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Summary

Crown damage can account for over 23% of canopy biomass turnover in tropical forests and is a
strong predictor of tree mortality, yet it is not typically represented in vegetation models. We
incorporate crown damage into the Functionally Assembled Terrestrial Ecosystem Simulator
(FATES), to evaluate how lags between damage and tree recovery or death alter demographic
rates and patterns of carbon turnover.

We represent crown damage as a reduction in a tree’s crown area and leaf and branch
biomass, and allow associated variation in the ratio of aboveground to belowground plant
tissue. We compare simulations with crown damage to simulations with equivalent instant
increases in mortality and benchmark results against data from Barro Colorado Island (BCl),
Panama.

In FATES, crown damage causes decreases in growth rates that match observations from BCI.
Crown damage leads to increases in carbon starvation mortality in FATES, but only in
configurations with high root respiration and decreases in carbon storage following damage.
Crown damage also alters competitive dynamics, as plant functional types that can recover
from crown damage outcompete those that cannot.

This is a first exploration of the trade-off between the additional complexity of the novel crown
damage module and improved predictive capabilities. At BCI, a tropical forest that does not
experience high levels of disturbance, both the crown damage simulations and simulations with
equivalent increases in mortality do a reasonable job of capturing observations.

The crown damage module provides functionality for exploring dynamics in forests with more
extreme disturbances such as cyclones, and for capturing the synergistic effects of disturbances

that overlap in space and time.

Key words: aboveground biomass, carbon residence time, canopy turnover, crown damage, forest

disturbance, mortality, tropical forests
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Introduction

Changes to the residence time of carbon in living vegetation are a major source of uncertainty in
predictions of forest dynamics (Friend et al. 2014). Vegetation carbon residence time is largely defined
by tree mortality, which is thought to be increasing across large parts of the globe driven by rising
temperatures and increases in disturbances such as wildfires, droughts and land use change (Carnicer

et al. 2011; McDowell et al. 2018; Pefiuelas et al. 2017; Senf et al. 2018).

Crown damage is an important predictor of individual tree mortality (Arellano et al. 2019; Reis et al.
2022). After light limitation, crown loss was found to have the largest impact on forest wide mortality
out of 19 risk factors assessed across six tropical forests (Zuleta et al. 2021). A number of mechanisms
could drive the damage-mortality relationship. Crown loss reduces photosynthesis, placing trees at
increased risk of carbon starvation (McDowell et al. 2008). Damage to xylem vessels increases the risk
of embolism and hydraulic failure (Adams et al. 2017). Wounds from branch loss provide entry points
for pathogens and insects which may lead to death from disease (Anderegg et al. 2015; Gaylord et al.
2013; Jonsson et al. 2012). Damaged trees may also be weakened structurally, making them vulnerable

to wind throw (Csilléry et al. 2017).

Aside from the impact on mortality, crown damage itself accounts for a significant portion of total
canopy turnover. In the 50-ha plot on Barro Colorado Island (BCl), Panama, a drone-based study of
canopy disturbances found that branchfall accounted for 23% of the total area disturbed (Araujo et al.
2021). A ground-based study estimated that branchfall accounted for 17% of the total volume of
woody debris (Gora et al. 2019). Analyses of tree census data estimated woody aboveground carbon
fluxes from tree damage as 0.1-0.6 Mg ha* yr! of AGB loss, compared with 5.3-5.6 Mg ha yr!of AGB
loss from tree mortality (Chave et al. 2003). In line with this, estimates based on forest inventory plot
data from the Central Amazon suggest that crown and partial trunk loss amounts to 0.9 Mg ha™ yr? of

dry mass litter production (Chambers et al. 2001; Chave et al. 2003).

Not all branch fall is due to damage, as trees routinely shed branches as they grow, a process referred
to as branch turnover. Estimates of NPP to branch turnover range from 0.34 to 1.42 Mg C hat yr?

along a 3300 m elevational transect in Peru (Malhi et al. 2017). Trees may also deliberately shed
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branches as a survival strategy during drought (Rood et al. 2000), or as a way to recover from liana
infestation (Newbery & Zahnd 2021). The ecological outcomes of branch loss from endogenous factors
versus external factors may be quite different, as branch turnover can increase survival, whereas
branch loss from damage is expected to reduce survival. Distinguishing between these two processes in
the field is extremely challenging. However, remote sensing studies such as Araujo et al. (2021)

described above sense the upper canopy, whereas branch turnover usually occurs in lower branches.

Crown damage is not routinely represented in vegetation demographic models, leading to potential
biases in model predictions. While it is typical to account for leaf turnover (and in some cases branch
biomass turnover e.g. (Martinez Cano et al. 2020)), models that include crown area allometry typically
assume that height, biomass, and crown area are directly related to stem diameter without
consideration of deviations due to damage or differential growth. When biotic and abiotic disturbances
have been included in vegetation models, including, for example, insects (Dietze & Matthes 2014;
Jonsson et al. 2012), wind (Lagergren et al. 2012), and large grazers (Pachzelt et al. 2015), they have
been found to have a substantial impact on tree growth and mortality, and thus forest biomass. These
representations have generally invoked a direct increase in mortality (e.g. (Jonsson et al. 2012)) or
changes to physiological processes such as reductions in hydraulic conductivity or increases in root and
leaf turnover (Dietze & Matthes 2014). Likewise, fire models typically represent mortality based on
scorch height, without changing the canopy structure of surviving trees (Driike et al. 2019). As far as we
are aware, no previous models have explicitly represented crown damage as changes in individual tree

canopy structure and allometry (e.g., crown area relative to trunk diameter).

Given that the intensity and frequency of many types of disturbance are expected to increase over the
coming decades (McDowell et al. 2018), including a representation of the non-lethal effect of
disturbance on forest structure may be critical for correctly capturing the effect of disturbance on
forest dynamics and biomass. In general, we expect nonlethal effects to introduce lags between
environmental drivers and individual recovery or death, and we expect that these lags could alter
demographic rates, forest structure, and carbon turnover. Following severe drought, trees have been
observed to survive years with reduced leaf and fine root area before death (Anderegg et al. 2013;
Berdanier & Clark 2016; Henkel et al. 2016; Herguido et al. 2016; Rowland et al. 2015). Trees defoliated
by insects or broken by wind damage can have reductions in growth rates that last over a decade

(Tanner et al. 2014; Uriarte et al. 2004). Given that damage can be widespread, especially following
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disturbances like insect invasion or cyclones, these differences in growth rates can affect regional
estimates of net primary productivity, NPP, as well as changing forest structure in terms of stem
density, and light levels through to the understory (Brokaw & Grear 1991). Initial crown damage from
environmental drivers can also lead to a disturbance cycle by creating light gaps which favor structural
parasites such as lianas and climbing bamboos. These species further damage tree crowns creating

additional tree gaps (Reis et al. 2020).

Here we introduce an explicit crown damage module into the Functionally Assembled Terrestrial
Ecosystem Simulator (FATES) and evaluate whether a delay between disturbance and mortality alters
demographic rates and biomass dynamics. Specifically, we ask 1. How do lags between damage and
mortality change dynamics relative to equivalent instant increases in mortality? 2. How does the
introduction of damage change simulated growth and mortality rates? Introducing new functionality
requires additional model complexity, and so it is important to understand under what conditions tree

damage may require explicit representation in models such as FATES.

Materials and Methods

Model Description and New Developments

The Functionally Assembled Terrestrial Ecosystem Simulator (FATES) is a size- and age-structured
vegetation demographic model that simulates the dynamics of cohorts (Koven et al. 2020); FATES
Development Team, 2020). Cohorts are groups of individual trees of the same size and Plant Functional
Type (PFT), with each cohort modeled as one representative individual. The functional traits that define
PFTs interact with environmental drivers to drive physiological processes that determine cohort
dynamics such as growth and mortality rates. Disturbance dynamics in FATES follow the Ecosystem
Demography (ED) approach (Moorcroft et al. 2001), and ecosystem biophysics are based on CLM4.5
(Oleson et al. 2013). Canopy organization uses elements of the perfect plasticity approximation (PPA)
(Fisher et al. 2010; Purves et al. 2008), which assumes that tree crowns are perfectly plastic and will
grow to fill all available canopy space. FATES must run as a component of a ‘host’ land model, the part
of a climate model that simulates the dynamics of the land surface. Currently, FATES can run with the

Energy Exascale Earth System Mode (E3SM) Land Model (ELM) (E3SM Project 2018) or the Community
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Land Model CLM (Lawrence et al. 2019). The PPA and ED components of FATES are described in Fisher
et al. (2018). Recent FATES developments and benchmarking are described in Koven et al. (2020). The

original CLM-ED model combining ED with elements of the PPA is described in Fisher et al. (2015).

Representation of Crown Damage in FATES

To represent crown damage in FATES we introduce a new crown damage module, in which damage is
represented as a reduction in crown area and biomass of leaves, reproductive tissues, sapwood,
storage, and structural pools. We reduce sapwood, storage, and structural biomass in proportion to the
expected proportion of biomass in branches, assuming that storage carbon is distributed evenly among
leaves, branches, the main stem and roots (Hartmann & Trumbore 2016). In our implementation,

damage does not reduce the biomass of the main stem.

FATES is a cohort-based model, which means that plants with similar properties are grouped together
and considered a single entity in the calculation of biophysical and ecological dynamics for
computational tractability. As these cohorts grow and die, they are dynamically fused and split over
time, based on their similarity across a small number of either continuous or categorical dimensions.
The essence of the ED-based approach described in (Moorcroft et al. 2001) is to define two key
continuous dimensions—plant size and the age since disturbance of the area the plant is occupying—
that define the essential properties of a cohort. A third dimension is the plant functional type (PFT),
which is categorical such that every cohort is associated with one of the distinct PFTs that comprise a
simulation, and cohorts of different PFTs can never be fused. The coupling of ED with PPA (Purves et al.
2008) described in Fisher et al. (2015) adds a fourth dimension of discrete canopy strata that every
cohort is assigned into based on their canopy height and crown area. This splitting of cohorts into
distinct canopy strata allows for the representation of height-based light competition. These four
dimensions uniquely define a cohort. Following growth, cohorts that are the same PFT and canopy
layer, and within a specified DBH threshold of each other, are fused together to limit the number of
cohorts that need to be tracked. If, following growth, the crowns of cohorts in the canopy exceed patch
area, some fraction of the smallest cohort (deterministic PPA) or all cohorts (stochastic PPA) will be
demoted to the understory canopy layer (Fig. S1) (see also Fisher et al. (2010) and (Koven et al. 2020)).

Understory cohorts receive less light than canopy cohorts, and thus they have slower growth rates.
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To model damage explicitly, we introduce a new fifth dimension to categorize cohorts, which we term
‘damage classes’. During fusion, only cohorts of the same damage class can be fused. In simulations
here we use five damage classes, corresponding to 0, 20, 40, 60 and 80% loss of crown biomass. We
also test the sensitivity of results to the number of crown damage classes. In FATES, the target size of
various plant organs and tissues (leaves, roots etc.) are given by allometric relationships with DBH.
When damage occurs, it decreases the biomass and target allometries of tissues in the crown, meaning
that cohorts will remain at that damage level until carbon is available for recovery to a lower damage
level (described below). The timing of damage events can be specified by the FATES user, for example
to correspond to historic events such as cyclones. In the initial implementation of this module, we set
damage to occur on the first day of each year. New damage is independent of previous damage (i.e. the
same fraction of all cohorts gets damaged during each damage event) and the damaged fraction of
each cohort gets split evenly into all higher damage classes (Fig. 1b). This implementation limits the
number of assumptions about the distribution of damage and corresponds to a representation of

damage as a continuous background process.

We implemented an explicit damage-dependent mortality term to capture the role of elevated
mortality from damage due to processes not represented in FATES, such as increased vulnerability to
pathogens and wind damage. Annual mortality from damage (my) is represented as a logistic function

of crown loss:

1

=1 (eq.1
Crexp(rapy (€91

mq
Here d is the proportion of crown loss; r is a rate parameter for the mortality increase with damage,
here r =5.5; and p is the inflection point parameter which sets the degree of damage over which

mortality increases, here p = 0.9. Values for r and p were selected based on visual inspection of the

logistic function fit to observations (Fig. S2).
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Figure 1. Schematic of crown damage implementation in FATES. a) Crown damage results in a reduction in leaf,

sapwood, storage, and structural biomass pools as well as a reduction in crown area. Following crown damage,
understory trees, shown in dark green, are promoted to the canopy so that the canopy area remains constant. b)
Cohorts consist of groups of trees of the same size and PFT, modeled as one representative individual. During
crown damage, the cohort is split and a specified fraction of individuals move to higher damage classes. In the
example in b) the original cohort had 1000 individuals, and the damage fraction is 10%, therefore 25 individuals

are put into each new cohort. ¢) A damaged tree in BCI, Panama. Photo credit Pablo Narvaez.

Recovery Dynamics

Recovery from damage occurs daily during allocation of NPP to various tissues and involves a trade-off
between DBH growth and re-growth of branches and leaves. In the existing FATES allocation scheme,
NPP is first used to replace leaves and fine roots lost to turnover, and to bring storage carbon up to its
allometric target. Any remaining carbon is then used to grow carbon pools that are below their
specified target allometries. If any carbon is still remaining (carbon balance, denoted Cb), it is used to
grow all carbon pools and DBH concurrently along their allometric trajectories. In FATES, damage
decreases the target allometries of tissues in the crown. During daily allocation, Cb can be used to
either grow tissues along their current damaged allometries, or to increase tissue mass to the target

allometries of the next damage class, dependent on a recovery scalar parameter f, (Fig. 2). The
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maximum number of individuals of a cohort that can recover in each timestep (nmax) is a function of the
available allocatable carbon to grow with (Cs), and the change in carbon between damage class i and i-1
(C:):

Nmax =n; * Cb / Cr (eq. 2),

where n; is the initial number density of the cohort. Since damaged plants face a choice of how to
allocate carbon between recovery and growth, we have introduced a parameter f, that determines the
fraction of a cohort’s carbon expenditure allocated towards recovery, versus the fraction that is
allocated towards growth within the current damage class. The number of plants that recover n,, is
then

Nmax * fr. This implementation gives us the flexibility to capture contrasting patterns of re-growth
following damage; continuous DBH growth at the expense of re-growing the crown, or re-growth of the
crown at the expense of DBH and height growth, which may depend on species or degree of damage.

More information is given in Methods S2.
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Figure 2. Schematic of recovery dynamics. Damage alters the target allometries of crown tissues (leaf,

reproductive, sapwood, storage, and structural tissues, leaf tissues shown here as an example). Damage classes

are shown with dashed lines. A damage event is shown with the first, downward arrow, which moves leaf

biomass from 0% to 80% crown loss. a) Initially the cohort grows along the new target allometry, but at some

point it has excess carbon which it can use to grow a fraction of the cohort to the next damage class, shown with

the second, upward arrow. nme is the maximum number of individuals in the cohort that can recover to the next

damage class with the available carbon. The parameter f; determines the fraction of nnq. that recovers to damage

class 4 with 60% crown loss and the fraction that remains in damage class 5 with 80% crown loss. b) If fr = 0 then

there is no recovery and all individuals in the cohort remain with reduced allometries (in this example in damage

class 5).
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FATES Simulations

We ran multiple simulations which are summarized in table 1 and table S1 and referred to in the text
by number e.g. s1 for simulation 1, and so on. All simulations were run with either one or two
broadleaf evergreen tropical PFTs. Simulations were spun up from bare ground and run for 500 years,
with the exception of the two PFT simulations which took longer to reach equilibrium and were run for
700 years. We used a parameter file based on ensemble members from (Koven et al. 2020) that were
further calibrated against forest inventory data at BCl (Condit et al. 2019), and leaf mass area data

(Dickman et al. 2019).

Lags between damage and mortality

To evaluate how damage changes dynamics, and how these changes compare with those resulting
from equivalent increases in mortality, we compared four configurations of FATES (table 1): a control
simulation in which the damage module is off (C; s1); a damage only simulation with just crown
damage but no additional mortality (D; s2); a mortality only simulation in which cohorts are assigned to
damage classes and are subjected to damage related mortality (eq. 1), but without any reduction to
crown area or canopy biomass (M; s3); and a damage plus mortality simulation with crown damage and
the explicit damage related mortality term (D+M; s4). The annual rate of damage was 1% and recovery

was off in these simulations.

Sensitivity to recovery

To test how the recovery parameter (fr) affects competitive dynamics we ran a simulation with two
PFTs in which PFTs differed only in their ability to recover from damage (s5). The damage rate was set
to 1% yr* and the recovery parameter (fr) was 0 and 1 in the two PFTs. One PFT therefore increases
biomass of the canopy at the expense of DBH growth, increasing target allometries for a fraction of
each cohort when available carbon allows. The other PFT uses available carbon to increase DBH and to
grow canopy tissues along reduced allometric trajectories. To increase co-existence, this simulation was
run with stochastic PPA, in which the demotion of cohorts from the canopy to the understory is not
purely deterministic based on height. Rather, a fraction of all cohorts is demoted to the understory,

with the fraction demoted depending on height, see Fisher et al. (2010).

Carbon metabolism sensitivity

11
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In FATES, we expected increases in mortality following crown damage to occur via carbon starvation
mortality. Crown damage reduces both the photosynthesis and the respiration from the plant’s canopy,
while leaving stem and root respiration unchanged. If photosynthesis is reduced so much that it cannot
meet respiratory demand, storage carbon will be depleted which triggers carbon starvation mortality
in FATES. To investigate these dynamics, we tested the sensitivity of simulations to assumptions and

parameters related to carbon storage and root respiration.

Root respiration is determined by the root nitrogen stoichiometry parameter, which has a default value
of 0.03 gN/gC. An initial sensitivity analysis to the root nitrogen stoichiometry parameter suggested
that carbon starvation mortality in trees with 80% crown loss increases sharply when root nitrogen
stoichiometry reaches a critical value between 0.058 gN/gC and 0.066 gN/gC (Fig. S3). At this level of
root N stoichiometry, photosynthesis in damaged trees cannot match respiratory demands, leading to a

depletion of storage carbon and carbon starvation mortality.

To compare dynamics when damage results in carbon starvation mortality, we therefore ran a control
(s6) and a simulation with the damage module on (s7). In both simulations we set root nitrogen
stoichiometry to 0.66 gN/gC in order to increase respiratory demand. Further, in the damage
simulation we reduced carbon storage in damaged trees, in proportion to crown loss, as this further

increases the rate of carbon starvation mortality.

Additional crown damage classes come at a computational cost as FATES must track an increasing
number of cohorts with each additional crown damage class. Yet, we expect that physiological
responses to damage will depend on the degree of crown loss, and therefore a finer resolution of
crown damage classes allows us to more fully capture the range of responses to damage. To explore
this trade-off we ran simulations with no damage, 2,3,4 and 5 crown damage classes. Since we
expected the largest impact of damage on growth and mortality rates to be in trees with the most
crown loss, we always included an 80% crown loss class. As we increased the number of damage

classes we added additional classes with lower levels of crown loss, table S1.

For additional sensitivity analyses to carbon storage, damage rate and root nitrogen stoichiometry see

Methods S3.

12
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Benchmarking Data

We compare FATES simulations to field data collected at Barro Colorado Island (BCl), Panama, between
2015 and 2019. The data were collected within a 50 ha permanent forest dynamic plot managed by the
Smithsonian Tropical Research Institute and part of the Forest Global Earth Observatory (ForestGEO)

(https://forestgeo.si.edu). Full censuses are carried out within the 50 ha plot approximately every five

years, in which every stem > 1cm diameter at breast height (DBH, 1.3 m above the ground) is mapped,
measured and identified to species level. The protocol for the full census is described in (Condit 1998).
In addition to the full census, damage and mortality surveys were conducted at BCI annually from 2016
to 2019. The protocol for damage and mortality surveys is described in (Arellano et al. 2021). Briefly,
annual surveys followed a stratified sampling strategy in order to include a sufficient number of large
trees. This involved sampling a sequence of nested and increasingly smaller subplots, with a smaller
DBH threshold for stem inclusion in smaller subplots. In total 8049 stems were assessed over the four
years. In these surveys stems are assessed as alive or dead, and coded as either standing, broken, or
uprooted. For live stems, the main axis of the tree is identified as a continuous axis that includes the
stem and the widest branch at each branching point to the top of the crown. The percentage of the
main axis that is living tissue is estimated (henceforth ‘living length’) and within the living length the
fraction of branches remaining (b)) is estimated based on signs of recent damage. We used both the
living length and b, to estimate the biomass of a living tree based on an allometric function that
accounts for the vertical distribution of volume in the trunk vs. crown (Ver Planck & MacFarlane 2014).
Specifically, we estimated the proportion of crown volume below a given height (within the living
length) and multiplied it by the relative biomass of the crown, which was set to 1/3 of the total biomass
of the tree based on empirical data from 611 harvested tropical trees (Chambers et al., 2001; Duque et
al., 2017), see (Zuleta et al. 2021; Zuleta et al. 2022), and Methods S3 for a full explanation. Based on
estimated damage we grouped trees into five damage classes (corresponding to the damage classes

used in FATES) and calculated mortality, M, for each class as

My = (log(N14) - log(N2)) /t, (eq.3)

where d is damage class, N; is the number of individuals alive in census 1, N> is the number of

individuals alive in census 2 (regardless of damage class in census 2), and t is time in years between

13
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censuses. We excluded multi-stemmed trees from this analysis to avoid the influence of multiple stems
on mortality rates. To account for the stratified sampling design, individuals were weighted by the
frequency of their size class and species within the 50 ha plot relative to their frequency in the sample

(following Zuleta et al. (2021)).

To benchmark growth rates we compared FATES simulations with dendrometer band data collected at
BCl from 1290 trees between 2015 and 2020 (Ramos et al. 2022). We used measurements collected
annually in the late wet season to avoid influences of seasonal fluctuations in DBH. In the dendrometer
data, crown illumination (Cl) was assessed on a scale from 1 to 5 (Poorter et al. 2005) which we
mapped onto FATES canopy layers by calling Cl classes 4 and 5 canopy, and Cl classes 1 and 2
understory. Trees in Cl class 3 (between 245 and 318 across censuses) have 10-90% overhead light, and
were therefore not included in this analysis as they do not correspond well with FATES canopy layers.
Crown damage was assigned based on a visual assessment of the crown using a four-point scale (4
indicates 75-100% of the crown is intact, 3 indicates 50-75%, 2 indicates 25-50%, and 1 indicates O-
25%). To reduce the confounding effects of lianas on growth rates we repeated the analysis excluding

trees classified as having 50% liana cover.

We compared the canopy area damaged each year, and the ratio of mortality to damage canopy
turnover from simulations with observations of branch fall from repeated drone measurements over
BCI (from Araujo et al. (2021)). Tree size distributions were also compared with the full BCI census data,

census interval 2010-2015.

Results

Effects of damage and mortality on canopy dynamics

AGB differed strongly between simulations with and without damage and mortality. AGB decreased
from 18.5 kg m2 in the control (C; s1) to 17.5 kg m™2 in the damage only simulation (D; s2), 13.1 kg m?
in the mortality only simulation (M; s3) and 14.5 kg m™ in the damage plus mortality simulation (D+M;
s4) (Fig. 3a). AGB at BCl is approximately 15.3 kg m2 (Chave et al. 2008), closest to the damage plus

mortality simulation under this parameterization.

14
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Carbon residence time was calculated as total vegetation / NPP, as in Koven et al. (2015). Since NPP did
not change significantly with damage, carbon residence time and AGB are roughly proportional to one
another across simulations. Carbon residence time decreased the most in the mortality only simulation

and least in the damage only simulation, relative to the control (Fig. 3b).

Damage and mortality both cause changes to the canopy structure (Fig. 3c). In all cases the creation of
gaps allows for understory trees to be promoted to the canopy. The minimum height for a cohort to be
in the canopy (canopy height threshold or critical height) therefore decreased from 18.2 m in the
control (s1) to 15.5 m in the damage only simulation (s2), 12.7 m in the mortality only simulation (s3)
and 14.7 m in the damage plus mortality simulation (s4). These values bracket the estimated canopy
height threshold at BCI of 16.4 m (Bohlman & Pacala 2012), with the damage only simulation coming
closest to observations under this parameterization. Neither damage nor mortality have much effect on
the overall size-structure of the forest (Fig. S4). In all simulations the number of very small and very

large trees is underestimated relative to observations.

Araujo et al. (2021) analyzed monthly drone images over the 50 ha plot at BCI between 2017 and 2019
and found that of the total disturbed area of 23,289 m? (155.3 m? yr! ha), 23% was attributed to
branch fall rather than mortality (35.7 m? yr* ha). In our damage plus mortality simulation (s4) 28% of
total disturbed area is due to canopy damage, and the total disturbed area is overestimated at 177.2
m?yr hal. The damage only simulation (s2) has a total disturbed area of 175.2 m? yr'! ha’l, of which
26% was due to canopy damage. Total disturbed area is slightly underestimated in the control
simulation (s1) at 128.8 m? yr'* ha, and overestimated in the mortality only simulation (s3) at 214.3 m?

yriha.
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Figure 3. AGB, carbon residence time, canopy height threshold and canopy disturbance. The control simulation
(C; s1) has the damage module turned off. The damage simulation (D; s2) has crown damage turned on - i.e.
cohorts lose crown area and canopy biomass. In the mortality simulation (M; s3) cohorts are split into damage
classes and are subjected to damage related mortality but do not have any reduction in crown area or canopy
biomass. In the damage + mortality simulation (D+M; s4) cohorts have both crown damage and damage related
mortality. a) AGB is lowest in M (s3) because mortality affects trees with full crowns, whereas in D+M (s4)
increases in mortality are in damaged trees. AGB at BCl is estimated at 15.3 kg m™, shown in blue (Chave et al.
2008). b) Carbon residence times in the last 100 years of the simulations vary among scenarios in proportion to

AGB. Boxes show the interquartile range, whiskers extend to 1.5 x the interquartile range. Outliers are not
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shown. Carbon residence time at BCl is estimated at 61 years, shown in blue (Chave et al. 2008). (c) Height
threshold for a cohort being in the canopy in patches over 50 years, over the last 100 years of the simulation.
Damage causes understory trees to be promoted to the canopy at smaller heights, leading to a decrease in the
number of large trees in the understory, and a decrease in the canopy height threshold. The mean canopy height
threshold at BCl is estimated to be 16.4 m (sd 6.02 m) (Bohlman & Pacala 2012), shown in blue. d) shows the area
of canopy disturbance by mortality and damage (in simulations with damage - D and D+M) and in observations

from drone measurements over BCl from (Araujo et al. 2021).

Effects of crown damage on demographic rates

We expected that crown damage would increase mortality and decrease growth rates. Observations
from the damage and mortality surveys at BCl show a clear increase in mortality with increasing crown
damage, but only in understory trees. This pattern is captured in FATES simulations with high root N
stoichiometry and reductions in storage carbon (s7). In this configuration photosynthesis in damaged
trees is not sufficient to meet high respiratory demand from roots, leading to a depletion of storage
carbon and an increase in carbon starvation mortality with damage (Fig. 4). In simulations with low root
N stoichiometry and no reduction in carbon storage with damage (s4), carbon starvation only increased
in understory trees with 80% crown loss and total mortality is underestimated compared with

observations.
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Figure 4. Annual mortality rate by damage class and canopy layer. Gray bars show mean mortality by damage

class for all trees > 1cm dbh, based on damage and mortality surveys conducted annually at BCl over three years.
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Error bars show the range of mean mortality by damage across census intervals. Solid orange and purple bars
show the total mortality and carbon starvation mortality by damage in FATES simulation s7, in which carbon
storage is reduced in damaged trees and root respiration is high. In this configuration mortality is overestimated
compared with observations in high damage classes. Hatched bars show mortality in FATES simulation s2, in
which carbon storage is not reduced in damaged trees and root respiration is lower. In this configuration

mortality of trees with high damage is underestimated compared with observations, especially in the understory.

In the damage-only simulation with low root respiration (D; s2), DBH increments of canopy trees are a
good fit to dendrometer band data at BCl, apart from being slightly underestimated in high damage
classes (Fig. 5a). DBH growth rates in understory cohorts are underestimated compared with
observations from BCl, but capture the trend of decreasing growth with increasing damage. In high root
N simulations, s7, the trend of decreasing growth rates with increasing crown loss matches
observations from BCl, but canopy DBH growth rates are slightly underestimated, and understory DBH
growth rates are underestimated across crown damage classes (Fig. 5b). Due to increased root N
stoichiometry, root respiration is higher in these simulations than in previous FATES cases (e.g. Koven
et al. (2020)) and thus it is likely that compensating errors may exist in the carbon balance of
understorey plants. In both sets of simulations low NPP or high maintenance respiration may be
contributing to the mismatch between simulated and observed understory growth rates. Observed
growth rates of canopy and understory trees are higher when trees with high liana load are excluded

from the BCl data (Fig. S5).
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Figure 5. Annual DBH growth rate by damage class and canopy layer in FATES simulations and observations
from BCIl. Orange circles show the low root N configuration of FATES (s2) and blue circles show the high root N
configuration of FATES (s7). Green lines show growth rates from dendrometer band data at BCl, divided into
canopy and understory. Error bars show the 50th percentile of growth rates across five census intervals. Note
that damage classes in the observations are different than in FATES simulations, and hence points are offset.
Damage classes in the observations include trees with a range of crown loss shown with horizontal lines, whereas
in FATES damage classes correspond to a fixed percentage of crown loss. In the low root N configuration canopy
growth rates are a good fit to data, and understory growth rates are slightly underestimated. With high root N,
simulated growth rates of canopy trees slightly underestimate observations from BCl and simulated understory
growth rates are extremely low. See Fig. S5 for a version of this figure in which trees in BCl with>50% liana load

were excluded.

Competition between PFTs that differ in ability to recover from damage
In the two PFT simulation (s5) in which PFTs differ only in the recovery parameter (f;), the recovery PFT
dominates in terms of AGB from year 50 onwards (Fig. 6) and accounts for 90% of plot AGB after 700

years. DBH growth rates are temporarily lower in the recovery PFT as carbon is used to regrow the
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495 canopy (Fig. S6). However, once trees recover they have faster DBH growth rates and ultimately

496  outcompete the non-recovery trees.
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500 Figure 6. AGB and size-distribution of two PFT simulations in the low root N configuration (s5). In the two PFT
501 simulations PFTs are identical except for the recovery scalar parameter which is 0 in the ‘no recovery’ PFT and 1 in

502 the ‘recovery’ PFT. The PFT that is able to recover out-competes the no recovery PFT.

503

504

505 Discussion

506 Crown damage and damage-driven mortality are important processes shaping forest structure and
507 response to disturbance. Despite this, crown damage is rarely represented in vegetation models. We

508 introduce a crown damage module into the vegetation demographic model FATES and find that
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damage itself alters demographic rates, the canopy structure of the forest, and the competitive

dynamics of PFTs.

The effects of damage on carbon starvation mortality are sensitive to the ratio of leaf to stem and
root respiration and the impacts of damage on storage

We expected that crown damage would alter demographic rates, increasing mortality and decreasing
growth rates. We find that the degree to which crown damage results in increases in carbon starvation
mortality is highly dependent on model configuration. Carbon starvation mortality occurs in FATES
when stored carbon is less than the allometric target leaf carbon for a given DBH. If the stored carbon
pool is reduced when trees are damaged then the conditions for carbon starvation are more frequently
met. This is exacerbated when root and stem respiration are high relative to photosynthesis. Following
damage, photosynthetic capacity is reduced. In order to meet respiratory demand from remaining
undamaged tissues with limited photosynthetic capacity, damaged trees deplete their stored carbon
pool, triggering carbon starvation mortality. When we configure FATES with both reductions in stored
carbon and a high ratio of root and stem to leaf respiration, we find that carbon starvation mortality
increases in understory trees in line with observed increases in mortality with damage. Carbon
starvation mortality in canopy trees is overestimated under this configuration. In contrast, when
storage carbon is not reduced in damaged trees, and the ratio of root and stem to leaf respiration is
low, damage leads to small increases in carbon starvation mortality, and only in severely damaged,

small trees.

An improved understanding of allocation and storage in damaged trees, as well as data on stem and
root respiration rates, could help to constrain the representation of damage and recovery in FATES.
Carbon storage is often estimated by measuring the concentration of non-structural carbohydrates
(NSCs). NSCs have a broad range of functions in trees including acting as a buffer between carbon
supply and demand and maintaining hydraulic integrity, (see (Hartmann & Trumbore 2016)). Defoliated
trees have been found to increase the concentration of NSCs in their tissues, possibly to increase their
safety margins in the face of uncertain future environments (Sala et al. 2012). New approaches to
qguantify NSC dynamics over a range of timescales are providing new insights into the role of stored
carbon in regulating tree response to environmental stress (Blessing et al. 2015) and could help inform

how we represent the physiological response to crown damage in vegetation models.
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We find that carbon starvation mortality in the model results when root and stem respiration outpace
carbon acquisition. In reality, experiments suggest that allocation to root biomass is reduced following
defoliation, in order to maintain carbon balance (Eyles et al. 2009; Stevens et al. 2008). If damaged
trees are also likely to reduce their root biomass (especially of active tissues) following damage, they
may be able to limit carbon starvation mortality. This scenario is more similar to our low root N
simulations, in which damage does not lead to an increase in carbon starvation mortality. Allometric
optimization under a range of environmental conditions is a large field of research (Dybzinski et al.
2011; (Farrior et al. 2013; Trugman et al. 2018), and future work will focus on investigating the impacts

of different allocation strategies on recovery and mortality following damage.

It is likely that some combination of mechanisms including, but not limited to, carbon starvation
mortality are responsible for observed increases in mortality with damage. Damage can create entry
points to pathogens or make a tree vulnerable to windthrows (Taylor & MacLean 2009), while
droughted trees with crown dieback may frequently die of hydraulic failure rather than carbon
starvation mortality (Adams et al. 2017; McDowell & Sevanto 2010; McDowell et al. 2008; Rowland et
al. 2015). The optional damage-dependent mortality term introduced in the crown damage module is
designed to capture the increased risk of mortality in damaged trees by mechanisms not represented in

FATES.

Crown damage decreases growth rates

Under all configurations of FATES, crown damage decreased diameter growth rates. It is estimated that
15-45% of aboveground woody productivity is replacement of branch loss (Gora et al. 2019; Malhi et al.
2014; Marvin & Asner 2016), although some portion of this is branch turnover rather than tree
damage. In our simulations, the degree to which NPP is used for replacement of branches versus
diameter increment is determined by the recovery scalar parameter. When recovery is high, we see a
reduction in diameter growth rates in the heavily damaged trees, as NPP is used to replace branches
and leaves. When recovery is low, NPP is used for diameter growth, at the expense of regrowing the
canopy. This approach allows us to capture contrasting patterns of growth observed in damaged trees.
For instance, following severe drought damaged trees can continue to grow radially for several years
until death (Anderegg et al. 2013; Rowland et al. 2015). This paradoxical observation can be explained
by carbon allocation optimality models that suggest trees must prioritize repair of damaged xylem

vessels in order to recover, especially under dry conditions (Trugman et al. 2018). In other studies of
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drought-damaged trees, and in hurricane-damaged trees, reduced growth rates have been observed
for over 10 years (Berdanier & Clark 2016; Tanner et al. 2014). Reduced growth rates following
disturbance can compound (Umafia and Arellano, 2021) with negative implications for the forest
carbon budget (Yang et al. 2018). As we link the crown damage module in FATES to explicit drivers and
physiological mechanisms of mortality, we will test how different rates of recovery impact mortality

and competitive dynamics.

Lags between damage and mortality

We also expected that lags between damage and mortality would alter dynamics relative to equivalent
instant increases in mortality, i.e. simulations with a damage-dependent mortality term but no
reduction in crown biomass or crown area. The crown damage module leads to smaller decreases in
AGB and carbon residence time than equivalent instant increases in mortality. Damage results in a loss
of biomass from damaged trees, but there is a compensatory effect whereby smaller crowns allow
more trees to fit into the canopy where they have faster growth rates. Although the net effect of
damage is still a decrease in AGB, the decrease is not as large as when all biomass is lost instantly as in

the mortality only simulation.

There are trade-offs when adding new functionality to a model like FATES between improved predictive
capabilities and increased computational costs, along with additional process and parametric
uncertainty. This is our first exploration of these trade-offs using the crown damage module in FATES.
We compared these first simulations against data from BCI, a tropical forest that historically has not
been subject to catastrophic disturbance. In these simulations it is not clear that the damage module
leads to a significantly better fit to observations than simulations with an equivalent instant increase in
mortality. However, a more realistic representation of disturbance may be important in other cases.
Disturbances are critical for explaining forest size distributions (Farrior et al. 2016) and have important
implications for successional dynamics, as increased light levels in the understory favor fast-growing
light-demanding species (Brokaw 1987). Given that a significant proportion of canopy turnover is
attributed to disturbance-driven crown damage (Araujo et al. 2021; Chambers et al. 2001),
representing this process is important for correctly estimating size distributions, and the impact of
canopy gaps on recruitment and succession. Further, periodic, severe disturbances can cause high

levels of defoliation and branch loss (Liu et al. 2018) with impacts that can last for months (Lodge et al.
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1991). In future work we will therefore test how higher rates of crown damage influence forest

recovery following large-scale disturbance.

In the sensitivity analysis to the number of crown damage classes we find that it is the inclusion of
severely damaged trees (80% crown loss) that most impact forest dynamics (Fig. S7). Including
additional damage classes with lower rates of crown loss did not change dynamics relative to
simulations which only included undamaged and severely damaged trees. Since having fewer damage
classes limits the number of cohorts that need to be simulated, this significantly reduces the
computational cost of simulations. Simulations with just two damage classes were 20% slower than the
control run with the damage module off, whereas simulations with five damage classes were 84%
slower than the control. Given these results, we recommend that the damage module only be used in
areas of high disturbance, and only with two damage classes to simulate undamaged, and highly

damaged cohorts.

The ability to recover from damage alters successional dynamics

Differences in the ability to tolerate and recover from crown damage is another axis of variation that
determines PFT response to disturbance and successional dynamics. We find that PFTs with the ability
to recover outcompete PFTs with no recovery (which never regrow back to the default allometry)
despite the short term decrease in DBH growth rates. In these simulations PFTs differed only in their
recovery ability, but it is likely that a suite of functional traits will determine both susceptibility to
damage and the ability to recover (Hogan et al. 2018; Paz et al. 2018; Uriarte et al. 2004). For example,
higher wood density and lower specific leaf area (SLA) were associated with lower rates of damage in
an Australian rainforest following Tropical Cyclone Larry (Curran et al. 2008). Single PFT simulations
using FATES were able to reproduce LANDSAT observations of biomass recovery from windthrow at a
site in the Central Amazon (Negrdén-Juarez et al. 2020). However, to capture observed changes in
functional composition in response to disturbance, it will be necessary to simulate multiple PFTs that
differ in traits determining susceptibility to and recovery from disturbance, for instance leaf water
potentials and wood density (Powell et al. 2018). Identifying relevant trade-offs relating to disturbances
and competitive dynamics, and the underlying functional traits will be key to understanding both the
dynamics of co-existence, and also how changes to disturbance frequency and severity will alter future

community composition (Flake et al. 2021; Powell et al. 2018).
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Linking damage to specific environmental drivers will allow interactions between disturbances
Interactions between disturbances may alter final mortality rates via their effects on crown condition,
and these effects may be difficult to capture in vegetation models unless crown damage is explicitly
modeled. Many types of disturbance are predicted to increase in either frequency and or intensity,
including droughts (Trenberth et al. 2013), wildfires (Westerling et al. 2011), pest and pathogen
outbreaks (Seidl et al. 2018), cyclones (Balaguru et al. 2018), and anthropogenic disturbance (Hurtt et
al. 2020). These disturbances often overlap spatially and temporally, with compounding impacts on
mortality rates. For instance, a severe drought may not kill a tree, but might make it more susceptible
to death from another source such as insects (Anderegg et al. 2015; Gaylord et al. 2013), wind damage
(Csilléry et al. 2017) or future droughts (Anderegg et al. 2013). In southeastern Amazonia,
intensification of the dry season has led to an increase in wildfires, resulting in the forest there
transitioning from a carbon source to a carbon sink (Gatti et al. 2021). In current models, these
synergistic stresses aren’t resolved, and are instead aggregated into a constant background mortality
term that is likely under-responsive to changes in disturbance regimes and environmental conditions.
Tracking damage in vegetation models enables a representation of the legacy of previous stresses and
the ways that disturbances compound to drive regional patterns of mortality. Future work will focus on
linking crown damage with environmental drivers and testing the sensitivity of mortality to changes in

disturbance regimes.

Conclusions

We introduced a crown damage module into FATES, enabling us to test the impact of event-based
crown damage on forest size structure and carbon cycling dynamics. Crown damage leads to decreases
in AGB and carbon residence time, as well as decreases in the canopy height threshold. Comparing
these simulations with versions without damage but with equivalent increases in mortality, we find
that decreases in AGB and carbon residence time are largely due to increased mortality. Nevertheless,
decreases in growth rates of damaged trees alter the competitive dynamics of PFTs, with PFTs that are
able to recover crown biomass outcompeting those that are not. Linking the crown damage module
with environmental drivers of damage and physiological mechanisms of death will further our

understanding of how forests will respond to a changing climate and altered disturbance regimes.
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use commit 354f0b0c, low carbon starvation mortality configurations use commit bf013ef, and low

702 carbon starvation mortality with mortality only use commit ef845c8, all from the branch

703  JessicaNeedham-damage_recovery found here:

704  https://github.com/JessicaNeedham/fates/tree/JessicaNeedham-damage recovery

705  The sensitivity to the number of crown damage classes used commit 8f994c2 on the branch

706  JessicaNeedham-crowndamage_module found here:

707  https://github.com/JessicaNeedham/fates/tree/JessicaNeedham-crowndamage module

708 Damage and mortality surveys from BCl are available upon request from S.J.D., D.Z. and G.A. and the

709  PIs of the BCl forest dynamics plot.

710  BCl dendrometer data are available at https://smithsonian.figshare.com/

711

712 Ramos, Pablo, Paulino Villareal, Richard Condit, KC Cushman, and Helene C. Muller-Landau. 2022.

713  Annual dendrometer data from the Barro Colorado Island 50-ha forest dynamics plot for 2015-2020.

714 Smithsonian Figshare. DOI 10.25573/data.19985066

715  Full BCl census data are available from

716  Condit, Richard et al. (2019), Complete data from the Barro Colorado 50-ha plot: 423617 trees,

717 35 years, Dryad, Dataset, https://doi.org/10.15146/5xcp-0d46

718

719 Tables

720  Table 1. Model configurations.
Simulation sl s2 s3 s4 s5 s6 s7
number
Name Control Damage Mortality Damage + | Two PFTs High root | High root N

only only mortality N control | damage

Root N 0.029 0.029 0.029 0.029 0.029 0.066 0.066
stoichiometry
Damage No Yes No Yes Yes No Yes
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