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Abstract: Mortality of trees is an important ecological process altering forest structure and function
as well as influencing forest management decisions. Recent observations suggest that the overall
rate of tree mortality is increasing at local to global scales. While more data on mortality is needed
to document these changes, key concepts are also needed to guide the collection, interpretation,
and use of this information. Mortality can be considered as a general process that includes all forms
of tree-related death ranging from parts of trees to large-scale disturbances. Viewing mortality as a
continuum allows one to examine how the lifespan of trees and their parts (e.g., branches), as well as
multiple disturbances, influence ecosystem structure and function. Statistically, mortality does not
follow the law of large numbers because, regardless of the scale analyzed, consequential, infrequent
episodes can occur. This causes mortality to occur in irregular pulses. While the causes of mortality
are indeed complex, this stems from the fact many processes, each with its own set of controls, can lead
to mortality. By analyzing and predicting mortality using a chain of events influenced by specific
mechanisms, a clearer understanding of this process should develop, leading to a more science-based
and less reactive forest management.

Keywords: forest disturbance; global change; mortality causes; mortality modeling; tree mortality

1. Introduction

Mortality of trees is an important ecological process, altering forest structure to create habitats
and changing carbon and nutrient dynamics, as well as influencing soil formation and hydrological
yield of forests [1]. In terms of forest management, mortality is often viewed as creating a potentially
wasted resource, leading to thinning before [2,3] and salvage after it occurs [4]. More recently there
has been concern about an overall increase in tree mortality at the global level from various causes,
including, for example, increased temperature and drought [5–14], outbreaks of insects [15–18] and
diseases [19–21], increased fire [22,23], and wind [24].

Given its importance and potential for increase, there is a growing need to quantify and understand
the mortality process at scales ranging from individual trees to continents to the globe [25,26].
Since mortality is a highly heterogeneous process, we believe that the collection of a great deal more
mortality data is certainly warranted; however, we also feel that some concepts are needed to guide the
collection, interpretation, and use of these data. In the following commentary, we, therefore, consider
the general nature of mortality, viewing it as a multi-level continuum: how its statistical properties
differ from other ecological variables, how causal factors are related, and how this process is modeled.
Our intent is neither to conduct an extensive review nor to synthesize the vast amount of data that
already exists. Instead, we use examples and simple models to illustrate these concepts.
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2. The Nature of Mortality

In considering the nature of mortality, we start with what mortality represents: the general process
by which biological entities move from the living state to the “dead” state. We placed dead in quotes
because, for some biological entities (e.g., tree stems), mortality may ultimately lead to just as many (or
more) living cells (e.g., wood decay fungi) present as in the live state; hence dead trees are not actually
dead—they are biologically alive [1,27].

Although most frequently used at the population level (i.e., multiple, interbreeding individuals),
we have generalized the term mortality to include all biological entities from the cell upwards. Hence,
cells, tissues, parts, individuals, and populations all can undergo mortality. Moreover, mortality at a
lower level need not lead to complete mortality at a higher level; for example, the death of a tree need
not lead to the death of a stand of trees. For the purposes of our subsequent sections, which centers on
ecosystems, we will exclude the mortality of cells and tissues, focusing on tree parts and entire trees.

Mortality can be quantified in terms of numbers or proportional numbers (i.e., fraction dying) as
well the mass or proportional mass of biological entities dying. The former indices are relevant to the
cell to population perspectives, whereas the latter, the ecosystem to biospheric ones.

Perhaps because of our own finite lifespan, humans tend to view mortality as an unusual and
unfortunate event. While that may be the case, there are many instances in which mortality is quite
usual, in some cases “planned” and leading to “fortunate” results. The formation of heartwood in
trees is a “planned” and active process within trees [28]. Additionally, mortality may have beneficial
effects. The shedding of plant parts such as leaves is a biologically deliberate process that can help
individuals tolerate either dry or cold periods and improve net carbon balance, as well as to limit
the effects of damage caused by pathogens and herbivores [29–32]. Pruning of branches can increase
the effectiveness of a tree’s capturing resources [33,34]. Even at the level of populations, mortality
can be viewed as a necessary process in the sense that natural selection cannot occur without it.
Changes in species composition over time, the process of succession, are due in part to mortality [35].
Adjustments to climatic change (natural or otherwise) can be limited by the lack of mortality [36].
Finally, given that resources such as nutrients are limited, one could argue that the mortality process,
along with decomposition, is also necessary for these limited resources to be recycled to new biological
entities [37]. These points suggest that considering mortality as something forest management must
always reactively fix is not warranted.

3. Mortality as a Continuum

Examining the literature of mortality in forests, one can gain the distinct impression that mortality
either occurs or is usual at some scales of time and space but not at others. Hence one can find
a reference to litterfall and turnover versus regular (or normal or background) mortality versus
disturbances throughout the literature. While we understand the separation of these processes (and
we have used this scheme), we also believe that these divisions can hide the true nature of the mortality
process: it occurs over a continuum, including multiple organizational biological levels and multiple
scales of space and time. In the temporal dimension, mortality occurs as quickly as cell- or plant-part
lifespan dictates and has gone on as long as life has existed on Earth. In the case of woody plants,
the key community element of forests, that lifespan would be for ≈370 million years [38]. Spatially,
forest-related mortality occurs within a fraction of milliliter at the level of cells in tissues to millions
of square kilometers on the level of the globe. The latter would include all the “regular” mortality
going on within the Earth, but also major mortality events caused by impact collisions with Earth.
It should be noted that although large (>5 km diameter) asteroid/comet collisions with the Earth are
infrequent, one estimate indicates there have been about 60 since the dawn of trees (i.e., once every
6 million years) [39].

In considering the impact of mortality, it is important to recognize that the perceived impact,
much like the perception of disturbance [40], is dependent on the scale of observation. At very small
spatial extents and short periods of time, the mortality of leaves can have an important impact on many
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physiological to ecosystem structures and functions. However, viewed over the course of many years
and a larger extent, such as a stand of trees, the same process appears to be the regular and normal
process called litterfall. The same is true for tree death with scattered individuals dying in a forest stand
viewed as regular and normal, whereas an entire stand dying is viewed as irregular and abnormal to
the degree it is often described as a catastrophic disturbance. However, viewed from a larger extent of
space (i.e., landscape or region) and time (i.e., centuries), these catastrophic disturbances are frequent
enough to be considered regular and normal [41]. This suggests that terminology that describes the
particular mortality process would be more useful than those suggesting regularity and normality.

Ways need to be devised to integrate the various processes of mortality, with the aim of
understanding how they contribute to this continuum of mortality. A preliminary example is provided
in Figure 1 in which a simulation model (see Appendix A for details and Supplementary Material
for access to model) was used to examine the total amount of mortality and the fraction contributed
by different processes, including turnover of tree parts (i.e., litterfall), death of individual trees (i.e.,
“regular” mortality), and disturbances leading to the simultaneous death of multiple trees. At the level
of a stand, disturbance-related mortality causes an occasional, unusual spike, whereas, for a landscape
comprised of multiple stands, disturbance-related mortality pulses appear more frequently and cause
less of a deviation from what might be considered “normal” or “regular” mortality (Figure 1a).
Moreover, over the very long-term and broad spatial scale, disturbance-related mortality would
theoretically represent a constant input (16% in this example (Figure 1b)). Examining the proportion
contributed by “regular” versus disturbance-related mortality indicated that at the stand level, for the
majority of the time, “regular” mortality was the only contributor with occasional events in which
disturbance becomes the main contributor. Across a landscape of multiple stands, disturbance
contributes to mortality in most years and occasionally accounts for the majority of tree mortality (25
out of 500 years). While hypothetical, this example illustrates how the perception of the importance of
different mortality mechanisms changes with scale.
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Figure 1. Example of viewing mortality as a continuum of multiple processes at three different scales:
(a) Total mortality as the result of “regular” processes (leaf and fine root turnover, branch and coarse root
pruning, and individual tree mortality) and disturbance. (b) The fraction of total mortality contributed
by regular mortality processes. The model included two disturbance regimes: a low severity (1%–25%
mortality) one with an average frequency of 100 years and a high severity (75%–100% mortality) one
with an average frequency of 200 years. See Appendix A for more details about the model used.

One can also use models to examine how these contributions might change with disturbance
regime and the lifespan of woody parts (i.e., branches, coarse roots, and stems; Figure 2). This particular
model indicated that as the frequency of disturbance decreased, as indicated by the increasing mean
interval between disturbances, the proportion of mortality contributed by disturbance decreased.
Additionally, as the disturbance severity increased, the proportion contributed by disturbances
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increased. Interestingly the mixed disturbance regime used to create Figure 1 had a higher proportion
contributed by disturbances, indicating the effect of disturbances was largely an additive one.
Given that forests are subject to multiple disturbances (e.g., pathogen and insect outbreaks, fire,
wind), the contribution of disturbance to overall mortality in this example is likely underestimated.

Altering the maximum lifespan of branches, coarse roots, and stems also influence the proportion
contributed by disturbance: increasing the maximum lifespan of these woody parts increases the
contribution via disturbances. This response is likely due to the fact that increasing the maximum
lifespan of woody parts also increases the size of the store that can be influenced by disturbance.
In contrast, the absolute amount contributed via “regular” mortality is highly correlated with NPP (net
primary production), and this does not change much with maximum woody part lifespan. Specifically,
halving the woody part maximum lifespan results in a 10% increase in “regular” mortality of woody
parts, but leads to a 45% decline in the fraction contributed by disturbance. Conversely, doubling the
maximum lifespan of woody parts leads to a 33% decline in woody part mortality, but leads to a 60%
increase in the fraction contributed by disturbance. While these conclusions are preliminary, they do
provide a glimpse of the insights one could gain by viewing mortality as a continuum versus a process
that only occurs at one level and scale.
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disturbance interval and the severity of mortality. The low and high severity regimes are as for Figure 1;
moderate severity disturbance had a mortality rate of 37.5%–62.5%. Each data point was the average
of 25–35 simulations. The mixed regime is the one used in Figure 1. For those data points indicating
0.5× and 2× lifespans, the maximum lifespan of branches, coarse roots, and stems was either halved or
doubled, respectively.

4. Describing Mortality Statistically

To statistically model many biological processes, it is often sufficient to quantify the mean and
some index of variability (e.g., standard error of the mean). The early literature on forest mortality
noted that the variability of tree mortality was exceedingly high, and unusual events (e.g., the death
of a single, large tree) in a plot could strongly influence the mean biomass mortality loss estimate to
the degree that high values were often excluded from the analysis as “outliers”. This observation led
toward efforts to determine tree mortality over longer periods of time (i.e., decades) and over larger
spatial extents (i.e., multiple hectares) to derive better estimates of the mean and variability [1].

For many ecological variables, better quantification of the mean is the primary consideration and
variation is secondary (in the sense it is used as an indicator of how well the mean is estimated). In the
case of mortality, at least of trees, it has become apparent that to understand spatial and temporal
patterns, the variation needs to be the primary consideration, and the mean is a secondary by-product
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of the variation. Stated another way, the central feature of mortality is the variation because the mean
is not particularly useful for prediction on its own.

A statistical feature of tree mortality is that its mean and variation is highly dependent on the
scale of observation. While many ecological variables follow this pattern, mortality always seems to
come in pulses regardless of the scale examined. This stems from the fact that mortality at the level of
individual tree death to regions is fundamentally an on or off (discrete) process. This is best illustrated
by contrasting mortality to another ecosystem variable NPP by using an individual tree-based model
and examining temporal variation at different levels (Figure 3; see Appendix A and Supplementary
Material). At the level of individual trees, all trees grow at least part of a year, but only a few individuals
die in a given year. This causes individual tree mortality to spike upwards periodically, but most
years to have zero mortality. In addition, while mortality causes NPP to decline quickly, it gradually
increases as a new tree regenerates in place of the one that died. Hence, NPP has a more continuous
response than mortality. At the level of stands (in this case, comprised of 100 trees), mortality caused
by disturbances can kill a large share of the trees resulting in upward spikes in mortality that rise above
a lower background amount. As with individual tree death, stand-level disturbance causes NPP to
suddenly decline, but tree regeneration allows it to return to pre-disturbance levels relatively quickly.
At the level of landscapes, disturbances that involved a substantial fraction of the stands (in this case,
25%–50%) caused mortality to spike upward from the background level caused by individual tree- and
stand-level disturbance. Similar to the lower levels, NPP was reduced by landscape-level disturbances,
but the effect was dampened by the many stands not affected and the relatively rapid recovery of NPP.
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different levels of forest ecosystems: trees, stands, and landscapes: (a) NPP at level of individual trees,
(b) mortality at level of individual trees, (c) NPP at level of stands, (d) mortality at level of stands,
(e) NPP at level of landscapes and region, and (f) mortality at level of landscapes and region.

This analysis suggests that to statistically model mortality at different levels, it is important to
consider how mortality events introduced at each level are represented. For example, at the level
of trees, there is an average annual probability of tree death, but it expresses itself as a discrete
function with long intervals in which there is no mortality. At the level of stands, one can use
an average probability to model individual tree death, but stand-level disturbances (i.e., in which
multiple trees die simultaneously) need to be modeled as discrete events, again with potentially long
intervals with no disturbance mortality. At the landscape level, individual tree mortality and that of
within stand disturbances can be treated as average probabilities, but landscape level disturbances
simultaneously involving multiple stands need to be modeled as discrete events. This approach
contrasts with predictions from the law of large numbers: as one goes from trees to stands to
landscapes, the variation in mortality should cancel out because the frequency of mortality events
increases. However, this cancellation of variation does not necessarily occur because, while some
mortality processes become substantially more frequent as one increases in scale, others do not.

5. Causes of Mortality

While mortality is certainly a process, one must bear in mind that it encompasses a wide range of
processes with different mechanisms, all leading to the same change in state (i.e., moving from alive to
“dead”). These processes are assigned causes which may primarily originate within the forest (i.e.,
endogenous/autogenic) or from the outside (i.e., exogenous/allogenic), but all involve interactions of
biotic and abiotic factors, and though human-related causes such as cutting and harvesting are often
excluded, they certainly result in tree mortality. Hence the approach of “eliminating” (anticipated
mortality by increasing harvesting) could lead to the same rate of tree death (albeit we readily
acknowledge that it would change the amount utilized by humans). Although some causes are often
thought of as relevant to certain stages of succession or management systems, it is probably more useful
to recognize that many causes influence all forests. For example, although suppression/self-thinning is
important in younger forests, other causes can also be important [42]. Certain causes of mortality are
taken as a given (e.g., suppression), but as the time scale expands, other causes become more apparent.
For example, asteroid impact mortality is rarely considered, but the 1908 Tunguska event, estimated
to occur once every 250 years [39], killed ≈80 million trees over a 2150 km2 area [43]. Likewise,
for many forested regions, mortality from volcanic eruptions can be quite consequential over long
periods. The notable example of the 1980 Mt. St. Helens eruption killed, depending on the tree density
assumed, 20–28 million trees over a 550 km2 area [44]. Over many thousands of years, it is likely that a
considerable number of trees are killed by these processes.
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While mortality has a large stochastic element at each scale it is examined, part of its apparent
chaotic nature is due to the fact that multiple processes are involved. Each of these causes has
different properties (Table 1), leading to very different spatial and temporal signatures. In Figure 4,
six hypothetical mortality causes are predicted from relatively simple models involving different
frequencies, severities, target sizes, and dependencies on previous disturbance (see Appendix A
and Supplementary Material). Over time at the stand level, the amount of total mortality and the
relative contribution from each cause was highly variable (Figure 4). Even when multiple stands were
examined over a long period (e.g., 100 years), the amount and relative contribution of causes were
potentially highly variable despite the fact they all represent the same system. This suggests that while
one can report the amount and relative contributions for a particular time period or large area, to fully
comprehend the potential mortality patterns that could occur, one will also need to more completely
understand the features of more specific mortality mechanisms. It should be noted that while our
“cause” model is highly theoretical, the results match those found in long-term observation systems
(see [45] for one example).

Table 1. Key parameters needed to describe different mortality causes.

Parameter Description

Frequency Number of events in a period of time defined by mean and variation
Regularity Nature of the period between events (i.e., regular versus random versus aggregated)

Extent Area impacted by the event, best represented by a frequency distribution
Aggregation Degree events are spatially aggregated, independent, or regularly spaced

Severity Proportion of either population or mass impacted by mortality agent
Species selectivity Degree mortality agent is species-specific versus non-specific

Target size Degree mortality agent impacts different tree sizes (height, diameter)
Interdependence Degree mortality agent depends on previous mortality event by either same or different agents.

In assigning causes, it is important to recognize that multiple steps or sub-processes may be
involved. This has been represented by the conceptual model of either a decline or mortality spiral [1,46].
Mathematically this might be more aptly represented by a Markov chain with each step having a
probability that when combined gives the overall probability of mortality. How this might impact
mortality can be illustrated by the effect of a bark beetle outbreak, as this chain of events is well
known [47]. The first step would be a triggering event, such as lightning strikes, blowdown, ice damage,
or fires that creates a location (i.e., a weakened or recently dead tree) where the bark beetles can begin
to multiply in their host tree species. As the next generation of bark beetles emerges, suitable host trees
need to be available not only in terms of species but also size (i.e., these insects require a certain thickness
of inner bark). Stressed trees are also important, because if trees can create sufficient pitch, then the
beetles would be unable to reach the inner bark layer to reproduce. Once inside the tree, the formation
of galleries can damage the inner bark to the degree roots receive less photosynthate, but this does
not always lead to rapid death. Instead, it is the introduction of blue-stain fungi by the beetle that
has that effect. If these fungi spread rapidly, the sapwood becomes blocked, greatly reducing the
transpiration stream leading leaves to overheat and die. Leaf death then stops photosynthesis, and the
rest of the tree gradually starves to death. The fact that so many steps are involved implies there are
many points at which the process of bark beetle-related mortality can breakdown. For example: during
the recent outbreaks in the Rocky Mountains, lodgepole pines (Pinus contorta) of small-diameter trees
were generally not attacked [48]; bark beetle attacks of Sitka (Picea sitchensis) and Lutz (Picea × lutzii)
spruce on the Kenai Peninsula do not necessarily lead to tree death because some species of fungus are
not as pathogenic as others [49].
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Figure 4. Hypothetical effect of combining various mortality causes that differ in terms of frequency,
severity, size profile, and interdependence on total mortality mass input and a cause’s relative
contribution. (a) Stand-level mortality input for each of 100 years, (b) relative contribution of a
mortality cause each of the first 50 years, (c) cumulative stand-level input over 100 years for 10 stands,
and (d) relative contribution of causes over a 100-year period for 10 stands. Cause 1 occurred each year
but had a low severity (1–2 trees); Cause 2 occurred on average once every 10 years with a moderate
severity (10–20 trees); Cause 3 was triggered by Cause 2, but had a 50% chance of following Cause 2;
Cause 4 was a moderately frequent, severe disturbance (75–100 trees); Cause 5 was similar to Cause 2
in terms of frequency but killed fewer trees (1–4); Cause 6 was very infrequent (once every 100 years),
but once established, lasted 5 years, killing 5–10 trees each year it was active.

While our example is restricted to one cause, there is evidence it applies to others. For example,
wind-related mortality is really a set of steps set off by wind damage that can extend for many years
past the wind event, and in some cases, the death might occur so removed from the event that it might
not be considered wind-related [45]. Another example is drought-related mortality, which is best
viewed as the number of events and processes leading to death [50].

Given that mortality is the end of a series of events, it does not necessarily make sense to only
list the ultimate cause of mortality as has been done traditionally. Rather, one needs to document the
symptoms, conditions, factors that are associated with a particular cause of tree mortality. There are
tangible benefits to the latter approach. For example, a major cause of mortality in large Douglas-fir
(Pseudotsuga menziesii) is related to stem breakage at the base. Traditionally this was assigned the cause
of wind-snap. However, by further describing the condition of these trees, it was discovered that most
had an associated butt rot (Phaeolis schweinitzii) that had likely weakened the base of the tree to the
degree it collapsed [1]. In fact, high wind speeds were not required for this to happen (one can hear
these trees falling during still wind periods). Despite the need for this level of documentation, there are
challenges: (1) not all the symptoms and conditions are obvious, (2) those that are present might be
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misleading as they represent post-mortality processes; (3) the multi-year intervals at which mortality is
assessed can obscure many symptoms, especially when signs of a given agent are either fleeting or
only present before death; (4) providing sufficient training to identify biotic causes such as pathogens
is difficult to achieve.

6. Modelling Mortality

The development of long-term observations over larger spatial extents has increased forest
ecologists’ capacity to explain and model the variability of tree mortality as a function of tree growth
and size (e.g., [51]) as well as environmental drivers (e.g., [52]). Still, variability in tree mortality
patterns remains difficult to fully explain, and the resulting uncertainty remains a key challenge in
forest ecology at several organizational levels. Although our intent is not to exhaustively review
existing mortality models, we acknowledge that many such models have existed for a considerable
time (e.g., [53,54]). Below we consider the merits of general types of approaches.

The simplest way to model mortality is as a fixed probability or fraction dying in a period.
Specifically, the fraction of parts, probability of tree death, and probability of disturbance as determined
from observations or life-history (i.e., maximum lifespan). The characteristics described in Table 1 can
add realism to the simulation of temporal and spatial patterns, but this is essentially a static approach
in that it cannot respond to changing situations. As such, it is not particularly useful to project future
possible trends except those related to sensitivity analyses. Even when this approach is based on
extensive data, it is very dependent on the particular combination of conditions encountered and hence
challenging to apply to novel conditions [55,56].

To change over time, the mortality model must respond to the condition of the forest state or
changes in external driving variables. An example of the former would be the use of tree size [57–59],
growth rate [53,56], or both [51] to predict mortality. An example of the latter would be the use of the
presence of drought to predict mortality [50]. In the case of fire, both can be used (presence of drought,
state of the fuel, and tree properties) to determine the likelihood of mortality. As the different mortality
causes are controlled by different factors, a series of mortality models need to be developed. Thus,
although smaller trees are more likely to die from suppression [60] and fire [61], they are less likely
to die from wind damage [62] and bark beetle attacks [48]. For example, joint modeling of disease
infection and tree mortality in quaking aspen in the southwestern USA revealed differing influences of
tree size, competitive environment, and climate on disease-related mortality of trees [63]. Hence, even
though tree size may be useful in predicting mortality, it will express its effect differently for each cause.

Ideally, one would model the mortality of each class of causes as a set of processes that may or may
not lead to mortality (e.g., [50]). Given the probabilistic nature of mortality, this set of processes might
be best represented by some variant of a Markov chain. This is the most mechanistic approach but
requires detailed data from observations and experiments whenever possible. However, having this
level of detail might enable one to predict the timing and location of mortality events. Such approaches
take advantage of information about predisposing factors, an idea that conceptually underpins the use
of tree growth rates as predictors for tree mortality as it is assumed that growth rates integrate the
diverse set of stressors of trees (e.g., [64]).

The use of information relevant to specific agents in tree mortality modeling can provide novel
insights on how multiple agents may act synergistically. For example, the availability of repeated
tree measurements spanning several decades (1991–2014) and assessment of infection severity by
the parasitic plant dwarf mistletoe (Arceuthobium tsugense) on western hemlock (Tsuga heterophylla)
trees in western Washington offer an opportunity to examine how both biotic agents and climatic
stress can influence tree mortality [65]. Individual western hemlocks that were moderate-to-severely
infected by dwarf mistletoe exhibited greater mortality under warm and dry conditions. Statistical
models in that study quantified tree growth responses to dwarf mistletoe infection severity and tree
mortality responses to tree growth in each of four different measurement intervals, ranging from cool
and wet to warm and dry climate conditions. Based on those statistical models, we simulated tree
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growth and mortality for >1000 individual western hemlocks for 100 years under differing dwarf
mistletoe and climate scenarios (Figure 5; see Appendix A). Both warm and dry conditions, as well as
heavier dwarf mistletoe infections, resulted in greater cumulative mortality during these simulations.
Because dwarf mistletoe effect magnitudes were often greatest during warm and dry measurement
intervals [65], climate and dwarf mistletoe interactions appear to result in amplified cumulative effects
on tree mortality. These results support the assertion that one tends to underestimate future tree
mortality when one does not properly account for how future, hotter droughts will interact with
existing stress agents [13]. It also implies that statistical modeling of tree mortality should not only
strive to address differing mortality agents separately but also account for how multiple agents interact
when possible.
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Figure 5. Simulation results indicate that both dwarf mistletoe infection and warm and dry climates
synergistically increase cumulative western hemlock tree mortality over 100 years. We present the
mean cumulative percent tree mortality by year for 40 simulations of each dwarf mistletoe and climate
scenario using the statistical models developed in [65].

7. Conclusions

Mortality in forest ecosystems has proven a challenging topic because of the lack of data as
well as its inherent variability and apparent complexity. However, given the potential outcomes of a
changing climate and other human-related changes (e.g., the movement of pathogens and insects), it is
a topic that we clearly need to understand better in the future. In addition to gathering more data and
conducting more experiments, we believe it is important to develop a better conceptual basis to interpret
and analyze these findings. Key concepts include: (1) considering mortality as a general process
that includes all forms of tree-related death ranging from parts of trees to large-scale disturbances;
(2) viewing mortality along a continuum of scales and biological levels; (3) recognizing that mortality
does not follow the law of large numbers because, regardless of the scale analyzed, consequential,
infrequent episodes can occur; (4) many processes, each with its own set of controls, lead to complex
mortality responses in forests; (5) analyzing and predicting mortality using a chain of events influenced
by specific mechanisms. Together, these concepts should lead to a clearer understanding of mortality
as well as the development of forest management that is more firmly based on science.



Forests 2020, 11, 572 11 of 17

8. Patents

There are no patents resulting from the work reported in this manuscript.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4907/11/5/572/s1.

Author Contributions: Conceptualization, M.E.H. and D.M.B.; methodology, M.E.H. and D.M.B.; software,
M.E.H. and D.M.B.; writing—original draft preparation, M.E.H. and D.M.B.; writing—review and editing, M.E.H.
and D.M.B.; visualization, M.E.H. and D.M.B. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded in part by funding from the United States Department of Agriculture Forest
Service (19-JV-11261959-103), and the National Science Foundation Long-term Ecological Studies (DEB-1440409)
and OPUS (DEB-1353159) Programs.

Acknowledgments: We wish to thank the three reviewers for their helpful comments.

Conflicts of Interest: The authors declare no conflict of interest.

Appendix A.

Appendix A.1. Input Model

The model used to examine the impact of lifespan and disturbance on mortality inputs was
programmed in Excel. It tracks NPP (net primary production), the allocation into, and mortality losses
from three pools: leaves and fine roots, branches and coarse roots, and stems (i.e., boles).

NPP was a function of leaf and fine root stores, given that these parts control the acquisition of
resources needed for photosynthesis. NPP increased as a function of leaf and fine root mass using
the natural growth function. This allowed NPP to decrease because of disturbances but also allowed
it to recover after disturbance. NPP was allocated to the different parts: in these simulations, it was
assumed that leaves and fine roots received 50% of the allocation, whereas branches and coarse roots
received 25% as did the stems.

Mortality was contributed by “regular” and disturbance processes, which were tracked separately.
Regular mortality was controlled by the maximum lifespan of a pool. For woody parts, the rate
of regular mortality was allowed to vary from year to year. For example, in the case of tree stems,
regular mortality was allowed to vary 100%, which meant that in some years, no trees died, and in
others, twice the average rate died. Disturbances occurred in some years and not others, with the
frequency of disturbance determined by the mean interval of disturbance. The severity of disturbances
was limited to a range, and for a specific year, a uniform distribution of random numbers was used to
determine specific severity to be used (defined as the proportion of live stores dying. Disturbance
mortality influenced the mass of all three pools—that is, the death of tree stems implied the death of
leaves, fine roots, branches, and coarse roots.

The mass of each pool was determined by adding the input via NPP and subtracting the mass
dying via different processes to the preceding mass of a pool.

To determine the fraction contributed by “regular” versus disturbance mortality for any given
year, the amount for a process was divided by the total mortality in that year. To determine the
contributions for a given simulation, “regular” disturbance, and total mortality was summed for the
entire 500-year simulation period.

Given that the model contained a stochastic element for most forms of mortality, multiple
simulations were averaged to determine a result, with 25–35 replications. The latter was used for
infrequent disturbance regimes relative to the 500-year simulation period (i.e., >150 years).

The mixed disturbance regime used to generate Figure 1 combined a low severity (1%–25% dying)
disturbance regime with a mean return interval of 100 years, and a high severity disturbance (75%–100%
dying) regime with a mean return interval of 200 years.

http://www.mdpi.com/1999-4907/11/5/572/s1
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Appendix A.2. Scaling Model

The model used to examine how mortality behaves at different levels of organization (trees, stands,
landscapes, and regions) was programmed in Excel and was based on individual tree growing areas,
somewhat akin to that used in a gap model. Each growing area was occupied by a tree, the size of
which depended on the time since the last tree mortality event. That is, the model was set up so that a
tree always occupied each growing area. One hundred tree growing areas were simulated for each
stand, 25 stands were used to comprise each landscape, and three landscapes were used to comprise a
region. Although our model had this structure, there is no reason that more involved ones, such as
variable numbers of trees, stands, and landscapes, cannot be employed.

The mass of each tree in a growing area was tracked over time. This mass depended on the previous
mass, the rate of input (NPP), and the loss via mortality. The input of trees was parameterized so that
the total NPP would equal 5 Mg/ha/year. This resulted in a mean tree-level NPP of 0.05 Mg/tree/year.
The NPP for a tree was dependent on the growing spot, the particular year, and the mass of the
tree. It was assumed that tree to tree variation in NPP would be 20% (i.e., 80%–120% of the mean.
This would reflect different growing conditions within the stand that persisted over time. A similar
level of variation was assumed among years to account for the fact that some years would be more
favorable for NPP than others. The dependence of input on tree mass reflected that larger trees tend
to have a higher NPP (or growth) than smaller trees. This dependence was modeled by having NPP
follow a natural growth function driven by the mass of the tree. It was assumed that when trees
reached a mass of 10 Mg that NPP became constant.

As one preceded from individuals to stands to landscapes, a new set of mortality processes was
introduced. At the level of individual trees, mortality was assumed to be complete and independent,
generally occurring one tree at a time, although for some years, several trees could die at once by chance.
This rate of mortality was determined by tree lifespan, which for these simulations was assumed to
be 300 years. At the level of a stand, mortality events that involved more than one tree occurred in
some years as defined by the mean interval between these small-scale disturbances (assumed to be
200 years in these simulations). These mortality events were independent among the 25 stands in
a landscape, although, as in tree mortality by chance, there could be years in which more than one
stand had this sort of mortality event. The fraction of trees subjected to simultaneous death in a stand
was determined by the disturbance severity. In the simulations used for Figure 3, it was assumed
that between 75–100 trees died in each stand-level disturbance. At the level of landscapes, multiple
stands were programmed to have a stand-level disturbance in the same year. For one of the landscapes,
it was assumed that 25% of the stands experienced this disturbance, in another 50%, and the other,
these multi-stand disturbances did not occur at all except by chance.

Results were presented on a mass basis and not as a number of individuals. Stand level results
were the sum of all trees in the stand; those at the landscape and regional levels were averages of the
stands or landscapes within them, respectively. The mean tree values represented the average value
for the 100 trees simulated in a stand.

Appendix A.3. Cause Model

The model used to examine how the causes of mortality influence the mass input to dead pools
was programmed in Excel. It only considered the trees that died and not the trees that remained.
At each time, six causes of mortality could kill variable numbers (or masses) of trees. Each of the
causes of mortality had an average frequency of occurrence, a severity defined by the number of trees
involved, a size adjustment that accounted for differences in whether it influenced small versus large
individuals, and a dependence term. The dependence could be on either another disturbance occurring
or the presence of disturbance in one year could lead to its presence in subsequent years.

The six causes of mortality represent different combinations of these terms:
Cause 1 occurs each year but has a low severity (1–2 trees) and influences the smaller trees.

It would be most similar to suppression or self-thinning.
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Cause 2 occurs on average once every 10 years, with moderate severity (10–20 trees), and involves
trees of all sizes. This might represent a disturbance such as wind damage.

Cause 3 is triggered by Cause 2 but has a 50% chance of following Cause 2. It has half the severity
of Cause 2 and kills trees larger than average. This might represent a cause such as a bark beetle
outbreak, which requires trees to die to get started but requires conditions that are stressful to trees to
kill additional trees. These conditions might not be present each year.

Cause 4 is a moderately frequent (every 20 years on average), severe disturbance that kills
75–100 trees of all sizes. This might be similar to a moderately severity fire or blowdown.

Cause 5 is similar to Cause 2 in terms of frequency but kills fewer trees (1–4) of all sizes.
Cause 6 is very infrequent (once every 100 years), but once established, it lasts 5 years,

killing 5–10 trees of all sizes.
The occurrence of all causes except Cause 3 was determined randomly based on the frequency

of occurrence. If a cause occurred, a random number of trees was selected within the severity range,
and this was multiplied by the size adjustment that accounted for the fact that not all the trees dying
would be the same size.

Each simulation involved 100 years. To represent different stands, separate runs were made.

Appendix A.4. Multi-Agent Hemlock Mortality Model

The simulation for western hemlock tree mortality was developed in R based on hierarchical
Bayesian statistical models for tree growth and mortality fit to observations from Wind River
Experimental Forest on the Gifford Pinchot National Forest in Washington state, USA [65]. For each
individual tree in an observed population of 1395 large (>45.7 cm) western hemlock (Tsuga heterophylla),
growth and mortality were simulated for each of 100 years starting in 1991—the year that dwarf
mistletoe infection severity (dwarf mistletoe rating, or DMR) was measured. At the beginning of the
simulation, all trees were alive.

During each year, the diameter growth of live tree i in plot j (yij) was simulated as a random draw
from a normal distribution:

yi j ∼ N

β+ 6∑
i=1

αkI
(
DMRi j = k

)
+ γ j, σ2

, (A1)

where β was the intercept parameter, αk was the effect of DMR = k for tree ij on growth, I(•) was an
indicator function, γj was a plot-level random effect, and σ2 was the variance. Plot-level random effects
were generated at the beginning of the simulation and retained throughout all years so that differences
among plots in terms of mean growth associated with other factors (soils, topography) were constant in
time. Mortality for that tree in that year was modeled as a random draw from a Bernoulli distribution:

zi j ∼ Bernoulli
(
θi j

)
, (A2)

logit
(
θi j

)
= δ0 + δ1yi j, (A3)

where δ0 and δ1 are logistic regression parameters. Thus, dwarf mistletoe infection’s influence on
mortality was mediated through tree growth, which included plot-level random effects and random
error. When a tree died (zij = 1), that tree was removed from the simulation. When a tree did not die,
growth was added to the tree’s previous diameter.

Simulations included three dwarf mistletoe infection scenarios and two climate scenarios.
Dwarf mistletoe scenarios included (1) all trees uninfected by dwarf mistletoe (DMR = 0), (2) trees
have observed dwarf mistletoe infection, and (3) all trees have a heavy infection by dwarf mistletoe
(over 50% of branches infected in each of three equal portions of the tree crown; DMR = 6). Climate
change scenarios were wet and cool vs. warm and dry and were represented by regression parameters
from model fitting based on different measurement intervals. Wet and cool parameters for growth
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and mortality models were based on tree observations from 1991–1998 and 1998–2004, respectively.
Warm and dry parameters for growth and mortality models were based on tree observations from
2004–2009 and 2009–2014, respectively. Simulations for each combination of dwarf mistletoe and
climate scenarios were executed 40 times, with cumulative mortality rates averaged across simulations.
Plot-level random effects were allowed to vary across simulations.
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