.

Materials ASFT and. Standard D 2017. Standard method of accelerated laboratory test of natural decay
resistance of woods. In: Annual Book of ASTM Standards. Philadelphia PA; 1993. p. 344-348.

Forest Products Laboratory. Wood Properties (Techsheets) [Internet]. [cited 2016 Apr 19]. http://www.
fpl.fs.fed.us/research/centers/woodanatomy/index.php

Sustainable American Hardwoods: A guide to species [Internet]. American Hardwood Export Council.
2010 [cited 2016 Apr 19]. hitp://www.americanhardwood.org/fileadmin/docs/publications/english/
FINALVERSION_SPECIES.pdf

Meier E. The Wood Database [Internet]. 2010 [cited 2016 Apr 19]. http://www.wood-database.com/

Various. Fire Effects Information System [Internet]. [cited 2016 Apr 19]. http://www.fs.fed.us/database/
feis/

Matton WR. Forest Trees of Florida [Internet]. 1925 [cited 2016 Apr 19]. http:/ftof.freshfromflorida.com/

PLOS ONE | https://doi.org/10.1371/journal.pone.0196712 May 9, 2018 21/22


https://doi.org/10.1111/j.1461-0248.2009.01285.x
http://www.ncbi.nlm.nih.gov/pubmed/19243406
http://www.ncbi.nlm.nih.gov/pubmed/24429523
http://www.ncbi.nlm.nih.gov/pubmed/24429523
https://doi.org/10.1038/nature12914
http://www.ncbi.nlm.nih.gov/pubmed/24429523
http://www.nature.com/articles/nplants2015139
http://www.nature.com/articles/nplants2015139
http://stacks.iop.org/1748-9326/12/i=6/a=065005
https://doi.org/10.1126/science.1201609
http://www.ncbi.nlm.nih.gov/pubmed/21764754
http://www.nrcresearchpress.com/doi/abs/10.1139/x11-167
http://www.nrcresearchpress.com/doi/abs/10.1139/x11-167
http://www.ingentaconnect.com/content/saf/jof/2005/00000103/00000006/art00008
http://www.ingentaconnect.com/content/saf/jof/2005/00000103/00000006/art00008
https://www.fia.fs.fed.us/library/field-guides-methods-proc/docs/2016/core_ver7-1_10_2016-opt.pdf
https://www.fia.fs.fed.us/library/field-guides-methods-proc/docs/2016/core_ver7-1_10_2016-opt.pdf
http://www.fpl.fs.fed.us/research/centers/woodanatomy/index.php
http://www.fpl.fs.fed.us/research/centers/woodanatomy/index.php
http://www.americanhardwood.org/fileadmin/docs/publications/english/FINALVERSION_SPECIES.pdf
http://www.americanhardwood.org/fileadmin/docs/publications/english/FINALVERSION_SPECIES.pdf
http://www.wood-database.com/
http://www.fs.fed.us/database/feis/
http://www.fs.fed.us/database/feis/
http://ftof.freshfromflorida.com/
https://doi.org/10.1371/journal.pone.0196712

@° PLOS | ONE

Wood decay controls snag fall

73.
74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

Kuhns M, Holmgren L. USU Tree Browser Version 2012. 2016.

Besag J, York J, Mollié A. Bayesian image restoration, with two applications in spatial statistics. Ann
Inst Stat Math. Kluwer Academic Publishers; 1991; 43(1):1-20.

Lunn D, Spiegelhalter D, Thomas A, Best N. The BUGS project: Evolution, critique and future directions.
Stat Med. Wiley Online Library; 2009; 28(25):3049—67. Available from: http://onlinelibrary.wiley.com/
doi/10.1002/sim.3680/abstract

Brooks SP, Gelman A. General Methods for Monitoring Convergence of Iterative Simulations. J Comput
Graph Stat. JSTOR; 1998; 7(4):434-55. Available from: http://www.jstor.org/stable/13906757origin=
crossref

Gelman A, Hill J. Data analysis using regression and multilevel/hierarchical models. Policy Analysis.
2007. 1-651 p.

Gelman A, Pardoe |. Average predictive comparisons for models with nonlinearity, interactions, and var-
iance components. Sociol Methodol. 2007; 37(1):23-51.

Meinshausen M, Raper SCB, Wigley TML. Emulating coupled atmosphere-ocean and carbon cycle
models with a simpler model, MAGICC6: Part —Model Description and Calibration. Atmos Chem
Phys. 2011; 11:1417-56.

Westfall JA. Predicting past and future diameter growth for trees in the northeastern Unites States. Can
J For Res. 2006; 36:1551-62.

Harmon ME. Carbon cycling in forests: simple simulation models. H J Andrews Res Rep. 2001;2. http://
www.fsl.orst.edu/Iter/pubs/webdocs/reports/ccycleforest.cfm
Christophersen N, Clair TA, Driscoll CT, Jeffries DS, Neal C, Semkin RG. Hydrochemical Studies. In:

Moldan B, Cerny J, editors. Scope 51-Biogeochemistry of small catchments: A Tool for Environmental
Research. Chichester: John Wiley and Sons Ltd; 1996. p. 285-97.

Zhang D, Hui D, Luo Y, Zhou G. Rates of litter decomposition in terrestrial ecosystems: global patterns
and controlling factors. J Plant Ecol. Oxford University Press; 2008; 1(2):85-93.

Russell MB, Woodall CW, Fraver S, D’Amato AW, Domke GM, Skog KE. Residence times and decay
rates of downed woody debris biomass/carbon in eastern US forests. Ecosystems. Springer; 2014;
17(5):765-77.

PLOS ONE | https://doi.org/10.1371/journal.pone.0196712 May 9, 2018 22/22


http://onlinelibrary.wiley.com/doi/10.1002/sim.3680/abstract
http://onlinelibrary.wiley.com/doi/10.1002/sim.3680/abstract
http://www.jstor.org/stable/1390675?origin=crossref
http://www.jstor.org/stable/1390675?origin=crossref
http://www.fsl.orst.edu/lter/pubs/webdocs/reports/ccycleforest.cfm
http://www.fsl.orst.edu/lter/pubs/webdocs/reports/ccycleforest.cfm
https://doi.org/10.1371/journal.pone.0196712

